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RESUMO

Infeccdes causadas por Klebsiella pneumoniae resistente aos carbapenémicos
consiste em problema de saude mundial e tem consequéncias clinicas graves. Os
objetivos dessa pesquisa foram identificar mecanismos de resisténcia e comparar a
similaridade genética de K. pneumoniae resistente aos carbapenémicos isoladas em
trés hospitais publicos de Campo Grande — MS. Nesse estudo foram incluidas 99
isolados de Klebsiella pneumoniae néo sensiveis a carbapenémicos, de pacientes
internados em unidades de terapia intensiva no periodo de janeiro/2013 a
agosto/2014. A identificacao e a susceptibilidade antimicrobiana foram realizadas pelo
sistema Vitek 2 compact system seguindo protocolo do Clinical Laboratory Standard
Institute (2017). Para determinar a concentracao inibitéria minima da tigeciclina foram
utilizadas fitas E-test e para a polimixina B foi usada a técnica de microdiluicio em
caldo interpretado segundo BrCast (2017). Os genes de B-lactamases (blaoxa-s-iike,
blakec € blanom, blactx-m, blasnv, blatem, blave € blaviv) € genes de resisténcia a
polimixina (mcr-1 a mcr-5) foram investigados pela técnica de reacdo em cadeia da
polimerase. A relacdo clonal entre as K. pneumoniae estudadas foi avaliada por
técnica de pulsed field gel electrophoresis e multilocus sequence typing. A resisténcia
aos carbapenémicos foi associada principalmente a producéo de KPC (88,9%). Os
micro-organismos também carrearam genes de B-lactamases de espectro estendido:
blastv (73,5%), blatem (72,2%) e bla-ctx-m (43,9%). Amicacina (5,1%), tigeciclina
(20,2%), fosfomicina (30,5%) e polimixina B (18,2%) foram as drogas com melhor
atividade. A resisténcia as polimixinas foi devido a mutac¢des no gene pmrB, diferente
do gene mgrb, reportado em outras regifes do nosso pais. Na técnica de PFGE foram
observados 38 diferentes perfis genéticos que foram agrupados em 19 ST's
(sequence types) distintos. Os clones mais frequentes em nossos hospitais foram:
ST273 (13.1%), ST11 (11.1 %), ST 1298 (10.1%). Oito clones foram identificados em
dois dos hospitais estudados e o ST11 foi encontrado nos trés hospitais estudados.
Os resultados obtidos mostram mutacdes deletérias no gene pmrb como principal
mecanismo envolvido na resisténcia a polimixina em K. pneumoniae resistente aos
carbapenémicos e existe disseminacéao clonal nos hospitais estudados.

Palavras chave — Klebsiella pneumoniae. Resisténcia a medicamentos. Variagédo

genética.



ABSTRACT

Infections caused by resistant Klebsiella pneumoniae to carbapenems are a
world health problem and these infections have serious clinical consequences. The
objectives of this research were to identify mechanisms of resistance and to compare
the genetic similarity of K. pneumoniae isolates resistant to carbapenems from three
public hospitals in Campo Grande — MS. In this study, 99 Klebsiella pneumoniae non-
susceptible to carbapenems, isolated in intensive care units from January/2013 to
August/2014 were included. The identification and antimicrobial susceptibility were
conducted by the Vitek 2 compact system following the protocol of the Clinical
Laboratory Standard Institute (2017). E-test strip was used to determine the minimum
inhibition concentration of tigecycline, and for polymyxin B, the broth microdilution
technique according to BrCast (2017) was used. The genes of B-lactamases (blaoxa-
s8-like, blakpc and blanpwm, blactx-m, blasny, blatem, blaive and blaviv) and resistance
genes to polymyxin (mcr-1 to mcr-5) were researched by the polymerase chain
reaction technique. The clonal relation between the K. pneumoniae studied were
assessed by pulsed field gel electrophoresis and multilocus sequence typing
techniques. The resistance to carbapenems was associated mainly to KPC (88.9%)
production. The micro-organisms also carried genes of B-lactamases of extended
spectrum: blasnv (73.5%), blatem (72.2%) and bla-ctx-m (43.9%). Amikacin (5.1%),
tigecycline (20.2%), fosfomycin (30.5%) and polymyxin B (18.2%) were the drugs with
better activity. The resistance to polymyxins was due to mutations in the pmrB gene,
different of mgrb gene, reported in other regions of our country. In the PFGE technique
38 different genetic profiles were grouped in 19 distinct ST's (sequence types). The
most frequent clones in our hospitals were: ST273 (13.1%), ST11 (11.1 %), ST 1298
(10.1%). Eight clones were identified in two of the studied hospitals and the ST11 was
found in 3 studied hospitals. The obtained results show deleterious mutations in the
pmrb gene as the main mechanism involved in the resistance to polymyxin in K.
pneumoniae resistant to carbapenems and there is clonal dissemination in the studied
hospitals.

Keywords — Klebsiella pneumoniae. Resistance to drugs. Genetic variation.
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1 INTRODUCAO

Dentre as enterobactérias, em particular a espécie Klebsiella pneumoniae, é
frequentemente associada a infec¢cdes do trato urinario, de corrente sanguinea,
pneumonias hospitalares e comunitarias. Essa bactéria esta entre os trés principais
agentes de infec¢cdes nas unidade de terapia intensiva — UTI (LUNA et al., 2014;
SADER et al., 2014).

No ambiente hospitalar, os carbapenémicos sao antimicrobianos B-lactamicos
utilizados para o tratamento de infec¢cdes graves, principalmente causadas por bacilos
Gram-negativos. A emergéncia de K. pneumoniae resistente a esses antibiéticos tem
dificultado o tratamento e contribuido com a mortalidade das infec¢des causadas por
esses micro-organismos (NORDMAN e CORNAGLIA, 2012; ZARKOTOU et al., 2011).

Os mecanismos de resisténcia aos antibioticos podem ser intrinsecos (natural
da bactéria) ou adquiridos. Os mais comuns séo: producao de enzimas que degradam
0 antibibtico, expressdo de bombas de efluxo e reducdo da permeabilidade da
membrana (LIVERMORE & WOODFORD, 2006).

Dentre as enzimas que degradam os B-lactdmicos, as B-lactamases sédo as
mais frequentes em enterobactérias e podem ser de origem cromossomal ou ser
encontradas em elementos moéveis. As B-lactamases de espectro estendido — ESBL,
tém espectro de acado mais amplo e hidrolisam todas as penicilinas, cefalosporinas e
monobactamicos e também podem estar associadas com resisténcia a outras classes
de antibiéticos (SHI et al., 2015; THENMOZHI et al., 2014). Outra enzima importante
na resisténcia aos B-lactamicos € AmpC. Essa enzima cromossomal em algumas
bactérias pode hidrolisar penicilinas, cefalosporinas até 32 Geracdo e
monobactamicos. Embora mais comum em bacilos Gram negativos néo
fermentadores e enterobactérias do grupo CESP (Citrobacter, Enterobacter, Serratia
e Providencia), a transmissdo plasmidial propiciou a disseminacdo do gene AmpC
para outros micro-organismos, tais como K. pneumoniae (BUSH e JACOBY, 2010).

Os antibidticos de escolha para tratamento de infec¢cdes causadas por Gram
negativos sdo os carbapenémicos. Essas drogas sdo estaveis a maioria das [-
lactamases. Porém a presenca de ESBL ou AmpC associadas a perda de porinas ou
bombas de efluxo diminuem a sensibilidade aos antibioticos desta classe (BUSH e
JACOBY, 2010; TSAl et al., 2011).
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Nos ultimos anos, enzimas capazes de hidrolisar os carbapenémicos, como
Klebsiella produtora de carbapenemases — KPC, metalo-B-lactamase — MBL e OXA-
48 vem sendo descritas no mundo todo (LEE et al.,, 2016, NORDMAN, DORTET e
POIREL., 2014; SAMPAIO et al., 2014).

No Brasil, a carbapenemase mais frequente em enterobactérias é a KPC. A
disseminacdo de genes de resisténcia por elementos moveis como plasmideos e
transposons possibilitou a circulacdo de alguns clones de bactérias produtoras de
KPC no cenario mundial (BOWERS et al., 2015). O complexo clonal 11 (CC11),
também denominado CC 258 tem sido 0 mais associado a dispersao do gene bla-kpc
e € também o mais frequente no Brasil e no mundo (BOWERS et al., 2015; PEREIRA
et al., 2013).

Infec¢des causadas por bactérias produtoras de KPC séo de dificil tratamento
e muitas vezes se faz necessario o uso de duas ou trés drogas combinadas na terapia.
Alguns antimicrobianos podem ser usados, tais como: fosfomicina, tigeciclina e
polimixinas (BRUST, EVANS e PLEMMONS, 2014; GALES, JONES e SADER, 2011,
SOULI et al., 2011). Novos antimicrobianos como ceftazidima/avibactam parecem ser
promissores no tratamento dessas infec¢cdes (VAN DUIN et al., 2016).

As polimixinas tém sido consideradas Ultima opcdo para tratamento de
infeccbes graves por Gram negativos, porém bactérias com sensibilidade reduzida a
essa droga ja foram descritas (CANNATELLI et al., 2013; CARATOLLI et al., 2017,
FERNANDES et al., 2016). Mutacdes em genes que regulam o lipideo A presente nos
lipopolissacarideos (LPS) ou a presenca de gene de resisténcia mediado por
plasmideos e denominado mcr-1 e suas variantes estdo relacionados a resisténcia as
polimixinas (BOROWIAK et al., 2017; CARATOLI et al., 2017; HU et al., 2016; XAVIER
etal., 2016; YIN et al., 2017).

A resisténcia aos antimicrobianos constitui complexo problema de saude,
sendo necessarios esforcos em todos os niveis de cuidado ao paciente para melhorar
o controle de infecgbes causadas por micro-organismos multirresistentes e o
laboratorio de microbiologia desempenha papel fundamental para esse controle
(BRASIL, 2013; SIMOES et al., 2016).

No estado de Mato Grosso do Sul, existem poucos estudos que descrevem
mecanismos de resisténcia aos antibioticos em K. pneumoniae (CHANG et al., 2013;
BIBERG et al., 2015). Considerando o elevado poder de disseminacao de bactérias
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gue carreiam esses genes de resisténcia, a deteccédo precoce dessas é de grande

relevancia para auxiliar o tratamento e instituir medidas de precaucao adequadas.
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2 REFERENCIAL TEORICO

2.1 Enterobactérias

2.1.1 Classificacao taxondmica e caracteristicas gerais

A familia Enterobacteriaceae é composta por bacilos Gram negativos
fermentadores de glicose, oxidase negativos, frequentemente encontrados em
intestino humano e de animais. Na natureza, essa bactéria é encontrada em agua,
solo e plantas (TRABULSI e ALTERTHUM, 2008).

Bactérias do género Klebsiella sdo anaerobicos facultativos, lactose, ureia e
citrato positivos, produtor de gas, indol negativo e imével. Esse género foi assim
denominado em homenagem ao microbiologista alemdo Edwin Klebs que descreveu
a espécie mais frequente, K. pneumoniae em 1887 (MARTINEZ et al., 2004,
TRABULSI e ALTERTHUM, 2008). Inicialmente as espécies de Klebsiella foram
agrupadas de acordo com sua patogenicidade. Atualmente esse género € composta
de 13 espécies: K. pneumoniae, K. oxytoca, K. singaporensis, K. michiganensis, K.
alba, K. quasipneumoniae, K. trevisanii, K. variicola, K. mobilis, K. ornythinolitica, K.
granulomatis, K. planticola e K. terrigena. Com o avanco de técnicas de biologia
molecular, uma proposta de mudanca de género para as cinco Ultimas espécies
citadas e criacdo de novas subespécies tém sido propostas (JANDA et al., 2015). Mais
recentemente a analise filogenética do chamado Enterobacter aerogenes demonstrou
gue essa bactéria estd mais relacionada com o género Klebsiella e houve a realocacéo

taxondmica da nova espécie (K. aerogenes) (TSANG et al., 2019).

2.1.2 Infeccdes causadas por Klebsiella pneumoniae

Klebsiella pneumoniae é agente oportunista que pode causar diversas
infeccdes relacionadas a assisténcia a saude - IRAS (BELL et al., 2007; SOUZA et al.,
2016). Essas infecgdes sdo aquelas que acometem o individuo hospitalizado ou néo,
gue possam estar associadas a algum procedimento assistencial, quer seja
terapéutico ou diagnostico (HORAN et al., 2008).

Programas de monitoramento tém destacado a importancia de K. pneumoniae

em infec¢cdes no ambiente hospitalar. Dados do SENTRY (Antimicrobial Surveillance
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Program) mostram que essa bactéria foi um dos trés micro-organismos mais
prevalentes isolados de pacientes internados em unidades de terapia intensiva nos
EUA e Europa entre 2009 e 2011 (SADER et al., 2014). O estudo multicéntrico
MYSTIC (Meropenem Yearly Susceptibility Test Information Collection) também
descreve essa bactéria como o terceiro agente mais frequente em amostras
hospitalares na América do Sul (KIFFER et al., 2005).

A colonizacdo de pacientes geralmente precede a infeccdo causada por K.
pneumoniae. Esse micro-organismo j& foi isolado de maos (DE MORAES BRUNA et
al., 2016), estetoscopios (JEYAKUMARI et al., 2016), nasofaringe (REINATO et al.,
2015) e em outros equipamentos e sitios anatdmicos. Pneumonia, sepse, infec¢des
do trato urinario (ITU), bacteremia, meningite e infeccbes de pele sdo exemplos de
infeccdes causadas por essa enterobactéria (BELL et al, 2007; SADER et al., 2014).

A viruléncia de K. pneumoniae esta relacionada principalmente a presenca de
lipopolissacarides, sideréforos e antigenos capsulares (TRABULSI e ALTERTHUM,
2008). Apesar de varios fatores determinarem a viruléncia dessa bactéria, a
composicdo dos acuUcares da capsula é determinante para a severidade das
infeccbes. Linhagens com os sorotipos K1 e K2 sdo as mais patogénicas e mais
prevalentes (LIAO et al., 2011; PAN et al., 2013). Além disso, a formacao de biofilmes
contribui para a permanéncia dessa bactéria em biomateriais como cateteres e sondas
(CLEG e MURPHY, 2016).

2.1.3 Antimicrobianos usados no tratamento de infec¢cbes causadas por Klebsiella

pneumoniae

As principais classes de antibidticos usadas no tratamento de infeccdes
causadas por K. pneumoniae sao B-lactamicos, fluorquinolonas e aminoglicosideos.
Os B-lactamicos se ligam e inativam as PBP’s (penicilin-binding proteins) impedindo
a transpeptidacdo da parede celular bacteriana. Nessa classe de antimicrobianos
enquadram-se cefalosporinas de terceira e quarta geragao, penicilinas com inibidores
de B-lactamases e carbapenémicos. Dentre esses antibidticos, os carbapenémicos
sdo amplamente utilizados para o tratamento de infecgdes graves, principalmente
quando ha elevados niveis de resisténcia a outros B-lactamicos (GUIMARAES,
MOMESSO e PUPO, 2010).
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Recentemente, novos B-lactdmicos associados com inibidores de 3-lactamase
como ceftazidima/avibactam e ceftolozane/tazobactam entraram no mercado para o
tratamento de infec¢des causadas por enterobactérias. Ceftazidima/avibactam tem
demonstrado atividade frente a enterobactérias produtoras de B-lactamases, com
excecdo de metalo-B-lactamase do tipo NDM-1. Ceftolozane/tazobactam tem
atividade reduzida para K. pneumoniae produtoras de ESBL e ndo tem atividade para
produtores de carbapenemase (VAN DUIN e BONOMO, 2016).

Outra classe de antimicrobianos utilizados em infec¢des causadas por K.
pneumoniae é a das fluoroquinolonas. Essa classe de antimicrobianos inibe a acao
das topoisomerases: DNA girase e topoisomerase IV e sdo muito utilizados em
infecgbes respiratdrias e urinarias, tanto em monoterapia como em combinag&do com
outros antibiéticos (GUIMARAES, MOMESSO e PUPO, 2010). Apesar de sua eficacia
antimicrobiana, o United States Food and Drug Administration (FDA) e a European
Medical Agency (EMA) restringiram recentemente o uso das quinolonas nos Estados
Unidos e na Europa devido a efeitos colaterais graves e incapacitantes (FDA, 2016;
EMA, 2018; MARCHANT, 2018)

A classe dos aminoglicosideos atua por inibicdo de sintese proteica por ligacéo
com a unidade 30S do ribossomo bacteriano (GUIMARAES, MOMESSO e PUPO,
2010). Esses antibioticos sdo usados em associagcdo com outros antimicrobianos para
obtencao de efeito sinérgico. O uso combinado de B-lactamicos com aminoglicosideos
tem sido mais efetivo contra infeccdes por K. pneumoniae ESBL do que a combinagao
com fluorquinolonas (CHA et al., 2015).

Farmacos desenvolvidos mais recentemente como a tigeciclina, da classe das
glicilciclinas, agem também na unidade ribossomal alterando a traducéo de proteinas.
Esse antimicrobiano foi aprovado pelo FDA para o tratamento de infec¢des de pele,
intra-abdominais complicadas e pneumonia adquirida na comunidade causadas por
enterobactérias. A tigeciclina pode ser util em infeccfes causadas por K. pneumoniae
resistente aos carbapenémicos se usado em regime de altas doses ou associado a
outros farmacos (NI et al., 2016).

Nas ultimas décadas, a emergéncia de bactérias multirresistentes e a falta de
opcOes terapéuticas fez com que antibidticos antes abandonados, tais como
polimixinas e fosfomicina, voltassem a ser utilizados. As polimixinas (polimixina B e

polimixina E- colistina) sdo peptideos ciclicos que foram descobertos em 1947 por
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meio de fatores metabdlicos produzidos por Paenibacillus polymyxa (AINSWORTH et
al., 1947 apud RAZA, YANG E SHEN, 2008). A polimixina B difere da colistina
(polimixina E) por um unico aminoacido, D-fenilalanina no lugar de D-Leucina que
existe nessa Ultima (BERGEN et al., 2006; GIRARDELLO et al., 2012). Existem duas
formulacdes de polimixinas E disponiveis comercialmente: sulfato de colistina (topico)
e colistimetato de sédio (uso parenteral), enquanto a polimixina B s6 tem
apresentacao de uso parenteral. Esses polipeptideos sdo compostos catibénicos que
tém afinidade pelas cargas negativas do lipidio A do lipopolissacéride (LPS) dos Gram
negativos. Quando esses farmacos se ligam ao Lipidio A, deslocam calcio e magnésio
causando um efeito detergente que desestabiliza a membrana celular (GUNN, 2008).
Na década de 1970, o uso de polimixina foi abandonado devido a sua toxicidade,
porém na década de 1990, houve aumento de resisténcia bacteriana e esse
medicamento foi reintroduzido na clinica para uso em infec¢cbes causadas por
bactérias multi-resistentes (GIRARDELLO et al., 2012).

Polimixinas constituem atualmente uma das ultimas opc¢des de tratamento para
infeccbes causadas por K. pneumoniae resistente aos carbapenémicos e apesar de
sua toxicidade, tem sido amplamente utilizadas (GISKE, 2015; MICHALOPOULOS et
al., 2010).

As fosfomicinas sdo agentes bactericidas que inibem o primeiro passo da
sintese do peptidoglicano da parede bacteriana e com isso possui amplo espectro de
acdo, sendo eficaz contra Gram-positivos e Gram-negativos. Apesar desse
antimicrobiano ter sido negligenciado por muitos anos, estudos recentes vém
demonstrando sua eficécia, inclusive para infec¢cdes por bactérias Gram-negativas
multirresistentes (GISKE, 2015; LEE et al., 2016; YU et al., 2017).

2.2 Resisténcia aos antibidticos B-lactamicos

K. pneumoniae podem apresentar mais de um mecanismo de resisténcia aos
antibioticos, fato esse, que limita as opc¢des terapéuticas para o tratamento de
infeccbes graves (HASHEMI et al., 2014; TAHERPOUR e HASHEMI, 2013; TSAI et
al., 2011). O principal mecanismo de resisténcia de bacilos Gram-negativos é a

produgédo de B-lactamases, enzimas que se encontram em altas concentra¢cdes no
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espaco periplasméatico dessas bactérias, capazes de romper o anel B-lactamico
(BUSH e JACOBY, 2010).

2.2.1 B-lactamases

A descoberta do primeiro mecanismo capaz de hidrolisar as penicilinas
(penicilinase) foi feita antes desses antibioticos terem sido utilizados em larga escala
(ABRAHAM e CHAIN, 1940). Em 1960, outra B-lactamase mediada por plasmideos
foi descrita em Escherichia coli isolada de hemocultura de um paciente com nome
Temoniera na Grécia e por isso essa enzima foi denominada TEM-1 (MEDEIROS,
1984; DALTA et al., 1965 apud BRADFORD, 2001). Em seguida foi descoberta outra
penicilinase denominada SHV-1 (Sulfidril variavel), de origem cromossémica, presente
em K. pneumoniae e que poderia ser carreada por plasmideos (MATTHEW et al.,
1979).

Com o tempo novas enzimas foram sendo descobertas e surgiram dois
sistemas de classificacdo de [-lactamases (Tabela 1). O primeiro baseado na
sequéncia de aminoacidos (AMBLER et al, 1991) e outro de acordo com
caracteristicas funcionais dessas estruturas (BUSH, JACOBY e MEDEIROS, 1995).
Com o avanco cientifico, a possibilidade de sequenciamento dos genes de resisténcia,
novos subgrupos e variantes tém sido constantemente adicionados aos esquemas de
classificacdo (BUSH e JACOBY, 2010).

Klebsiella pneumoniae expressa B-lactamases cromossémicas que conferem
resisténcia intrinseca a diversos antimicrobianos como: ampicilina, amoxicilina,
ticarcilina e carbenicilina. Além disso, tem a capacidade de adquirir outras -

lactamases por meio de elementos méveis (ROSSI e ANDREAZZI, 2005)
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Tabela 1 - Classificagédo de B-lactamases segundo Ambler e Bush, Jacoby e Medeiros.

Grupo Classe Substrato Inibicdo por  Enzimas representantes
clavulanato
1 C Cefalosporinas N&o AmpC (CMY-2, FOX-1, MIR-1,
GC1, CMY-37)
2a A Penicilinas Sim Penicilinases de GP
2b A Penicilinas Sim SHV, TEM-1, TEM-2, TEM-90
Cefalosporinas
2be A Penicilinas Sim TEM-3 a TEM-26,SHV-2 a
Cefalosporinas SHV-6, Klebsiella oxytoca K1,

CTX-M-15, CTX-M-44, PER-1,
SFO-1, SHV-5, TEM-10

2br A Penicilinas Sim/Néao TEM-30 a TEM-36,TRC-
1, TEM-76, TEM-103, SHV-10,
SHV-26
2ber A Penicilinas Pouco TEM-58, TEM-68, TEM-89
2c A Penicilinas Sim PSE-1, PSE-3, PSE-4, CARB-
Cabernicilina 3
2d D Penicilinas Sim/Nao OXA-1, OXA-10, PSE-2
Cloxacilina
2de D Penicilinas Sim/Nao OXA-11, OXA-15
Cefalosporinas
2df D Carbapenens Sim OXA-23, OXA-48
Cloxacilina
2e A Cefalosporinas Sim Cefalosporinases induziveis
de Proteus vulgaris CepA
2f A Penicilinas Sim NMC-A de Enterobacter
Cefalosporinas cloacae, Sme-1 de Serratia
Carbapenémicos marcescens
IMI-1, KPC-2, KPC-3, SME-1,
GES-2
3 B Maioria dos beta- Nao IMP, NDM, VIM, SPM, AlM,
lactacmicos, KHM, GIM, SMB, TMB, FIM,
inclusive CphA, Sfh-1, L1 de
carbapenémicos Stenotrophomonas
maltophilla, CcrA de
Bacteroides fragilis
4 Indeter  Penicilinas Nao Penicilinase de Burkholderia
minada cepacia

Fonte: Adaptado de Bush e Jacoby(2010)

Classe A de Ambler

As B-lactamase de espectro estendido - ESBL pertencentes a classes A e D de
Ambler, sdo variantes das [-lactamases classicas: TEM-1 e SHV-1 e foram
inicialmente descritas em K. ozaenae (KLIEBE et al., 1985).

Uma ou mais substituicbes de aminoacidos em TEM-1 e SHV-1 podem conferir

resisténcia a cefalosporinas de amplo espectro e monobactamicos, caracteristica das
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ESBL (BUSH e JACOBY, 2010). Normalmente, mais de um tipo de enzima esta
presente em K. pneumoniae e € muito comum ocorrer associacao dos subtipos de
TEM, SHV e CTX-M (CHAGAS et al., 2011).

Enterobactérias produtoras de ESBL do tipo SHV e TEM séo descritas como
mais frequentes em diversos estudos incluindo relatos brasileiros (FERREIRA et al.,
2019; FLORES et al., 2016). Estudo recente no Paquistdo (ABRAR et al., 2019) e
relato de Nogueira et al. (2015) realizado em hospitais da regido sul observaram CTX-
M como predominante, o que demonstra que a ocorréncia de ESBL pode variar de
acordo com a area geografica.

A ESBL do tipo CTX-M foi reportada pela primeira vez por Bauernfeind et al.
(1990) e tem como substrato preferencial a cefotaxima. Bacilos Gram negativos
produtores dessa enzima podem ser inibidos por inibidores de B-lactamase, como
tazobactam e acido clavulanico. As variantes mais encontradas no Brasil sdo CTX-M-
1, CTX-M-2, CTX-8, CTX-M-9 e CTX-M-15 (CHAGAS et al., 2011; SEKI et al., 2013).

Isolados clinicos produtores de ESBL também podem expressar mecanismos
de resisténcia a outras classes de antimicrobianos, tais como fluorquinolonas e
aminoglicosideos e quando combinado com perda de porinas e bomba de efluxo
também reduzem a sensibilidade aos carbapenémicos (CHA et al., 2015; CHARFI et
al., 2017).

Uma das mais importantes B-lactamases produzidas por K. pneumoniae é a
KPC. Consiste em uma serino-B-lactamase capaz de hidrolisar todos os B-lactamicos
incluindo carbapenémicos (CANATELLI et al., 2014; YIGIT et al., 2001). A enzima
KPC-1 foi reportada pela primeira vez em K. pneumoniae isolada de amostra de
paciente internado em hospital da Carolina do Norte — EUA (YIGIT et al., 2001). Em
seguida KPC-2 e KPC-3 foram reportados nos Estados Unidos, com diferenca de
apenas um aminodacido entre uma variante e outra (SMITH et al., 2003; WOODFORD
et al., 2004). Sequenciamento posterior dessas enzimas, detectaram que a publicacéo
inicial KPC-1 tinha sequéncia idéntica a KPC-2 e a publicacdo inicial foi revisada
mantendo a segunda denominacao (YIGIT et al., 2001).

Estudo de Bradford et al. (2004) demonstrou a emergéncia do gene bla-kpc em
amostras provenientes de sete diferentes hospitais de Nova York. Dai em diante a
disseminacéao de enterobactérias produtoras de KPC vém sendo descrita em todo o
mundo (CANATELLI et al.,, 2014; CHUNG et al., 2011; SMITH et al.,, 2003;
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STEINMANN et al., 2011; YU et al., 2017) como podemos observar na figura 1. No
Brasil, o gene bla-kec foi reportado pela primeira vez em K. pneumoniae isolados de
amostras clinicas provenientes de Recife - PE (MONTEIRO et al., 2009) e a variante
KPC-2 é considerada endémica no Brasil. A figura 2 mostra as publicacdes de K.
pneumoniae produtora de KPC em todo pais.

O alto poder de disseminagédo do gene bla-kpc se deve a sua insercdo em
elementos genéticos mdveis, como transposons e plasmideos conjugativos. O
principal elemento mével reportado na literatura é o transposon Tn4401 responsavel
pela disseminacao desse gene no Brasil e no mundo (MATHERS et al., 2011).

No estado de Mato Grosso do Sul, o primeiro relato de K. pneumoniae
produtora de KPC foi feito pelo nosso grupo de pesquisa. Essa bactéria foi isolada de
urina em paciente com leucemia linfocitica admitida no Hospital Universitario
(HUMAP) no ano de 2010 (CHANG et al., 2013). Recente estudo mostra que K.
pneumoniae produtora de carbapenemase € muito frequente nos grandes hospitais
de nosso estado (CAMPOS et al., 2017).

Figura 1 - Distribuicdo global de K. pneumoniae produtora de carbapenemase.

ica de prod de KPC

dica de prod de KPC

KPC reportada

O
[
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KPC ndo reportada

Fonte: Lee et al., 2016.
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Confirmando a diversidade e evolugdo das [-lactamases, outra
carbapenemase denominada BKC (Brazilian Klebsiella carbapenemase) foi descrita
em trés isolados na cidade de Sao Paulo (NICOLETTI et al., 2015). Apesar do gene
bla-skc s6 ter sido relatado no estado de S&o Paulo até o momento e com baixa
prevaléncia (0,3%), essa carbapenemase foi encontrada em elementos méveis e pode

se disseminar para outras bactérias e outras regides (MARTINS et al., 2016).

Classe B de Ambler

Metalo B-lactamases (MBL) pertencem ao grupo B de Ambler e s&o assim
denominadas por sua dependéncia de metais como o Zinco. S&o capazes de hidrolisar
0s antibidticos carbapenémicos e as mais prevalentes no mundo séo as variantes do
tipo IMP (Imipenemase) e VIM (Verona imipenemase), reportadas principalmente em
paises Europeus e nos EUA. Tém sido descritas principalmente em Pseudomonas
aeruginosa, mas também podem estar presentes em outras bactérias, incluindo K.
pneumoniae (JU et al.,, 2018; YONG et al., 2009) o que sugere troca de material
genético entre diferentes espécies. No Brasil, SPM (Séo Paulo metallo-B-lactamase)
€ a MBL mais comum e esta restrita a bacilos Gram negativos ndo fermentadores
(CARVALHO et al., 2006).

A MBL, New Delhi Metallo-beta-lactamase-1 (NDM) foi descrita pela primeira
vez em K. pneumoniae proveniente de urina de uma paciente Indiana que vivia na
Suécia (YONG et al.,, 2009). No Brasil, essa carbapenemase ja foi reportada em
Providencia rettgeri (CARVALHO-ASSEF et al.,, 2013), Enterobacter hormaechei
(CARVALHO-ASSEF et al.,, 2014), Enterobacter cloacae complex, Morganella
morganii (ROZALES et al., 2014), K. pneumoniae (AIRES et al., 2017) e Acinetobacter
baumannii (PILONETTO et al., 2014).

Diferente das outras MBL, NDM costuma conferir resisténcia também a outras
classes de antimicrobianos como aminoglicosideos, sulfonamidas e fluorquinolonas,
pois é comum a associacdo com outros determinantes de resisténcia (NORDMAN,
DORDET e POIREL, 2014; QUILES et al., 2015).
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Figura 2 — Distribuicdo de casos de infec¢éo por Klebsiella pneumoniae produtora de

carbapenemase de acordo com o estado brasileiro.
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Classe C de Ambler

Outras B-lactamases importantes na resisténcia aos antimicrobianos sao as
cefalosporinases do tipo AmpC, enzimas serino-dependentes comuns em
cromossomos de bacilos Gram-negativos ndo fermentadores e enterobactérias do
grupo CESP (géneros Citrobacter, Enterobacter, Serratia e Providencia). A presenca
de alguns antibiéticos, como de penicilinas, imipenem ou combina¢cées com &cido
clavulanico pode induzir a hiperproducéo dessa enzima e promover hidrélise de
penicilinas, cefalosporinas até 32. Geracdo e monobactans (BUSH e JACOBY, 2010).

A transmissao plasmidial de AmpC favoreceu a disseminacao desse gene para
outras bactérias, tais como K. pneumoniae, Morganella morganiii, Proteus mirabilis,
Salmonella, dentre outras (PHILIPPON et al., 2002; SHENG et al.,, 2013). Os
gendtipos de AmpC mais descritos na literatura sdo: CMY, MIR, MOX, LAT, FOX,
DHA, ACT e ACC (BUSH e JACOBY, 2010; JACOBY, 2009). Apesar dessas enzimas
serem relatadas esporadicamente em nosso pais, as do tipo CMY-2 sao as mais
prevalentes (CAMPANA et al., 2013; JACOBY, 2009).
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Classe D de Ambler

As oxacilinases sdo enzimas que tém capacidade de hidrolisar as penicilinas,
nao sao inibidas por inibidores de -lactamases e foram inicialmente descritas em
bacilos Gram-negativos ndo fermentadores. Apesar da alta variabilidade quanto a
sequéncia de aminoacidos e em relacédo ao espectro de acéo, de forma geral conferem
resisténcia a ampicilina, cefalotina, cloxacilina e oxacilina (BUSH e JACOBY, 2010).

A maioria das oxacilinases deriva de OXA-2 e OXA-10 e estdo geralmente
associadas a elementos moveis (Excecdo OXA-51). A variante OXA-11, derivada de
OXA-10 foi reportada como variante de espectro estendido pela sua capacidade de
se ligar as cefalosporinas de amplo espectro e por isso foi alocada no grupo 2de de
Bush (BUSH e JACOBY, 2010).

Outros grupos como os da OXA-23 e OXA-48 sdo capazes de hidrolisar os
carbapenémicos e pertencem ao subgrupo 2df de Bush (EVANS e AMYES, 2014). A
carbapenemase OXA-23 foi a primeira oxacilinase reportada no Brasil em
Acinetobacter baumanii (DALLA-COSTA et al., 2003).

As oxacilinases mais frequentes em Enterobacteriaceae sédo as do tipo OXA-
48 e representam um dos maiores problemas de resisténcia aos carbapenémicos na
ultima década (EVANS e AMYES, 2014). No Brasil, uma nova variante também capaz
de hidrolisar os carbapenémicos, OXA-370, foi descrita em Enterobacter hormaechei
por Sampaio et al. (2014). Estudo posterior encontrou essa 3-lactamase em diferentes
espécies de enterobactérias no Brasil e destacou a importancia do clone ST16 de K.

pneumoniae para disseminacdo desse gene (PEREIRA et al., 2015).

2.2.2 Deteccéo laboratorial de 3-lactamases

A partir da década de 1990, a disseminagcao de bactérias produtoras de -
lactamases, motivou a instituicido de técnicas para pesquisa dessas enzimas nos
laboratorios de rotina.

A pesquisa fenotipica de ESBL pode ser realizada por técnica de aproximacao
de discos, “Double Disc Synergy Test” (DDST), discos combinados, por fitas
impregnadas com antibioticos (E-test®) ou por métodos automatizados. Dados de
sensibilidade e especificidade desses métodos sdo mostradas na Tabela 2. O uso
rotineiro dessas metodologias foi recomendado pelo Clinical and Laboratory Standard
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Institute — CLSI até o ano de 2010. A partir de entdo, a pesquisa de ESBL foi
substituida pela mudanca de pontos de corte para as cefalosporinas e passou a ser

recomendada apenas para fins epidemioldgicos (CLSI, 2017).

Tabela 2 — Acuracia dos métodos fenotipicos para pesquisa de ESBL em

Enterobactérias.

Método Sensibilidade Especificidade Referéncia
(%) (%)
DDST 96,0 96,0 Garrec et al., 2011

Discos combinados | 96,0-100,0 84,0-91,0

E-test 90,0 89,0
Phoenix 100,0 51,5 Wiegand et al., 2007
Vitek 84,5 93,9

DDST - double-disk synergy test

Em consequéncia da emergéncia de enterobactérias resistentes aos
carbapenémicos o CLSI, a partir de 2009, passou a sugerir a pesquisa de
carbapenemases para enterobactérias resistentes as cefalosporinas e resistentes a
um ou mais carbapenémicos. Atualmente, técnicas fenotipicas como a de Hodge
modificado, Carba-NP e mais recentemente Carbapenem Inactivation Method sao
sugeridas para triagem de carbapenemases, além da recomendacdo de ensaios
moleculares especificos para confirmacéo (CLSI, 2017).

O método de Hodge modificado consiste em observar 0 alargamento da area
de crescimento bacteriano de uma cepa de E. coli ATCC 25922 frente a um
carbapenémico devido a presenca de uma bactéria produtora de carbapenemase
(Figura 3). Apesar da boa sensibilidade e facil execucdo apresenta especificidade
baixa e limitacbes na interpretacdo dos resultados. Aléem disso, resultados falsos
positivos podem ser encontrados em bactérias produtoras de AmpC e ESBL (CTX-M)
(CARVALHAES et al., 2009; CURY et. al., 2012).

No intuito de melhorar a deteccdo de AmpC, MBL e KPC, outra técnica com
inibidores e potenciadores para deteccdo de carbapenemases foi sugerida por nota
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técnica da Anvisa (BRASIL, 2013). A interpretacao do resultado é positiva quando se
observa diferenca maior de 5mm entre o disco de carbapenémico e a sua combinacéo,
conforme mostra a figura 3.

Outra metodologia, baseada na deteccdo direta da hidrolise de
carbapenémicos, denominada Carba-NP, também foi recomendada pelo CLSI por
apresentar elevada especificidade (100%) e boa sensibilidade (até 80% com indculo
bacteriano concentrado) e propicia resultados rapidos (figura 4). Entretanto, col6nias
mucoides e bactérias produtoras de OXA-48 podem resultar em resultados falso
negativos (TIJET et al., 2013). Recentemente, novo método de baixo custo e de facil
execucao, CIM (Figura 5), demonstrou alta performance (96,6% de concordancia)
guando comparado ao Carba-NP na deteccéo de carbapenemases e constitui uma
Otima ferramenta para os laboratérios de rotina (VAN DER ZWALUW et al., 2015).

Figura 3 — Teste de triagem para pesquisa de carbapenemases Hodge modificado.

Figura 4 — Teste de triagem para deteccdo de carbapenemases sugerido pela nota
técnica n.1 (ANVISA, 2013).

@

Cloxacilina 10 ul de
solugdo 75 mg/mL

Acido fenilborénico 10 pl

de solugdao 40 mg/mL EDTA

10 pl de solugdo 0,1M

M — meropenem; | — imipenem
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Figura 5 — Método de inativacdo de carbapenémicos (CIM).

2.2.3 Outros mecanismos de resisténcia

A entrada de muitos antibiéticos na bactéria depende de canais bacterianos de
porina e ocorre de acordo com o tamanho, carga e hidrofobicidade da droga. A
diminuicdo da expressdo desses canais é um mecanismo de resisténcia importante,
pois limita a passagem dos antimicrobianos pela membrana, reduzindo sua acgéo. O
termo mais usado para designar porinas € “Omp” que significa: “Outer membrane
protein”. As principais porinas descritas em K. pneumoniae sdo Ompk35 e Ompk36.
Insercdes ou dele¢cdes nos genes relacionados a producao de porinas podem resultar
em aumento da concentracdo inibitéria minima (CIM) para cefalosporinas e
carbapenémicos (TSAIl et al., 2011).

Outro mecanismo de resisténcia importante sdo as bombas de efluxo que se
caracterizam por estruturas que langam substancias do meio intracelular para o meio
extracelular de forma ativa e assim protegem a bactéria de substancias nocivas como
antibioticos. Estes sistemas sao constituidos por uma proteina de ligacdo e uma
proteina transportadora. As bombas de efluxo podem afetar multiplos farmacos ou
pode ser especifico a um antibiético. Os genes de bomba de efluxo sdo geralmente
cromossomais, mas podem estar alojados em elementos méveis como plasmideos e
transposons (DOMENECH-SANCHES, 2001 apud PADILLA et al., 2010).

As bombas de efluxo mais encontradas em K. pneumoniae sdo: AcrAB, AcrEF
e OgxAB que estdo relacionadas a diminuicdo de sensibilidade aos B-lactamicos,
fluoroquinolonas e glicilciclinas (PADILLA et al., 2010; VISALLI et al., 2003). A

hiperexpressédo dessas bombas ou a perda de porinas aliada a outros mecanismos
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podem resultar em altos niveis de resisténcia aos B-lactamicos (TAHERPOUR e
HASHEMI, 2013).

2.3 Resisténcia as polimixinas

O uso inadequado de antibioticos tem contribuido para selecdo de micro-
organismos multirresistente, portanto o uso dos carbapenémicos em larga escala
pode ter contribuido para o aumento da resisténcia a esses antimicrobianos e
aumentado o uso das polimixinas nos ultimos anos (CANNATELLI et al., 2014; ROSSI
et al., 2017).

A diminuicdo de sensibilidade das bactérias as polimixinas pode ser causada
pelo aumento da cdpsula de polissacarideo (CAMPOS et al., 2004) ou por mutacdes
no sistema de dois componentes que modifica o lipopolissacarideo (LPS) bacteriano
(CANNATELLI et al., 2013).

Os primeiros estudos de resisténcia as polimixinas foram realizados em
Salmonella entérica. Estudos mostram que a adicdo de 4-amino-arabinose no lipideo
A do LPS da parede bacteriana diminui a afinidade das polimixinas (GUNN et al.,
2008). O gue causa essa modificacdo € uma mutacdo no sistema de dois
componentes que é composto pelas proteinas PmrA, PmrB, PhoP e PhoQ. Esse
sistema permite a sobrevivéncia da bactéria e est4d associado a viruléncia e a
resisténcia antimicrobiana. Geralmente esse sistema é ativado quando a bactéria é
fagocitada por macrofagos, quando ocorre modificacbes no pH ou alteracdo na
concentracdo de magnésio (GUNN, 2008).

A figura 6 ilustra diferentes genes que codificam as proteinas do sistema de
dois componentes (PhoP, PhoQ, PmrA e PmrB). A proteina PmrB possui atividade de
tirosina-quinase e ativa PmrA por fosforilagdo. PmrA ativa genes que estéao envolvidos
na modificacdo do lipideo A no LPS (POIREL et al., 2017; SCHUREK et al., 2009).
Dados da literatura demonstram que mutacbes pontuais no gene PmrB estéo
associadas a resisténcia as polimixinas em K. pneumoniae (CANNATELLI et al., 2014,
JAYOL et al., 2014).

Por sua vez, PhoQ também é proteina com atividade de tirosina-quinase que
ativa PhoP por fosforilagdo. Esse processo também promove a transcricdo do operon

envolvido na adicdo de L-AradN no LPS. PhoP pode ativar a proteina PmrA
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diretamente ou via proteina PmrD (SCHUREK et al.,, 2009). Jayol et al. (2014)
descreveram que a delecéo parcial no gene PhoP leva a uma proteina mais longa e
inativa, o que também pode causar a resisténcia as polimixinas. A regulacdo dessas
proteinas é feita por proteinas transmembrana mgrB e crrA/crrB (colistin resistance
regulation) que modulam esse processo.

O regulador negativo de PhoP/PhoQ € a proteina transmembrana com 47
aminidcidos denominada mgrB que quando estd ativado inibe o processo de
modificacdo do LPS. Portanto, inativagdo do gene mgrB causa a hiperexpressao de
PhoPQ, o que modifica o LPS e promove resisténcia as polimixinas (OLAITAN et al.,
2014).

Figura 6 — Representacdo esquematica dos sistemas de dois componentes

PhoP/PhoQ e PmrA/PmrB que regulam a producao do LPS bacteriano.
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Fonte: Olaitan et al., 2014.

Mutacfes variadas no gene mgrB como insercdes e delecdes de pequenas
sequéncias de aminoacidos ou substituicdbes de aminoacidos que levam a proteina
alterada podem ser responsaveis pela resisténcia adquirida as polimixinas. No Brasil,
estudo de Aires et al. (2016) reporta mutagdes no gene mgrB como principal
mecanismo de resisténcia de K. pneumoniae frente as polimixinas.

Outras duas proteinas regulam o sistema PmrA/PmrB: crrA e crrB que sao
codificadas pelo operon crrAB. A inativacao de crrB também leva a expressao de
PmrAB e a modificagéo do lipideo A (CHENG et al., 2016).
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Outro regulador intrinseco encontrado em K. pneumoniae, RamA, também
pode reduzir a sensibilidade aos antimicrobianos e também é capaz de modificar o
LPS e induzir a resisténcia as polimixinas (DE MAJUMDAR et al., 2015).

A resisténcia as polimixinas pode estar associada também a presenca do gene
mcr-1 e suas variantes. Esse gene foi encontrado inicialmente em isolados de E. coli
e K. pneumoniae na China (LIU et al., 2016) e pode ser transmitido por plasmideos. A
proteina codificada por esse gene é uma fosfoetanolamina transferase que modifica o
LPS bacteriano inativando a agéo das polimixinas (HINCHLIFFE et al., 2017).

A disseminacdo do gene mcr-1 tem sido descrita na Europa, Asia, Africa,
Ameérica do Norte e América do Sul, incluindo no Brasil. Diversos plasmideos parecem
estar envolvidos, tais como: Incl2, IncHI2, IncP, IncX4, IncFl e IncFIB (FERNANDES
etal., 2016; LINDSEY et al., 2017; MATAMOROS et al., 2017). Estudos reportam mcr-
1 em E. coli isolada de animais desde a década de 1980 na China, o que sugere que
a pressao seletiva do uso de antibidticos na pratica veterinaria pode ter colaborado
para a selecado desse mecanismo (HU et al., 2016; POIREL, JAYOL e NORDMANN,
2017; SHEN et al., 2016).

Atualmente novas variantes tém sido descritas (mcr-2 a mcr-9) na China e
Europa em E. coli e Salmonella spp. (BOROWIAK et al., 2017; CARATOLI et al., 2017;
XAVIER et al., 2016; YIN et al., 2017). A variante mais recente, mcr-9 altera outro
Sistema de dois componentes denominado gseC/gseB presente em E. coli que
interage com PmrB e também promove aumento da CIM para polimixinas (BRELAND
et al., 2017; KIEFFER et al., 2019)

2.3.1 Deteccdo laboratorial de resisténcia de K. pneumoniae as polimixinas

Para investigar a susceptibilidade aos antibidticos podem ser utilizadas as
técnicas de disco difusdo, fitas impregnadas com antimicrobianos - E-test®
(bioMérieux, Durham, NC), microdiluicdo em caldo e métodos automatizados (CLSI,
2017).

A técnica mais antiga para avaliar susceptibilidade antibiética é a de disco
difusdo que consiste na difusdo do antibiético contido em disco frente ao crescimento
de uma bactéria semeada em agar Muller Hinton. A zona de inibigdo do crescimento
€ mensurada e comparada com guidelines internacionais, tais como Clinical and

Laboratory Standards Institute e Brazilian Committee on Antimicrobial Susceptibility
33



Testing (BRCAST, 2017; CLSI, 2017). Apesar da facil execucédo e do baixo custo,
alguns antibioticos como as polimixinas ndo se difundem bem no agar gerando
resultados errdneos. Falsa sensibilidade para polimixinas frente a bacilos Gram
negativos ndo fermentadores tem sido descrita, com resultados um pouco melhores
qguando utilizada polimixina E (PEREZ et al., 2007). Atualmente o CLSI e o BrCast nédo
recomendam essa metodologia para determinar a sensibilidade a esses antibidticos,
devido a grande quantidade de very major erros ou falsa sensibilidade (BRCAST,
2017; CLSI, 2017; DAFOPOULOU et al., 2015).

Devido aos problemas de avaliacdo com o disco difuséo, a susceptibilidade as
polimixinas deve ser avaliada pelo método de microdiluicdo em caldo (BRCAST, 2017,
CLSI, 2017). Essa metodologia determina a menor concentragdo do antibiotico capaz
de inibir o crescimento da bactéria (CIM).

Apesar de ndo ser indicada pelos guidelines internacionais, metodologia com
fitas impregnadas de concentracfes variadas de antibiotico (E-test®) ainda é bastante
utilizada. Um indculo bacteriano é semeado em Agar Muller Hinton e a fita de E-test®
é colocada sobre o in6culo para leitura da inibicdo do crescimento ser observada apés
16 a 24 horas (CIM). Embora alguns estudos (MAALEJ et al., 2011; PEREZ, 2015)
expressem boa correlacdo comparando esse método aos resultados da microdiluicdo
em caldo, pesquisas realizadas com bactérias resistentes demonstram elevados
indices de resultados discordantes, inclusive com alta taxa de very major errors que
pode variar de 12% a 53% (CHEW et al., 2017; HINDLER e HUMPHRIES, 2013).

As técnicas automatizadas, apesar de muito utilizadas, ndo detectam
subpopulacdes heterorresistentes e demonstram baixa sensibilidade quando
comparado a microdiluicdo (TAN et al., 2007).

A técnica de microdiluicdo em caldo consiste em testar uma suspensao
bacteriana frente a varias concentracdes de antibiético em meio liquido contido numa
microplaca que no caso de polimixinas é o caldo Muller Hinton Cation Ajustado (CLSI,
2017). Embora a técnica seja laboriosa e possa ter resultados nao reprodutiveis, CLSI
e BrCast continuam recomendando a microdiluicdo em caldo como método padrao-
ouro, pois determina melhor a CIM para polimixinas. Entretanto, faz-se importante
lembrar que bactérias com subpopulacdes heterorresistentes podem causar
fendmeno de skipe well (pular poco) e confundir a leitura dos resultados (SCHUREK
et al., 2009).
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Dados da literatura sugerem que a microdiluicdo em caldo com adicao de
polissorbato 80 poderia minimizar a adesao do antibiotico aos pocos das placas de
polipropileno usadas na microdiluicdo (HINDLER et al., 2013). Contudo o polissorbato
80 também exibe efeito sinérgico com a polimixina e altera os resultados diminuindo
a CIM de 2 a 3 diluicbes (BROWN e WINSLEY, 1968). Placas compostas de
poliestireno tém sido utilizadas comercialmente para diminuir esses efeitos.

A técnica pode utilizar o sulfato de polimixina B ou polimixina E, devido a alta
similaridade das moléculas e a sua equivaléncia nos testes “in vitro”. Estudo realizado
com Klebsiella spp. e Escherichia coli, obteve Categorical agrément - CA>99%
comparando resultados de microdiluicdo dos dois com diferenca de no maximo uma
diluicdo nos resultados (SADER et al., 2015).

Além da metodologia empregada para avaliar a susceptibilidade da bactéria ao
antimicrobiano, outros fatores como composi¢do do meio de cultura, tratamento das
placas e subjetividade dos critérios interpretativos podem influenciar nos resultados
(HINDLER et al., 2013).

2.3.2 Epidemiologia molecular

A reacdo em cadeia da polimerase (PCR) foi o inicio de uma verdadeira
revolucdo para as doencas infecciosas. Com o aprimoramento dessa técnica foi
possivel identificar melhor os micro-organismos e investigar genes envolvidos na
resisténcia bacteriana aos antimicrobianos, investigar epidemias e surtos, além de
avaliar a disseminacéo de clones bacterianos no mundo. Esse método de amplificacdo
criado por Kary Mullis em 1983 trouxe enormes beneficios para a area da saude
possibilitando o sequenciamento genético, a analise da expressdo génica e melhor
diagndstico de doencas (MULLIS et al., 1986).

Com o passar dos anos, metodologias de tipagem molecular envolvendo
analise de fragmentos de DNA, puderam esclarecer relacdes de ancestralidade entre
grupos bacterianos com técnicas de ribotipagem, pulsed-field gel electrophoresis
(PFGE) e mais recentemente o Multilocus sequence typing -MLST. A técnica de
ribotipagem utiliza a hibridagcdo com sondas moleculares. Apds extragao e purificacéo
do DNA, é feito digestdo do material com enzima de restricdo seguida de corrida

eletroforética que separa os fragmentos desnaturados. Esses fragmentos sao
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hibridizados com uma sonda marcada e o padrdo de bandas é revelado (DARINI,
MAGALHAES E CROTT, 1998; GRIMONT e GRIMONT, 1986).

A andlise de fragmentacdo de DNA por meio da técnica de PFGE envolve lise
e digestdo do material genético em gel de agarose e posterior eletroforese em campo
pulsado para separar as bandas (TENOVER et al., 1995). Apesar de reprodutivel e ter
bom poder discriminatorio, necessita de laboratorista experiente, tempo e possui um
alto custo para o laboratério. Uma limitacdo dessa técnica € a dificuldade de
comparacado dos resultados entre laboratérios ou estudos a longo prazo (CDC
https://www.cdc.gov/pulsenet/pathogens/pfge.html).

A técnica de MLST consiste em um sistema altamente discriminatorio, que nao
sé permite a comparacdo de resultados em diferentes laboratérios, mas também
possibilita a criagdo de um banco de dados mundial para analisar a filogenia
bacteriana (JOLLEY, CHAN e MAIDEN, 2004). Os isolados de K. pneumoniae sdo
definidos pela analise dos alelos de sete loccus génicos. Cada alelo recebe um
namero e a combinacdo desses numeros geram uma sequéncia, denominada
sequence type - ST (membros de um mesmo clone). Aqueles que compartilham de
mais de cinco alelos idénticos sdo agrupados em um complexo clonal (FEIL et al.,
2004; MAIDEN et al., 1998; PEREZ-LOSADA et al., 2006).

Dentre as K. pneumoniae, o complexo clonal 258 (ou complexo clonal 11) € o
mais prevalente no mundo e esta relacionado com a disseminacdo de genes de
resisténcia. Varios ST's pertencem a esse grupo, tais como: ST11, ST44, ST48,
ST258, ST327, ST340 e ST437 (BOWERS et al.,, 2015; NICOLETTI et al., 2012;
PEREIRA et al., 2013).

A rapida disseminacdo do gene bla-krc € atribuida a expansdo de K.
pneumoniae do ST258 (BOWERS et al., 2015; MUNOZ-PRICE e QUINN, 2013). No
Brasil o ST258 é o mais disseminado com os subtipos: KpA, KpAl, KpAl’, KpA2,
KpA4, e KpA4'. Os sequence types ST11, ST340, ST258 e ST437 sdo 0s mais
prevalentes (ANDRADE et al., 2011; BRAUN et al., 2017; PEREIRA et al., 2013).
Estudo realizado em rios urbanos do estado de S&o Paulo descreveu a presenca de
K. pneumoniae ST340 e ST437 alertando para a transmissao ambiental de micro-

organismos multirresistentes (OLIVEIRA et al, 2014).
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3 OBJETIVOS

3.1 Objetivo Geral

Estudar os mecanismos de resisténcia aos carbapenémicos e polimixinas e
conhecer a diversidade genética de Klebsiella pneumoniae resistente aos
carbapenémicos em amostras clinicas de unidades de terapia intensiva de trés
grandes hospitais do Mato Grosso do Sul.

3.2 Objetivos Especificos

e |dentificar genes que codificam B -lactamases envolvidas com a
resisténcia aos carbapenémicos no Estado;

e Determinar a susceptibilidade de K. pneumoniae frente a tigeciclina,
fosfomicina e polimixinas de modo a sugerir possiveis alternativas de
tratamento.

e |dentificar mecanismos de resisténcia em K. pneumoniae resistentes a
polimixina.

e Identificar se existe relagdo clonal entre as amostras de Klebsiella

pneumoniae nos hospitais estudados.
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BACKGROUND Polymyxins are currently used as a “last-line” treatment for multidrug-resistant Gram-negative infections.

OBJECTIVES To identify the major mechanisms of resistance to polymyxin and compare the genetic similarity between multi-
drug resistant Klebsiella pneumoniae strains recovered from inpatients of public hospitals in the Mid-West of Brazil.

METHODS 97 carbapenems non-susceptible K. pneumoniae were studied. B-lactamases (bla

blaSHV’ blaTEM’ blaIMP

bla bla bla

OXA-48> KPC? NDM?> CTX-M>

bla,, ) and mer-1 to mer-5 genes were investigated by polymerase chain reaction (PCR). Mutations in

chromosomal genes (pmrAd, pmrB, phoP, phoQ, and mgrB) were screened by PCR and DNA sequencing. Clonal relatedness was
established by using pulsed-field gel electrophoresis and multilocus sequence typing.

FINDINGS K. pneumoniae isolates harbored bla, .

(93.3%), bla

e (86.6%), bla_, (80.0%), bla. ., (60%) genes. Of 15 K.

preumoniae tesistant to polymyxin B the authors identified deleterious mutations in pms»B gene, mainly in T157P. None X.
pneumoniae presented mer gene variants. Genetic polymorphism analyses revealed 12 different pulsotypes.

MAIN CONCLUSIONS Deleterious mutations in gmrB gene is the main chromosomal target for induction of polymyxin resistance
in carbapenem-resistant XK. preumoniae in public hospitals in the Mid-West of Brazil.

Key words: colistin - polymyxins - multidrug resistance

The emergence of carbapenem-resistant Klebsiella
preumoniae (CRKp) and the increased use of polymyxin
B to treat infections caused by these microorganisms may
have contributed to the spread of polymyxin-resistant XK.
preumoniae isolates (PRKP).%-2? The polymyxin resis-
tance is most commonly associated with the modification
of the lipopolysaccharide (LPS) following the addition of
4-amino-4-deoxi-L-arabinose to lipid A. Modifications of
Ara4N are regulated by two component systems: PhoP/
PhoQQ, PmrA/PmrB and MgrB regulator. Mutations in
genes involved in the production of these systems may re-
sult in lower antibiotic fixation.®’ Previous studies report-
ed that disruption of mg#B gene is one of the major mecha-
nisms of polymyxin resistance in K. preumoniae.?>®

Recently, mcr-1 gene and its variants (mcr-1 to mer-8
genes) was described conferring resistance to polymyx-
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in in Enterobacteriaceae isolated from humans, animals
and environmental samples worldwide, including Brazil.
@89 The global dissemination of these genes may be a
signal of a new era of pandrug resistant bacteria.(?

To date, there is no information about the mecha-
nisms of polymyxin resistance in Gram negative bacilli
in Mato Grosso do Sul state. The aims of this study were
to investigate the mechanisms of resistance to polymyx-
in and to evaluate the genetic diversity in carbapenem
and polymyxin-resistant K. prneumoniae strains recov-
ered from patients admitted in intensive care units of
public hospitals in the Mid-West of Brazil.

MATERIALS AND METHODS

Bacterial isolates and susceptibility tests - A total of
97 carbapenem non-susceptible K. preumoniae isolated
from patients admitted in intensive care units of three
tertiary hospitals in Mato Grosso do Sul, Brazil (Hos-
pital A, 592 beds; Hospital B, 271 beds and Hospital C,
352 beds) between 2013 and 2014 were included in this
study. The identification and antimicrobial susceptibil-
ity testing were performed by Vitek 2 compact System
(bioMérieux, Marcy L’Etoile, France). The minimum
inhibitory concentration (MIC) of tigecycline was de-
termined by using E-test ® strips (bioMérieux, Marcy
L’Etoile, France) applied in Mueller-Hinton agar (Oxoid,
England) according to the manufacturer’s instructions.
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The polymyxin B MICs were performed by broth
microdilution test according the CLSLYY Escherichia
coli ATCC 25922 and Pseudomonas aeruginosa ATCC
27853 were used as quality control. BrCast!? breakpoints
were used for interpretation of tigecycline (Susceptible <
1 mg/L, Resistant > 2 mg/L) and polymyxin MIC results
(Susceptible <2 mg/L, Resistant > 2 mg/L).!? Multidrug-
resistance (MDR) was defined as non-susceptibility to at
least one agent in three or more antimicrobial categories.
Extensively drug-resistant (XDR) was defined as suscep-
tible to only one or two categories in all.®?

Screening for genes of resistance - Resistant genes
bla_,, .. bla ... bla  were investigate by multiplex
polymerase chain reaction (PCR) and bla_. , . bla_.. . bla-
g OVl blaVIM by simple PCR using primers as previ-
ously described.!* 1511 The plasmid-mediated polymyx-
in resistance gene, mcr-1 to mer-5, was determined by
multiplex PCR using primers as previously described.®

Mutations in chromosomal genes (pmrd, pmrB,
phoP, phoQ, and mgrB) were screened by PCR and
DNA sequencing."®® DNA was extracted from fresh
bacterial colonies using an AxyPrep Bacterial Genomic
DNA Miniprep kit (Axygen Scientific, Union city, CA,
USA). The amplification products were purified using
DNA Tllustra GFX 96 kit (GE Healthcare Life Sciences,
UK Ltd., Buckinghamshire, UK) and sequenced us-
ing the 3730 DNA analyser (Applied Biosystems, CA,
USA). Data were analysed using Geneious (6.1.8) soft-
ware (Auckland, New Zealand) and BLASTN (NCBI)
tool (www.ncbinlm.nih.gov/blast) The PROVEAN
platform was used to predict alterations in biological
functions of proteins using K. preumoniae MGH 78578
(CP00647.1) as reference.

Genotyping by pulsed-field gel -electrophoresis
(PFGE) and multilocus sequence typing (MLST) - Clon-
al relatedness among PRKp isolates was established us-
ing Xbal - PFGE (Promega, Charbonniéres-les-Bains,
France). DNA fragments were separated with a CHEF
DR III apparatus (Bio-Rad; Richmond, CA - USA) and
analysed by BioNumerics fingerprinting software (Ap-
plied Maths, Sint-Martens-Latem, Belgium).@®

MLST was performed to subtype PRKp by amplifica-
tion and sequenced of seven housekeeping genes (gapA,
infB, mdh, pgi, phoE, rpoB, and tonB).“" The allelic pro-
files and sequence types (ST) were screened as deter-
mined by the Institute Pasteur Klebsiella ML ST database
(http://bigsdb.web.pasteur.fr/klebsiella/klebsiella htm]l).

Ethics - This study was approved by the Plataforma
Brasil Research Ethics Committee.

RESULTS

Of the 97 carbapenem non-susceptible K. preumoniae
isolates studied, 15 (15.5%) were resistant to polymyxin B
(MIC > 2 mg/L) and nine of them had MIC > 8 mg/L.. The
PRKp isolates were recovered from culture of ten urines
(66.7%), two blood (13.3%), two scar tissue (13.3%) and
one tracheal aspirate (6.7%0).

Antimicrobial susceptibility test showed that seven
PRKp were XDR. The lower resistance antibiotics were
amikacin (6.7%), tigecycline (26.7%) and fosfomycin

(33.3%). All PRKp were resistant to carbapenems (in-
cluding 13.3% with MIC < 8 pg/mL) and cephalosporins.
Screening resistance gene showed that PRKp isolates
harbored bla_,, (86.6%), bla . (80.0%), and bla_.
(60%). Thirteen K. pneumoniae isolates contained three
or more resistance genes and fourteen (93.3%) PRKp
isolates carried the bla,, . gene. The bla_ .., bla,, .
bla,, . bla, and mcr genes variants were not detected.

Ten PRKp isolates presented the same amino acid
substitution from threonine to proline at position 157
(T157P) in Pm1B protein and four of these contained
another mutation (R256G) that is considered deleteri-
ous by PROVEAN software. Two PRKp isolates (A38
and S378) presented others non-neutral mutation (H58N,
A66E, V67D, AG6E, P272H, G318A) in Pm1B. No muta-
tions in the pmrA gene nor in the PhoP/PhoQQ System
were observed. K. prneumoniae isolates exhibited non-
neutral mutation in mg#B gene: A38B isolate with L19K
mutation and S7 isolate with eight non-neutral mutation
(V1G, K3V, L4P, W6S, V7D, LK, T10N, V11K), includ-
ing two insertions sequences. No mutation was associ-
ated with stop codon.

Genetic polymorphism analyses of PRKp revealed
12 different pulsotypes (A to L) by PFGE method with
similarity below 85%. MLST analysis showed 11 ST
among these isolates. ST 11 (belonging to CC258) was
present in four PRKp isolates of all hospitals studied and
ST13 in three PRKp, from two hospitals (A and C). The
antimicrobial susceptibility profiles, resistance genes
determinants and clonal patterns are shown in Table.

DISCUSSION

Infections caused by multidrug-resistant K. prneumoniae
are currently a concern in public health. Polymyxins are
often the last line of therapeutic options for the treatment.
Consequently, a high mortality rate has been observed,
especially in intensive therapy units.@?

It is well documented in the literature that the levels
of resistance to antibiotics may vary according to the hos-
pital characteristics and distinct geographic areas. In our
study, PRKp isolates showed low resistance to tigecycline,
fosfomycin, and amikacin suggesting these antibiotics
would be successful as treatments in infections caused by
carbapenem and polymyxin-resistant K. prneumoniae.

The results of this study show different mechanisms
of antimicrobial resistance, including non-neutral mu-
tations in pmrB gene (A66E, P272H, G318A, HS58N,
V67D) not previously associated to polymyxin resis-
tance in K. preumoniae.

Similar to previous Brazilian studies,"??? we also
observed a high rate KPC-producing K. prneumoniae and
described high genetic diversity among the isolates.

Almost 50% of K. preumoniae studied was considered
K. pneumoniae XDR. The high resistance to p-lactams
observed (Table) may be related to the presence of genes
asbla, bla, andbla . . mainly bla .

Recent Brazilian studies carried out in the South-
east region of Brazil demonstrate a temporal increase
of resistance to polymyxin since 2009, ranging from 0
to 30.6%.%%2% In our study, we documented that 15.5%
of K. pneumoniae isolated between 2013 and 2014 were
resistant to polymyxin, in the Brazilian Mid-West hos-
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Modification in protein

Polymyxin

B MIC
(ng/mL)

Clinical
specimen

Ana Claudia Souza Rodrigues et al.

PhoP PhoQ p-lactamases PFGE ST

PmrB

PmrA

MgrB

Resistance

Hospital

Isolate

2084

KPC, SHV,
TEM

WT

T1S7P (*) WT

16 WT WT

MDR: AMP, ATM, CMP,
CAZ, CRO, CFZ, CIP, IMP,
MPM, PPT, SUT
XDR: AMP, ATM, CMP,
CFO, CAZ, CRO, CFZ, CIP,

Tracheal
aspirate

A40

1

I

KPC, CTX-M,
SHV

WT

Li2M

T246A (), R256G (*)

WT

WT

Urine

AS8

ERT, FOSF, IPM, MPM,

PPT, SUT
XDR: AMP, ATM, CMP,

TIS7P (%), R256G (*) WT M34R KPghT\?M, 5y

WT

WT

CTX, CFO, CAZ, CRO,
CFZ, CIP, GEN, ERT, IMP,

Urine

A6l

PPT, TIG, SUT
MDR: AMP, ATM, CMP,
CFO, CAZ, CRO, CFZ, CIP,
ERT, IMP, MPM, PPT, SUT

KPC, CTX-M,
WL SHV, TEM L

WT

TIS7P (), R256G (*)

WT

4

Urine B

AT70

MDR: multidrug-resistant; XDR: extensively drug-resistant; WT: wild type; AMI: amikacin; AMP: ampicillin,; ATM: aztreonam; CMP: cefepime; CFO: cefoxitin, CAZ: ceftazidime;

CRO: ceftriaxone; CFZ: cefazolin, CIP: ciprofloxacin; ERT: ertapenem; FOSF: fosfomycin; GEN: gentamicina, IMP: imipenem; MPM: meropenem; PPT: piperacillin/tazobactam;

TIG: tigecycline; SUT: trimethoprim/sulfamethoxazole; PFGE: pulsed-field gel electrophoresis; MLST: multilocus sequence type; ST: sequence type. (*): mutation predicted as del-

eterious by PROVEAN. (-): mutation predicted as neutral by PROVEAN.

pitals. This is the first description of resistance to poly-
myxin in this region.

The genetic analysis demonstrates that in these hos-
pitals the resistance to polymyxin are from chromosom-
al origin because none K. pneumoniae presented mcr
gene variants.

Although previous studies report that alterations in the
mgrB gene is the main mechanisms of polymyxin resis-
tance in Brazil and worldwide, %29 in our study, only
two PRKp presented deleterious mutations in this gene.
Aires et al.© reported disruption in mgrB gene by IS903B,
185, IS102, ISKpn26 (IS5 family), and IS10L (IS4 family)
in different regions of Brazil, including two K. preumoni-
ae from the Mid-West region (Distrito Federal).

Different from what was expected the majority of
PRKp isolates studied carried alterations in pm#B gene,
mainly in T157P. To be best of our knowledge, this kind
of alteration has not been described in Brazil prior to
this study. Jayol et al.® showed this point mutation in
the pm#B gene (T157P) leads to an upregulation to pm-
rCAB and pmrHFIJKLM operons conferring resistance
to polymyxins in K. prneumoniae isolates from South-
Africa, Colombia and Turkey.!”

In our study, we identified four PRKp with non-neu-
tral mutation (R256G) on PmrB protein as also described
by Aires et al.® in the Southeast region of Brazil® Pitt et
al.®® detected R256G in polymyxin-susceptible and in
polymyxin-resistant K. pneumoniae, suggesting that this
mutation is not determinant for polymyxin resistance.
The same authors related simultaneous alterations in
pmrB (P158R, T140P) and in mgrB genes with increases
the MIC values.

In the hospitals studied, no relationship was observed
between MIC values and mutations in pm#B genes. How-
ever, in K. pneumoniae with mutations in mgrB gene we
observed high level polymyxin-resistant (MIC = 32 ng/
mL), as also described by Aires etal.©

The most prevalent mechanism of resistance to poly-
myxin observed in the Mid-West region is due to muta-
tion in the pm#B gene, different from that observed (mu-
tation in the mg#B gene) in other Brazilian states.!2%
Antimicrobial pressures may be responsible for the evo-
lution of different mutation profiles observed between
different geographic regions.

Our study reveals high clonal diversity among
PRKp isolates including nine different ST’s (ST13,
ST70, ST273, ST449, ST323, ST2084, ST1075, ST1298,
ST2687) that were not associated to polymyxin resis-
tance previously. ST11 (CC258) was the most prevalent
sequence type, followed by ST13. ST11 clone has been
detected worldwide as the main international high-risk
clones of K. pneumoniae associated with outbreaks and
dissemination of carbapenemases and polymyxin resis-
tance.2462D Braun et al.® described ST258 and ST437
(both belonging to 258 clonal complex) as the main se-
quence types in PRKp isolated from S&o Paulo, Brazil.

The emergence and evolution of complex 258 in
KPC-K. pneumoniae is carried by mobile transposable
elements. Pereira et al. ¥ described the clonal diversity in
Brazil with prevalence of ST11 and ST340 in Northeast
region, ST437 in South and Southeast regions and ST11
in Mid-West.
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Our results suggest that PRKp isolates belonging
to ST11 and ST13 clones are adapted in Mid-West re-
gion and highlights the emergence of new ST in PRKp
(ST70, ST273, ST449, ST323, ST2084, ST1075, ST1298,
ST2687). Complementation assays should be done later to
elucidate the role of these STs and polymyxin resistance.

In conclusion - Our results show that many K. preu-
moniae not susceptible to carbapenem isolated in Brazil-
ian Mid-West Hospitals are considered MDR and XDR,
but still show low resistance to tigecycline, fosfomycin
and amikacin. The high resistance to p-lactams observed
may be related to the presence of genes as bla ., bla
andbla . mainly bia_, .

The resistance to polymyxin are from chromosomal
origin because none K. preumoniae presented mcer gene
variants. The main mechanism of resistance to poly-
myxin in K. pneumoniae in the hospitals studied is due
to a mutation in the pm#B gene.
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ABSTRACT

Nosocomial bacterial infections caused by carbapenem-resistant Klebsiella
preumoniae (CRKP) is associated with high mortality in neurosurgical patients. There
are few reports in the literature on meningitis caused by CRKP. We report two cases of
CRKP meningitis after neurosurgery. The K. pneumoniae identification and antimicrobial
susceptibility testing were performed using the Vitek Compact System. Minimum
inhibitory concentrations of polymyxin B were determined using the broth microdilution
method. Molecular type of K. preumoniae isolates was investigated using multilocus
sequence typing. Antimicrobial susceptibility testing showed that the K. preumoniae
isolates were multidrug resistant and co-produced extended-spectrum B-lactamases and
KPC enzymes. The patients were treated with intrathecal polymyxin. Genetic
polymorphism analyses revealed two different K. preumoniae clones (ST1298 and
ST2687), which were observed for the first time in CRKP infections. We recommend
intravenous antibiotics with intrathecal polymyxin for treating meningitis caused by
multidrug-resistant K. pneumoniae.

Keywords: Meningitis, Klebsiella pneumoniae, Carbapenem-resistant, Beta-lactamases,
Cerebrospinal fluid
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INTRODUCTION

Meningitis includes several infections defined as inflammation of the meninges;
it may be caused by various infectious agents, including bacteria, viruses, parasites, fungi,
and non-infectious processes. Although viral meningitis is the commonest, bacterial
meningitis may be more serious and is potentially life-threatening!.

In recent years, carbapenem-resistant Kiebsiella pneumoniae (CRKP) has
become endemic and is one of the biggest public health concerns globally®?. However,
there are few reports in the literature on meningitis caused by CRKP*3. We report two
cases of post-neurosurgical nosocomial meningitis due to CRKP that were successfully
treated with polymyxin.

METHODS

Clinical data were obtained from medical records. Bacterial identification and
antimicrobial susceptibility testing were performed using the Vitek 2 Compact System®
(bioMérieux, Marcy L'Etoile, France). The polymyxin B minimum inhibitory
concentrations (MICs) were determined using the reference Clinical Laboratory
Standards Institute broth microdilution method®. Genes encoding for extended-spectrum
B-lactamases (bla-crxns, bla-ten, bla-smy), carbapenemases (bla-xpe, bla-cxa.ag), and
metallo-B-lactamases (bla-npae1, Pla-pp, bla-viv) were determined using polymerase
chain reaction as described previously”®. The molecular types by multilocus sequence

typing (MLST)!,

CASE REPORTS

Case 1: A 17-year-old man from Campo Grande-MS, Brazil was admitted to the
emergency room after a car accident. On admission, the patient was sedated and intubated
and had a heart rate of 90 beats/min, respiratory rate of 17 breaths/min, arterial blood
pressure of 160/90 mmHg, Glasgow Coma Scale (GCS) score of 3/15, and APACHE
index of 17. At admission, skull computed tomography (CT) revealed cerebral edema
with post-traumatic hydrocephalus, frontal lobe contusion, and subarachnoid hemorrhage
(grade IV on the Fisher scale).

An external ventricular shunt was inserted. The patient developed anisocoria and
miotic pupils. Besides diffuse edema noted on new CT, decompressive craniotomy was
necessary. He also underwent various invasive procedures during hospitalization,
including tracheostomy, central venous catheterization, urinary catheterization, enteral

nutrition, and mechanical ventilation.

Page 2 of 11
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On postoperative day 3, the patient developed septic shock, probably from skin
and fascial breast foci. Cerebrospinal fluid (CSF) examination revealed no abnormalities
(Table 1). However, head CT revealed opacification of the left maxillary and ethmoidal
sinuses. Intravenous (IV) meropenem, 1 g/8 hours was administered. Clinical
improvement with the level of consciousness was noted (GCS 8).

On hospitalization day 11, his level of consciousness deteriorated (GCS score
decreased to 3/13); he presented with hyperthermia (38.8°C), arterial hypertension
(153/90 mmHg), and leukocytosis (leukocytes 39600/mm?, with 84% segmented and 4%
rods). New CSF analysis showed lymphocytic pleocytosis that was culture positive. K.
preumonia and was resistant to most antibiotics tested, including all B-lactams and
gentamicin. However, it was susceptible to amikacin, ciprofloxacin, and polymyxin
(MIC=0.25).

Analysis of B-lactamase genes revealed the presence of bla-tey, Bla-syv, and bla-
kpc genes. The isolate was sequence type 1298.

Because of his clinical condition and decreasing consciousness level, IV
polymyxin E 150 mg/12 hours was added to his treatment for 19 days. Meropenem was
maintained following CSF culture results, with the dose increased to 2 g/8 hours. Despite
improved CSF parameters, intrathecal polymyxin E (5 mg/day for 3 days and then
alternate days to complete 7 days of treatment) was introduced. The patient was
discharged 37 days after admission with a GCS score of 15 and no CSF abnormalities
(Table 1).
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Case 2: A 30-year-old woman from Sio Gabriel do Oeste-MS presented with
severe traumatic brain injury and loss of consciousness after a fall from her own height.
The Emergency Mobile Care Service classified the patient as having a severe condition
with cephalic contusion of 3 cm, GCS score of 7/135, anisocoric pupils, normotensive
blood pressure (110/70 mmHg), and normal cardiopulmonary auscultation. She had a
history of mental disorders due to cerebral palsy, arterial hypertension, and diabetes

mellitus.

The patient was transferred to a tertiary hospital in Campo Grande-MS. On
admission, she was sedated and intubated after first aid. She had a GCS score of 4/135,
isochoric pupils, lack of motor response, hypotension, heart rate of 130 beats/min, and
normal respiration. Cranial CT showed subarachnoid hemorrhage with left frontal
hematoma, cerebral edema, and intracranial hypertension. She was classified as grade 4
on the Fisher scale for subarachnoid hemorrthage and underwent

external ventricular derivation surgery.

On hospitalization day 4, patient developed a pneumonia. Chest radiograph showed
opacity in the lower right lung lobe. Intravenous piperacillin/tazobactam 0.5 g+4 g/6
hours and IV linezolid 600 mg/12 hours were administered for 7 and 10 days respectively,

to treat nosocomial pneumonia.

After hospitalization day 16, fever developed (38.8°C). Because her clinical condition
worsened, IV polymyxin E 150 mg/12 hours for 7 days and IV meropenem 1 g/8 hours

for 9 days were initiated.

Intrathecal polymyxin E (5 mg/day for 3 days, followed by its use on alternate days
to complete 14 days of treatment) was administered because fever and GCS score of 3/15
persisted. This medication was introduced based on CSF results on the 18th day (Table
2). CSF analysis showed pleocytosis with neutrophil predominance, and K. pneumoniae
grew on culturing. Antimicrobial susceptibility testing showed sensitivity to amikacin,
gentamicin, and polymyxin B (MIC=0.5 ug/ml.) and resistance to all B-lactam antibiotics.
K. pneumoniae harbored bla-crxa, bla-sgy, and bla-xpc genes. The strain belonged to
clone ST 2687 in MLST. Due to good clinical and laboratory results, after hospitalization
day 46, the patient was transferred to a hospital in S8o Gabriel do Oeste—MS; we do not

have further information about her.

Page 4 of 11
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DISCUSSION

Nosocomial bacterial meningitis, especially carbapenem-resistant intracranial

bacterial infections, are life-threatening complications in neurosurgical patients!12,

The most frequent causative agents of health-care-associated meningitis are
Staphylococeus spp. and multidrug-resistant and extensively drug-resistant gram-
negative bacteria, including Acinetobacter baumannii, Pseudomonas aeruginosaq,

Escherichia coli, and K. preumoniae'?.

K. pneumoniae causes several nosocomial infections. The commonest sites of
CRKP infection are the respiratory system, urinary tract, and bloodstream. CRKP is
infrequently isolated from CSF samples*>14,

Meningitis caused by CRKP post-neurosurgery has been reported in many
countries, including Turkey!’, USA%, and Chinal®. In Brazil, Tuon et al.l” described for
the first time nosocomial KPC-producing XK. pneumoniae meningitis in the South region.
To our knowledge, these are the first CRKP meningitis cases described in the Mid-West
of Brazil.

Invasive procedures, including mechanical ventilation and central venous
catheterization, are associated with acquiring multi-resistant bacteria. Surgery is a risk
factor for CRKP infections!®. Infections after head trauma, similar to our cases, followed
by neurosurgical procedure and gram-negative meningitis/ventriculitis, have been

reported!!.

Diagnosis of meningitis can be difficult. CSF cultures are the most important test
to diagnose healthcare-associated ventriculitis and meningitis'®. Although bacteriological
CSF cultures from Case 1 on day 11 indicated CRKP and CSF parameters were consistent
with those of meningitis, lymphocytosis was initially present. Lymphocytosis may be
oceurred as a component of acute bacterial meningitis mainly in neonatal and pediatric

patients!$17,

The emergence of CRKP infections is a rising public health threat associated with

extremely high morbidity and mortality rates that demand caution with antibiotic use!216,

In our two cases, we observed K. preumoniae isolates co-producing extended-
spectrum [-lactamases (ESBLs) and KPC enzymes. ESBLs of TEM, SHV, and CTX-M

types are very common in Klebsiella spp®. ESBL-producing K. preumoniae may be more
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invasive and resistant and the distribution of these bacteria varies according to

geographical areas 20,

ESBL-producing K. pneumoniae may vary according to geographical areas.
CRKP is already endemic in many countries, including Brazil. This mechanism confers
a high resistance to B-lactams, including carbapenems®2%, A study conducted in Mato

Grosso do Sul State reported a high rate (93.3%) of CRKP in that region?!.

Genetic polymorphism analyses of the two K. prneumoniae isolates we examined
revealed two different clones: ST1298 and ST2687. In Brazil, sequence types ST11,
ST437, and ST340 are more frequently reported among K. prneumoniae isolates, while
ST258 are the most frequently associated with KPC enzyme production in Europe and
the USA?2, Here, we report for the first time ST1298 and ST2687 involvement in

meningitis caused by CRKP.

Treatments for central nervous system infections are more limited than those for
bloodstream and pulmonary infections. There are limited data on optimal dosing and
brain barrier penetration of most agents administered for carbapenem-resistant

Enterobacteriaceae infections®23,

CRKP infections are treated with combination therapies, including polymyxin or
tigecycline with carbapenems, aminoglycosides, fluoroquinolones, or fosfomycin??, A

high carbapenem MIC (MIC >8ug/mL) predicts a lower response to the antibiotic??.

The relatively new antimicrobial ceftazidime-avibactam (approved in 2014 by the
U.S. Food and Drug Administration) has been successfully used for treating CRKP
meningitis. The drug is less toxic and can inhibit KPC-2 carbapenemase and group C
beta-lactamases®. Ceftazidime-avibactam has great potential as treatment because of its
direct action on the carbapenem resistance mechanism. However, this option was not

available for the report cases.

Although intravenous polymyxins poorly penetrate the CSF and their high
pharmacokinetic variability, the combination of intravenous polymyxin E and

intrathecal polymyxin showed satisfactory responses with resolution of meningitis?3.

We report two rare cases of meningitis caused by CRKP that were satisfactorily
treated with intravenous polymyxin and intrathecal polymyxin, despite the associated

high mortality reported in literature.
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Abstract

Obijective: This study was conducted to determine the molecular epidemiology and resistance
mechanisms of carbapenem-resistant Klebsiella pneumoniae recovered from three public
hospitals in midwestern Brazil.

Design: Quantitative descriptive study.

Methods: Molecular investigation of blaoxa-ss, blakec, blanom, blacTx-m, blasny, blatem,
blame, and blavim resistance genes was performed in 99 K. pneumonia isolates from patients
in the intensive care unit. Antimicrobial susceptibility was determined with a Vitek 2 System,
except for polimixin B, which was evaluated by the microbroth dilution test. Clonal
relatedness was established by pulsed-field gel electrophoresis and multilocus sequence
typing.

Results: A lower percentage of resistance was observed against amikacin (5.1%), polymyxin
(18.2%), tigecycline (20.2%), and fosfomycin (30.5%). Screening resistance genes showed
that Klebsiella isolates carried the blakec (88.9%) and extended-spectrum beta-lactamase
(ESBL) genes blasnv (73.5%), blatem (72.2%), and blactx-m (43.9%). The most frequent
sequence types were: ST273, ST11, ST 1298, ST13, ST2687, and ST37. The sequence types
ST304, ST309, ST401, ST406, ST779, and ST2751 in multidrug-resistant K. pneumoniae
have not been detected previously in Brazil.

Conclusions: Klebsiella pneumoniae belonging to the same clone is present in different
hospitals in the same region. Transfer of blakpc, blaswv, blarem, and blactx-m has contributed
to the high rate of carbapenem resistance observed in multidrug-resistant K. pneumoniae

isolates.
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Introduction

The emergence of infections caused by carbapenem-resistant Klebsiella pneumoniae
(CR-KP), mainly in patients in intensive care units, is a global concern. The transmissibility
and limited therapeutic options for treating these infections make difficult to control this
multiresistant pathogen.! In Brazil, K. pneumoniae carbapenemase (KPC) is the most
predominant carbapenemase in Enterobacteriaceae.! The rapid spread of K. pneumoniae KPC-
producing (KP-KPC) worldwide is attributed to expansion of dominant clone CC258 or
CC11, particularly ST258 and ST11.2 Previous studies showed that specific plasmids are
successfully spreading and harbor resistance among K. pneumoniae strains in Brazilian
hospitals.! Determining the resistance genotypes can reduce delays in administering adequate
therapy and may decrease the high mortality of infectious KP-KPC.2

The aim of this study was to determine the molecular epidemiology and resistance
mechanisms of KPC-producing K. pneumoniae recovered from three public hospitals in the

midwestern region of Brazil, which have not been widely examined.

Methods

Human subject protection
This study was approved by the ethics committee of Federal University of Mato

Grosso do Sul (CAAE - 50087815.2.0000.0021).

Bacterial identification and susceptibility test
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In this study, 99 non-duplicate isolates of CR-KP were obtained between March 2013
and March 2014 from patients in intensive care units (ICU) at three Brazilian public hospitals:
Hospital A; Hospital B, and Hospital C of Mato Grosso do Sul state which have 592, 352, and
271 beds, respectively.

The Klebsiella pneumoniae identification and antimicrobial susceptibility test were
performed with a Vitek 2 System (bioMérieux, Marcy L'Etoile, France). Additional
antimicrobial susceptibility tests to determine the minimal inhibitory concentrations (MICs)
of polymyxin B were performed by the broth microdilution technique using polymyxin B
sulfate (Eurofarma, Sdo Paulo, Brazil) and interpreted according BrCast guidelines.®
Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as
quality control strains. Although BrCast has approved the disk diffusion method for
fosfomycin only for Escherichia coli recovered from the urinary tract, we used the same
interpretation for all strains (resistance to fosfomycin when the inhibition zone diameter <24
mm).

Multidrug-resistant (MDR) was defined as non-susceptibility to at least one agent in
three or more antimicrobial categories, whereas extensively drug-resistant (XDR) was defined
as non-susceptibility to at least one agent in all but two or fewer antimicrobial categories.* The
agents used to define these categories were aminoglycosides (amikacin, gentamicin),
piperacillin-tazobactam, carbapenems (imipenem, meropenem, ertapenem), cephalosporins
(cefazolin, ceftriaxone, cefepime), cephamycin (cefoxitin), fluoroquinolones (ciprofloxacin),

glycylcyclines (tigecycline), phosphonic acids (fosfomycin), and polymyxin B.

Molecular investigation
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Klebsiella pneumoniae isolates were screened by polymerase chain reaction (PCR) for
the following B-lactamase genes: blaoxa-ss-iike, blakrc, blanom, blamve, blaviv, blactx-m,
blastv, and blatem using previously described primers.>’

The clonal relationship between K. pneumoniae isolates was investigated by pulsed-
field gel electrophoresis using the Xbal restriction endonuclease (Promega, Madison, WI,
USA) in the CHEF-DR Il apparatus from Bio-Rad Laboratories (Hercules, CA, USA) and
analyzed with BioNumerics fingerprinting software (Applied Maths, Sint-Martens-Latem,
Belgium).® Multilocus sequence typing was performed to subtype CR-KP by amplification
and sequencing of seven housekeeping genes including gapA, infB, mdh, pgi, phoE, rpoB, and
tonB.® The allelic profiles and sequence types (STs) were determined using the Institute

Pasteur Klebsiella MLST database (http://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html).

Results

The 99 CR-KP samples were obtained from the urine (42.4%), tracheal aspirates
(22.2%), blood (16.2%), catheter tips (7.1%), surgical wound exudates (8.1%), and other
(4.0%) clinical specimens. Antimicrobial susceptibility tests showed high rates (>85%) of
resistance to B-lactams, quinolones, and gentamicin antibiotics. Twelve (12.1%) K.
pneumoniae were considered as XDR and 87 (87.9%) were MDR. Seventy-six (76.8%)
isolates were resistant to all carbapenems. A lower percentage of resistance was observed
against amikacin (5.1%), polymyxin (18.2%), tigecycline (20.2%), and fosfomycin (30.5%).

Screening for antimicrobial resistance genes showed that 88.9% of CR-KP isolates
carried blakpc but blaoxa-ss, blanowm, blavim, and blame were not detected. Extended-

spectrum beta-lactamase (ESBL) genes were detected in most isolates: blasnv (73.5%),
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blatem (72.2%), and blactx-m (43.9%). Fifty-four (54.5%) CR-KP isolates contained these

three ESBL genes.

Discussion

In ICUs, CR-KP is a major infectious agent in the urinary tract, lower respiratory tract,
bloodstream, and surgical wound infection.™° In addition to the high resistance to
carbapenemic antibiotics, K. pneumoniae recovered from patients in ICUs were resistant to
most antibiotics recommended for treatment. Similar to the results of a previous study*
tigecycline, fosfomycin and polymyxin were among the drugs showing lower resistance and
may be considered therapeutic options for treating infections caused by MDR K. pneumoniae.

Although K. pneumoniae shows good sensitivity to tigecycline, the emergence of
tigecycline resistance in blakec_2 has been reported.'? The profile of antibiotic resistance
varies by region and even between hospitals in the same city. Thus, determining the resistance
profile of different hospitals is essential for guiding therapeutic choices. A study conducted to
evaluate K. pneumoniae in different regions of Brazil'® reported resistance rates of 38.1% to
tigecycline and 5.3% to fosfomycin. This is the first description of resistance to these
antibiotics in Mato Grosso do Sul state. Therefore, these results should improve the
understanding of antimicrobial resistance of K. pneumoniae in Brazil.

According Perez et al. (2016), tigecycline and fosfomycin combined with other
antimicrobial agents are effective for treating infections caused by KPC- and OXA-48-
producing K. pneumoniae.!! Polymyxin is a “last-line” treatment for MDR Gram-negative
infections. Increased polymyxin resistance rates have been observed in recent years in
Brazil.}* We found that 18.2% of CR-KP cases were polymyxin B-resistant. We previously

reported the mechanisms of resistance to polymyxin in these samples.’®
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KPC-producing K. pneumoniae is prevalent in North America, Greece, Italy, Taiwan,
Colombia, China, Argentina, and Brazil.? Our data show that KPC production is the main
mechanism of resistance in K. pneumoniae isolated in ICUs in public hospitals in Mato
Grosso do Sul state.

The high rates of resistance to B-lactams and others antimicrobial classes is likely
related to the concomitant presence of different resistance mechanisms.

Studies with the multilocus sequence typing show that ST258 and ST11 sequences
types are the globally prevalent clones in K. pneumoniae.?® These sequences types belong to
clonal complex CC258, which has spread rapidly worldwide. In Brazil, ST11, ST258, ST340,
and ST437 are the most frequent patterns reported in KPC-2-producing K. pneumoniae. 3 16
Interestingly, in our study, most CR-KP isolates were characterized as ST273, ST11, and
ST1298, whereas ST340 and ST437 were not detected.

Unlike that observed in Asia”!8, in our study ST273 was not related in K. pneumoniae
carrying bla-nom. However, we detected one colistin-resistant K. pneumoniae ST273 as
previously described in Italy.*®

In our study, CR-KP of ST273 harbored bla-snv and bla-tem (100%), bla-kec (91.7%),
and bla-ctx-m (36.4%). Most CR-KP isolates belonging to ST273 showed sensitivity to
tigecycline, fosfomycin, and polymyxin B. One strain was polymyxin-resistant (MIC = 8
pg/mL), whereas no resistance to tigecycline or amikacin was recorded.

ST11, the most prevalent sequence type in this study, is among the most frequently
described sequence types in Brazil.*® It has been reported in several countries of Latin
America, Asia, beyond India, the UK, Turkey, Spain, and Sweden.? According to a previous
study, ST11 may be related to colistin resistance in K. pneumoniae.?’ Our results identified

four CR-KP (36.4%) resistant to polymyxin including ST11, which had a high MIC (32

75



pg/mL). The ability of K. pneumoniae ST11 to acquire resistance and its virulence power
determines its prevalence in this profile and success of infection.?

Recently, we reported ST1298 in polymyxin-resistant K. pneumoniae.® In this study,
ten K. pneumoniae of ST1298 were found in Hospital A. The persistence of this clone for five
months in the ICUs may be linked to the spread of plasmids carrying the clone in this
institution. In our study, ST1298 CR-KP presented a higher rate of tigecycline resistance
compared to the other sequence types.

ST13 was described in previous studies with K. pneumoniae carrying blatem? and
blaoxa-4s> in Europe and was reported in KPC-producing K. pneumoniae from northeastern
and southeastern Brazil.*® Corroborating these results, our study showed a high prevalence of
KPC-producing K. pneumoniae of ST13 in the studied hospitals. We found that ST11 and
ST13 were related to high rates of polymyxin resistance. The selective pressure caused by
polymyxins likely contributed to selection of this resistance and limited its treatment.

ST37 has been described in K. pneumoniae carrying resistance mechanisms: KPC,
NDM, and IMP-4 in China,?*?® the OXA-48 gene in Saudi Arabia, 2’ ESBL genes in Africa?®
and KPC in Brazil.?° In our study, this clone harboring blaskv, blatem, blactx-m, and blakec
demonstrated that clones can carry resistance genes worldwide.

This study describes for the first time in Brazil the sequence types ST304, ST309,
ST401, ST406, ST779, and ST251 in MDR K. pneumoniae. Further studies are needed to
determine the relationship of these STs with antimicrobial resistance.

The results obtained reveal dissemination of K. pneumoniae belonging to the same
clone in different hospitals in the same region. The transfer of blakec, blatem, and blacTxm
likely contributed to the high rate of carbapenem resistance observed in MDR K. pneumoniae

isolates.
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Figure 1 — Molecular typing of 99 pulsotypes from carbapenem-resistant K. pneumoniae

isolated in Mato Grosso do Sul — Brazil.
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Figure 2 — Distribution of the most common K. pneumoniae sequence types (STs) in three

hospitals of Mato Grosso do Sul state — Brazil.
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Table 1 — Sequence types, antimicrobial resistance and resistance genes of K. pneumoniae according to hospital of origin.

Sequence Isolates CIP ERT IPM MER AMI FOS TIG POL B Resistance Hospital
type genes (%) (n)

(n) m % @O % M % M % ©M % O % @0 % @O %
ST273 13 13 100 13 100 9 69.2 13 100 0 O 4 308 3 231 1 7.7 Dbla-shv (100) C(12)

bla-tem (100) B (1)
blacTx-m
(36.4) blakec

(91.7)

ST11 11 10 901 9 81.8 9 81.8 10 90.1 0 O 4 364 3 273 4 364 bla-shv (100) C(6)
bla-tem (54.5)
B(2)

blacTx-m
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(54.5) blakec A (3)

(100)

ST1298 10 8 80.0 8 80.0 9 90.0 10 100 0 O 3 300 5 500 1 10.0 bla-snv(30.0) A (10)
bla-tem (70.0)
blacTxm (20.0)

blakpc (80.0)

ST13 8 6 7% 7 875 8 100 8 100 2 286 3 375 1 125 3 375 bla-shv (37.5) A(4)
bla-tem (50.0)

B (4)
blactxm (50.0)

blakpc (87.5)

STNI 7 6 85.7 6 85.7 6 85.7 6 857 0 O 3 2501 83 0 O bla-shv (50.0) A (4)
bla-tem (66.7)

B (5)

C@®
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blacTx-m

(58.3)

blakpc (83.3)

ST37 6 5 833 6 100 6 100 6 100 2 400 3 500 0 O 1 16.7 bla-snv A (4)

(100.0) 5

bla-tem (83.3)
blacTx-m
(83.3) blaec

(83.3)

AMI — Amikacin; CIP — Ciprofloxacin; ERT — Ertapenem; FOS — Fosfomycin; IPM — Imipenem; TIG — Tigecycline; MER — Meropenem; POL

— Polymyxin B; R — Resistant; STNR — STNI — ST not identified.
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5 CONSIDERACOES FINAIS

e Em nossa regido, a resisténcia de K. pneumoniae aos carbapenémicos é
causada principalmente devido a produgéo de KPC. Outras carbapenemases
(NDM, OXA-48) nao foram encontradas. As principais [-lactamases de
espectro estendido encontradas foram SHV, TEM e CTX-M;

e Amicacina, tigeciclina, fosfomicina e polimixina B s&o os antimicrobianos com
melhor atividade “in vitro”;

e A resisténcia as polimixinas em nosso estado € devido a mutacdes deletérias
no gene de PmrB diferente de outros estudos em nosso pais que sugerem que
mutacdes no gene mgrB como principal mecanismo de resisténcia a essa
droga;

e Os principais sequence types de K. pneumoniae em nossa regido sao ST 273,
ST11 e ST1298, perfil diferente de outras regides do pais.

e Existe disseminacgao de clones de K. pneumoniae entre os hospitais de nosso
estado, o que alerta para a importancia de reforcar as medidas de controle para

minimizar a dispersao de genes de resisténcia.
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APENDICE A - RELACAO DE BACTERIAS E RESULTADOS
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APENDICE B - INICIADORES E CONDICOES DE REACAO DE PCR

Tamanho do Temp.
Gene Sequencia do iniciador (5’ —> 3’) S ([ anelamento
da PCR
CTX-M-F:
blacrx- ATGTGCAGYAACCAGTAARGTKATGGC o
593 50°C
M CTX-M-
R:TGGGTRAARTARGTSACCAGAAYCAGCGG
blasuy SHV-F: TTATCTCCCTGTTAGCCACC 797 60°C
SHV-R: GATTTGCTGATTTCGCTCGG
blaen TEM-F: GCGGAACCCCTATTTG 859 60°C
TEM-R: ACCAATGCTTAATCAGTGAG
blak KPC-F TCGCTAACTCGAACAGG 785 60°C
P¢ KPC-RTTACTGCCCGTTGACGCCAATCC
bla-oxa-  OXA-48-F TGTTTTTGGTGGCATCGAT 177 60°C
48 OXA-48-RGTAAMRATGCTTGGTTCGC
blanowm NDM-F TTGGCCTTGCTGTCCTTG 82 60°C
NDM-RACACCAGTGACAATATCACCG
mer-1 mcr-1-F — AGTCCGTTTGTTCTTGTGGC 320 58°C
mcr-1-R - AGATCCTTGGTCTCGGCTTG
mer-2 mcr-2-F — CAAGTGTGTTGGTCGCAGTT 715 58°C
mcr-2-R - TCTAGCCCGACAAGCATACC
mer-3 mcr-3—- F — AAATAAAAATTGTTCCGCTTATG 929 58°C
mcr-3-R - AATGGAGATCCCCGTTTTT
mer-d mcr-4-F — TCACTTTCATCACTGCGTTG 1116 58°C
mcr-4-R- TTGGTCCATGACTACCAATG
mer-5 mcr-5-F- ATGCGGTTGTCTGCATTTATC 1644 58°C
mcr-5-R - TCATTGTGGTTGTCCTTTTCTG
blasen SPM- F - CCTACAATCTAACGGCGACC 649 59°C
SPM — R- TCGCCGTGTCCAGGTATAAC
blans IMP-1-F- CTACCGCAGCAGAGTCTTTG 586 50°C
IMP-1 - R- AACCAGTTTTGCCTTACCAT
blaun, VIM-1-F AGTGGTGAGTATCCGACA 260 50°C

VIM-1-R ATGAAAGTGCGTGGAGAC

Yigit et al., 2001; Mulvey et al., 2003; Monteiro et al., 2012; Rebelo et al., 2018
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