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Abstract

In recent years, antibiotic resistance has become a serious threat to public health as bacteria are increasingly developing
resistance to antibiotics while drug manufacturing companies are not developing new antibiotics that can compact the
menace of drug resistance. Carbapenems are among the most effective antibiotics prescribed for treatment of life threatening
infections caused by gram negative bacteria including Enterobacteriaceae. However in recent times, carbapenem resistance
in Enterobacteriaceae is an ongoing public-health globally. Klebsiella pneumoniae is one of the most common isolate from
Enterobacteriaceae. Tt causes variety of infections including health care associated infections. In recent years, K.
pneumoniae has developed resistance to multiple antibiotics including extended spectrum f-lactam and carbapenem
antimicrobial agents. In this present review article, the overview of carbapenam resistance in K. Pneumoniae is presented
with emphasis on historical perspectives, epidemiology, laboratory identification and prevention and control.
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Introduction:

Even in the golden era of medicine, where diagnostic and therapeutic modalities have progressed by leaps and
bounds, infectious diseases still continue to be one of the major causes of morbidity and mortality in clinical
setups worldwide. Infectious diseases are attributed to bacteria, fungi, parasites and viruses. As compared to
other counterparts, bacteria are major cause of infectious diseases.

Bacteria belonging to the Enterobacteriaceae family are among most common human pathogens.' These
organisms are Gram negative bacilli and are commensals of intestinal. ' They are capable of causing a broad
spectrum of clinical manifestations that range from cystitis to pyelonephritis, septicaemia, pneumonia,
peritonitis and meningitis. "> Additionally, Enterobacteriaceae are one of the important cause of health-care
associated infections (HAI). -2

Organisms belonging to Enterobacteriaceae family can rapidly develop resistance to antibiotics. Resistance to
broad spectrum antimicrobial agents like 3™ and 4™ cephalosporins is well documented in Enterobacteriaceae.’

In recent years, antibiotic resistance has become a serious threat to public health as bacteria are increasingly
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developing resistance to antibiotics while drug manufacturing companies are not developing new antibiotics that
can compact the menace of drug resistance.*’

Carbapenems are among the most effective antibiotics prescribed for treatment of life threatening infections
caused by gram negative bacteria including Enterobacteriaceae. > ® However in recent times, carbapenem
resistance in Enterobacteriaceae is an ongoing public-health globally.” 8

Klebsiella pneumoniae is one of the most common isolate from Enterobacteriaceae. It causes variety of
infections like pneumonia, urinary tract infection (UTI), bacteremia, meningitis, sepsis and abscesses.’ It is one
of most common causes of HAIL. In recent years, K. pneumoniae has developed resistance to multiple antibiotics
including extended spectrum B-lactam and carbapenem antimicrobial agents.” "°

In this present review article, the overview of carbapenam resistance in K. Pneumoniae is presented with
emphasis on historical perspectives, epidemiology, laboratory identification and prevention and control.
Methodology:

For preparation of the present review article, a search was made on “Search engines” like Pubmed and Google
Scholar. Literature search were made by using MeSH terms like ‘carbapenem’, ‘carbapenemases’, ‘carbapenem
resistance’, ‘carbapenem resistant Enterobacteriaceae’ and ‘carbapenem resistant Klebsiella pneumoniae’.
Relevant ‘Original Research’ and ‘Review’ were retrieved and used for preparation of the manuscript.

Basics of carbapenems, carbapenemases and carbapenem resistance.

B-lactam group is collection of antibiotics that share a common P lactam ring.'' These include antimicrobial
agents like penicillin, cephalosporins, monobactams and carbapenems. These antibiotics bind and inactivate the
penicillin-binding proteins (PBPs), which are responsible for cell wall formation in bacteria.'’ This group of
antibiotics represent the most common therapeutic agent for bacterial infections.

The empirical and injudicious use and persistent exposure of bacterial pathogens to a variety of B-lactam
antibiotics have resulted in emergence of extended spectrum B-lactam (ESBL) producing bacterial strains.'? In
recent years, a significant rise in isolation of ESBL producing Enterobacteriaceae is reported worldwide." *
Among various members of Enterobacteriaceae family E. coli and K. pneumoniae are the major ESBL
producers globally."” The rate of isolation of ESBL producing Enterobacteriaceae significantly varies according
to healthcare setup. '> Various national and international have reported prevalence ESBL production in
Enterobacteriaceae to vary from 8 to 80%."?

The prevalence of ESBL producing organisms highly depends on antibiotic policy of hospital, carriage rate
among health care workers, adherence to infection control practices and type of disinfectant used particularly in
critical care areas of the hospital.

Carbapenems are the most potent wide spectrum antibiotics used for treating life threatening infections caused
by gram negative bacteria like Enterobacteriaceae (including ESBL producers), Pseudomonas aeruginosa and
Acinetobacter spp.'®  Structurally, carbapenems resemble penicillin but has additional sulphur group at Cl
position."”

Imipenem, meropenem, ertapenem, doripenam, panipenem and biapenem are examples of carbapenems used in
clinical practice.” ' The cyclic amine like meropenem, doripenam, panipenam that have pyrrolindine

derivatives have broad spectrum activity. '*
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Doripenam is known to have lower MIC compared to meropenem and imipenem for Acinetobacter baumannii
and Pseudomonas aeruginosa. ' *° However it is less susceptible and comparatively slower in hydrolysing
carbapenemase than imipenem.”'

As compared to meropenem and imipenem, ertapenem is less sensitive against Pseudomonas aeruginosa
whereas imipenem and doripenem has good susceptibility for Acinetobacter baumannii compared to
meropenem. '®

All carbapenems are recommended for treating crucial and life threatening HCAIs linked to organ
transplantations, ICUs and surgeries. " '* As per recent research, transpeptidase inhibition is the main enzyme
target of carbapenems during the process of cell wall synthesis in bacteria. '®

Emergence of carbapenem resistant Enterobacteriaceae (CRE) strains is one of the major threat to the
development of modern therapeutic modalities in medicine. To define, CRE are Enterobacteriaceae that are
resistant to one or all carbapenems and all of the third-generation cephalosporins.?

Production of carbapenemases is the most common mechanism for carbapenem resistance. Carbapenemases are
B lactamases that have capacity to hydrolyse both carbapenem and all other p lactam antibiotics.” Therefore, all
carbapenemases are B lactamases but not all B lactamases are carbapenemases. Additionally, carbapenemases
also led to overexpression of multidrug efflux pumps by the bacterial cell membrane. >

On the basis of the amino acid sequences, carbapenemases are broadly classified into metallo p-lactamases
(Class B) and serine B-lactamases (Classes A, C and D). "7 Metallo p-lactamases contain zinc at the active site
whereas serine p-lactamases contain serine at the active site. ' ** Class C enzymes are mostly found in gram
negative pathogenic bacilli like Acinetobacter spp., Aeromonas spp. and Enterobacter spp. "7 These Class C
enzymes are chromosomally encoded. The combination of B-lactamases like Class A and Class C confer
resistance to most antibiotic classes like cephamycins, penicillins and cephalosporins.** They are not inhibited
by inhibitors such as clavulanic acid. '’

As per Ambler classification, B-lactamases are categorized into four molecular classes.'' Among them,
carbapenemase activity is shown by the class A enzymes KPC, GES/IBC, IMI/NMC-A, SFC-1, the Class B
MBLs IMP, VIM, NDM, SPM, GIM, SIM, AIM, DIM, FIM, POM and several class D (OXA-type) enzymes.l1
Class C enzymes are not considered carbapenemases. However, this class of PB-lactamases possess a low
potential of carbapenem hydrolysis. > The over-production of Class C enzymes may contribute to carbapenem
resistance in association with decreased outer-membrane permeability and/or efflux pump over-expression. *>

In K. pneumoniae, carbapenemases (KPC) in association with other members like SME, IMI, NMC, GES
constitute the Class A. The KPC were first described in USA. ° In Pseudomonas aeruginosa, the class B
enzymes constitute of active on imipenem (IMP), Verona integrin encoded MBL (VIM), SPM, GIM, New Delhi
B-lactamases (NDM) and SIM families. ' In addition to K. pneumoniae, Class A carbapenemase is also found in
gram negative bacteria like E. coli, K. oxytoca, Enterobacter spp., Serratia spp., Salmonella spp., Citrobacter
freundii and Pseudomonas aeurignosa.17 Globally, among various classes of carbapenemases, production of
Class A is the most common mechanism involved in resistance.

Two important mechanisms are described for carbapenem resistance in Enterobacteriaceae. ' First mechanism
includes acquisition of carbapenemase genes encoding enzymes that degrades carbapenems. SME-1 was the
first carbapenemases to be identified in Enterobacteriaceae. It was identified in Serratia marcesnes in London

(1982). Later on, IMI-1 was identified in USA (1984)."
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Second mechanism of carbapenem resistance in Enterobacteriaceae involves decrease uptake of antibiotics due
to quantitative and/or qualitative deficiency of porin expression in combination with increased expression of [3-
lactamases possessing weak affinity to carbapenems.' The overexpression of efflux pumps expel carbapenem
and finally results in carbapenem resistance. This mechanism may also confer multidrug resistance in an isolate
as resistance to antibiotics like quinolones, penicillin, cephalosporins and aminoglycosides have common
substrates for efflux pump. Combinations of these mechanisms result in high level of carbapenem resistance in
bacterial species like K. pneumoniae, P. aeruginosa, and A. baumannii.*"

Carbapenemases production is very serious and important problem in the so-called ‘ESKAPEE’ (E. faecium, S.
aureus, Klebsiella, Acinetobacter, Pseudomonas, Enterobacter, and E. coli) pathogens.26 ‘ESKAPEE’
pathogens collectively are major cause of HAL ** The Centers for Disease Control and Prevention (CDC) have
underscored the importance of protocols emphasizing prevention and control of CRE transmission in health care
facility.”’

Various risk factors including ICU stay, prolonged hospitalization, pulmonary disease, hepatic disorders,
immunocompromised status, antibiotic therapy, history of carbapenem usage, B-lactamas/ [-lactamases
inhibitors, long term antibiotic therapy and indwelling medical devices are identified for carbapenem resistance
in Enterobacteriaceae.” Rectal colonization with CRE is an important risk factor for development of CRE
infections. **The CDC recommends perirectal screening along with isolation of patients either colonized or
infected with CRE.

Factors like, extreme and injudicious antibiotic prescription, over the counter sale of antibiotics, noncompliance
with infection control measures, and the use of sub-therapeutic antibiotic for the promotion of animal growth in
the animal husbandries are also responsible for emergence and wide spread of CRE.?

Carbapenem resistance in Klebsiella pneumoniae.

(i) Historical perspectives.

Thienamycin was the first “carbapenem” to be discovered. It eventually served as the parent or model compound
for development all carbapenems.” The notable discovery of Thienamycin was first reported in 1976 at the 16™
Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC).**

Thienamycin displayed good anti-microbiological activity against wide range of gram negative bacteria,
including Pseudomonas ateruginosa.29 It was also active against anaerobes (Bacteroides fragilis) and gram-
positive cocci like methicillin susceptible Staphylococcus aureus (MSSA) and Streptococci. ™

At that time, thienamycin derived compounds were of great clinical use because of emergence of cephalosporin
resistant gram negative and gram positive pathogens. ** However the stability of thienamycin was lost in
aqueous solution. ** This compound hydrolysed even at slight pH of 8.0. Thienamycin was noted to be highly
reactive with nucleophiles and even with self-primary amine. **

In 1985, imipenem (originally known as MK0787) was the first carbapenem available for the treating complex
bacterial infections. ** It was more-stable compared to derivatives of thienamycin. ** Imipenem was found to be
less sensitive to hydrolysis in alkaline solution. Later on several carbapenems with broad spectrum of activity
and more stability like meropenem, biapenem, ertapenem, and doripenem were developed. **

Carbapenem resistance may be innate or acquired or both. However in K. pneumoniae is intrinsically susceptible

to carbapenems.? It usually acquire resistance due to carbapenem-hydrolysing p-lactamases. '’
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KPC producing K. pneumoniae strains were first isolated in North Carolina in 2001. In France, it was reported
in 2005.*Later, in 2007 KPC producing K. pneumoniae was described in Greece and many other European
countries including Belgium, Denmark, England, Italy and Scotland.” In Greece, these infections were related
to the transfer of patients from one hospital to another. CRE was first reported in Korea in 2010.**

Giani et al reported KPC producing K. pneumoniae strain for first in Italy in 2009.*" In their study the patient
received this strain from a healthcare provider who came from Israel. However, a search through available
literature, revealed no documented evidence of origin of infection due to KPC producing K. prneumoniae in
Asia.”!

(i1) Epidemiology of carbapenem resistance in K. pneumoniae.

Since first report of isolation of KPC-producing K. pneumoniae in 2001, various outbreaks and nosocomial
transmission has been reported from USA. Bratu et al (2005) from New York reported rapid spread of
carbapenem resistant K. pneumoniae as a new threat to antibiotic armamentarium. In their study, 1.4% of K.
pneumoniae isolates were reported to have the bla, gene.32

Leavitt ef al (2007) and Navon-Venezia et al (2009) from Israel reported increased isolation of KPC-producing
K. pneumoniae.* ** In the study of Navon-Venezia et al (2009), pulsed-field gel electrophoresis (PFGE)
analysis of KPC-producing K. pneumoniae from 13 different health care centers showed a clonal relationship
between many isolates.’* Some of these isolates were found to be genetically related to strains reported from
outbreaks in the USA.*

In an annual update (year 2006-2007) of the National Healthcare Safety Network (NHSN) carbapenem
resistance was reported in 10.8% of K. pneumoniae isolated from medical-device associated infections.™
Various Indian studies have reported significant prevalence of CRE. Datta et al (2012) from North India
reported prevalence rate of 7.87%.>> As compared to Datta et al (2012), Gupta et al (2006) and Wattal et al
(2010) reported high prevalence rate of CRE.** ** %" In the study conducted at a tertiary care hospital of
Mumbai, Maharashtra by Nair ez al (2013) the rate of CRE was 12.26%. In addition to various wards and the
ICU, a significant percentage of CRE was also noted in OPD patients.”> The study of Nair et al (2013)
emphasized the need for initiation of control measures against CRE at both hospital and community level. >
Parimala ef al (2017) from Karnataka reported carbapenem resistance in 42.8% of K. pneumoniae isolated from
various clinical specimens.

(iii) Laboratory methods for identification of carbapenem resistant K. pneumoniae.

Rapid and precise identification of CRE isolated from clinical specimen is very important to initiate control
measures for CRE transmission in any health-care setup. In a clinical microbiological services various methods
have been used for identification of K. pneumoniae.

The CDC in 2009 outlined a laboratory screening protocol for identification of CRE. This method is based on
the modified Hodge test and till date is validated only for K. pneumoniae and E. coli.*®

This CDC approved protocol is based on the method suggested by Landman et al (2005) originally for detection
of carbapenem-resistant K. pneumoniae in stool surveillance cultures.”” In this method of identification of CRE,
the MacConkey’s agar with a 10pg meropenem disk is used. E. coli ATCC 25922 susceptible to carbapenems is

used as control strain.
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The MHT is also known as cloverleaf test. MHT is widely used as a phenotypic method for detection of
carbapenemase production. This method is based on the inactivation of carbapenem (meropenem or ertapenem)
by whole cells of carbapenemase-producing isolate. MHT is associated with following demerits.*

(i) It cannot differentiate between the types of carbapenemase involved in carbapenem resistance.* (ii) With this
method, false-positive results have been observed with ESBL (CTX-M-type) producing strains.*! (iii) False-
negative results may occur, mainly in MBL producing strains having weak carbapenemase activity. ! (iv)This
method is unreliable for detection of New Delhi metallo-B-lactamase (NDM-1) producing K. pneumoniae.”* To
overcome this problem, the use of MacConkey’s agar instead of Mueller-Hinton agar for susceptibility testing
has been suggested. ** With the use of MacConkey’s agar the performance of testing can be improved due to
increased release of periplasmic enzymes by the action of the bile salts (one of the constituent of the
MacConkey’s agar). *°

By this method, up to four isolates can be tested at a time on the same plate with single merpenem disc. The
isolate is considered as a carbapenemase producer when a clover-leaf type indentation at the intersection of the
isolate tested and the control strain (E. coli ATCC 25922) within the inhibition zone is seen after overnight
incubation. *°

In the study Anderson et al (2007), MHT was found to be 100% sensitive and specific for detection of KPC
producing K. pneumoniae.” Mathers et al (2014) conducted prospective evaluation two phenotypic assay (MHT
and indirect carbapenemase test (ICT)) for detection of KPC producing K. pneumoniae.”® In their study, ICT
was found to be superior to MHT for detection of KPC producing K. pneumoniae isolated from clinical
specimens. They also reported, ICT to be more specific and an alternative protocol for determination of CRE. **
Ahmed et al (2017) carried out point prevalence survey for screening of CRE in ICU patients. By CDC
protocol, carbapenem resistance was observed in 87.5% of Klebsiella spp.*® In the same study, the authors
compared susceptibility results of merpenem and ertapenem for detection of CRE. ** Meropenem detected all
CRE whereas ertapenem could identify only 84.2% of CRE. Their study concluded that, meropenem is more
sensitive than ertapenem for screening of carbapenem resistance developed by different mechanisms. *°

The susceptibility of KPC producing isolates to boronic acid and its derivatives is an example of another
phenotypic method for detection of CRE. **Boronic acid and its derivatives like phenylboronic and 3-
aminophenylboronic acid are structurally similar to § lactams including carbapenems. * The concept of using
boronic acid and its derivatives for determining KPC producing isolates was first put forward by Pasteran et a/
(2008).*

Phenotypic method involving use of boronic acid and its derivatives is highly accurate and simple. * In this
method, the diameter of the inhibition zone formed around a P-lactamic disc containing boronic acid is
compared with that around the corresponding B-lactamic disc without boronic acid. * The zone of inhibition of
size > 5mm around the disc containing boronic acid than in that without boronic acid is indicative of
carbapenemase activity. Giakkoupi et al (2009) reported boronate-based assays to be ineffective in detecting
KPC producing K. pneumoniae isolates in the case of co-production of VIM p —lactamase.*’

CHROMagar-KPC (CHROMagar; BBL) and Brilliance CRE agar (Thermo Fisher Scientific) are examples of
commercially available chromogenic media for identification of KPC producing K. pneumoniae. Chromogenic

media were originally formulated for screening CRE in ICU patients.*’
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Arnold et al (2011) reported sensitivity of 100% and specificity of 98.4% compared to polymerase chain
reaction (PCR) for detection of KPC producing K. pneumoniae. Chromogenic media are often costly but simple
for use and interpretation.*’

KPC producing K. pneumoniae produces blue colored colonies on chromogenic CRE agar. Brocco et al (2013)
reported chromogenic CRE agar as 100% sensitive for detection of KPC producing K. pneumoniae.”’

In the study of Ahmed et al (2017) chromogenic CRE agar was reported to have a perfect agreement for
detection of all mechanisms of carbapenem resistance.”® Chromogenic CRE agar detected carbapenem
resistance in isolates with 24 hours of inoculation. *°

CRE can be also detected by reference broth dilution method (BMD). Epidemiological cutoff (ECOFF) values
are used to decide non-susceptibility to carbapenem. As per The European Committee on antimicrobial
Susceptibility Testing (EUCAST), the minimum inhibition concentration (MIC) >1 pg/ml for imipenem and
>0.5 pg/ml for meropenem and ertapenem is ECOFF for K. pneumoniae and E. coli®

As the Clinical and Laboratory Standards Institute (CLSI) has not defined ECOFF, interpretation is done on the
basis of clinical breakpoints (CBPs). The isolate that is either intermediate (I) or resistant (R) to at least one
carbapenem as well as resistant to a third generation cephalosporin (cefotaxime, ceftazidime, ceftriaxone,
cefoperazone, or ceftizoxime) should be tested further.*’

Various genotypic methods based on in vifro gene amplification are also available for detection of CRE. These
include genotypic techniques like polymerase chain reaction (PCR).*’ Genotypic methods are rapid compared to
phenotypic methods. Many researchers have used Multiplex and real-time (RT) PCR in addition to “in-house”
PCR-based techniques for the detection of carbapenemase genes in K. pneumoniae.*® Melting curve step in the
RT- PCR technique can be allows the accurate identification of carbapenemase gene variants.*’

Multitude of commercial PCR, hybridization and microarray based kits for detection are available for detection
of CRE. These include Hyplex MBL ID, Hyplex CarbOxa ID kits (BAG Health Care, Lich, Germany) , The
Check KPC ESBL microarray and its expanded version and Check-MDR CT102 (Check-Points Health BV,
Wageningen, Netherlands). *°

Microarray technology is recent addition to the list of genotypic methods for rapid and accurate detection of
various carbapenem resistance determinants. This genotypic method is used for accurate detection of multiple
bla genes within a single reaction tube. *°

Matrix-assisted laser desorption ionization—time of flight mass spectrometry (MALDI-TOF MS) is the latest
technology that has revolutionized the detection and identification of pathogens. ** ** MALDI-TOF MS can be
also successfully utilized for detection of CRE.

Detection of carbapenemase activity by spectrophotometric method is considered the reference method for the
verification of carbapenemase activity. ** ** In this method, carbapenemase activity in an isolate is detected
spectrophotometrically by using crude or partially purified enzyme extracts and a carbapenem drug mostly
imipenem. As this method require a high technical expertise and is labor extensive, its utility is mostly restricted
to reference laboratories. ***’

(iv) Prevention and control of carbapenem resistant K. pneumoniae.

Infections due to carbapenem resistant K. pneumoniae are common in hospitals were where infection control
practices are inadequate. Both the CDC and European Society of Clinical Microbiology and Infectious Diseases

(ESCMID) have published guidelines for interventions to prevent and control CRE transmission in health care
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facilities.”” These guidelines are similar to those recommended for other multi drug resistant organisms

(MDRO).”" It includes early detection, isolation or cohorting of patients colonized or infected with CRE along

with enhanced compliance with infection prevention and control measures.

Each and every hospital staff should be made aware of the concept of “Clean Care is Safer Care”.

Environmental hygiene and equipment cleaning along with daily chlorhexidine baths to cleanse patients

colonized or infected play in important role in prevention and control of transmission of carbapenem resistant K.

pneumoniae. Judicious and restricted use of antibiotics also prevents selection of MDRO exerted by a specific

agent.
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