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SUMMARY
Global trade and mobility of people has increasgldly over the last 20 years. This has had
profound consequences for the evolution and theemewnt of antibiotic resistance genes.
There is increasing exposure of populations alliadothe world to resistant bacteria arising
in the emerging economies. Arguably the most ingrdrtlevelopment of the last two decades
in the field of antibiotic resistance is the emergeand spread of extended-spectfam
lactamases (ESBLSs) of the CTX-M group. A conseqgaaidhe very high rates of ESBL
production among Enterobacteriaceae in Asian ceamis that there is a substantial use of
carbapenem antibiotics, resulting in the emergefpéasmid-mediated resistance to
carbapenems. This article reviews the emergencemedd of multidrug-resistant Gram-
negative bacteria, focuses on three particularagebemasesimipenem carbapenemases,
Klebsiella pneumoniae carbapenemase, and New Delhi metfHactamase and highlights
the importance of control of antibiotic use.
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Introduction
Global background

There has been a massive increase in global tratdlwe last 20 years, especially
with the rapidly emerging nations of China and &ndh 2008 more than US$800 billion of
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trade flowed between Asia and Europe and almos$timalglobal trade in goods involved
Europe! This has had profound consequences for the evalatid the movement of
antibiotic resistance genes. Of the top ten megaditities with>10 million population)
eight are in Asia, the other two being Mexico Gityd New York. These megacities place
huge demands on public health infrastructure, @aerly in relation to sewage, drinking
water, and overcrowding. In addition, the emergingnomies are often heavy users of
antimicrobials in both medicine and agriculture jatlh combined with the deficits in public
health infrastructure, has resulted in very higesaf resistance to antibiotics, especially
among Gram-negative bacteria.

Global mobility has changed dramatically in the Hs years. Travel by air has
increased to the extent that, in 2012, >5000 billevenue passenger-kilometres were
recorded by the International Civil Aviation Orgaaiion? Passengers carry Gram-negative
bacteria in their bowel flora, particulafscherichia coli andKlebsiella spp. Consequently
there is increasing exposure of populations alliadathe world to resistant bacteria arising in
the emerging economies. The role of the environnmetiite transmission of Gram-negative
bacteria has been reviewed in detail elsewhéhelike MRSA and enterococci,
Enterobacteriacedeve a more fluid genome, mediated chiefly by tteresive carriage of
conjugative plasmids that frequently carry antilgsiogsistance genes as well as pathogenicity
genes. The ability of antibiotic resistance gewndsa transferred from environmental bacteria
to medically relevant species of bacteria is wetlagnized.

Emer gence of extended-spectrum S-lactamases (ESBLS)

Arguably the most important development of the tast decades in the field of
antibiotic resistance is the emergence and spreextended-spectruifirlactamases (ESBLS)
of the CTX-M group® Careful work by a group in Paris has shown thaXx®T resistance
genes are present on the chromosomes of at leastdpecies dfluyvera, environmental
bacteria closely associated with the rhizosphére ¢omplex microbial community
surrounding plant rootlets). The resistance gemngdiscible when on the chromosome but,
once mobilized on to a plasmid with insertion semes ISEcpl and 1IS903, becomes highly
mobile among the Enterobacteriac@&&TX-M was first recognized in 1989 in an isolate
from a cancer patient &. coli which was resistant to third generation cephalospolt was
located on an 85 kilobase conjugative plasmid &ecehzyme was originally designated
MEN-1.% Four major groups of genetically distinct but tethgenotypes of CTX-M have
emerged: 1, 2, 25, and’ ©f the genotypes within these groups, two have reenensely
successful, i.e. CTX-M 15 and to a lesser exterX-®GT14.* CTX-M 15 is the only genotype
present throughout India. Bearing in mind the eegtyognition there of the ESBL phenotype
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and the genotyping of strains from the early 20@G®ems most plausible that this gene
emerged in the Indian subcontinent and has thexadghroughout the worfiCTX-M 14
was first described in Enterobacteriaceae from Griaou in Southern China in 1988 he
study indentifying CTX-M 14 observed a very higherg35%) of ESBL production among
E. coli in Guangzhou and, by reasoning similar to thatieppo CTX-M 15 in India, it is
most likely that CTX-M 14 emerged in China or afeadnt country during the mid-1980s,
when locally produced cefotaxime was very widelgdig hospital practice.
Soread of ESBLs

The movement of people around the world is a magosideration in the spread of
multidrug-resistant (MDR) Gram-negative bacteriacént statistics for passenger
movements at UK airports reveal that while the nenmdd movements to or from the USA
and Canada grew from 19.8 million in 2002 to 20ilionm in 2012, movements to or from
India and Pakistan grew from 1.3 to 2.7 million iothee same period, and to or from China
and Hong Kong from 1.3 to 2.1 million. Total movamsebetween the UK and the rest of the
world grew from 39.5 to 50 million. Several studies/e demonstrated the significance of
this movement for antibiotic resistance. For examphamet al. found ESBL-producing
bacteria in only two of 63 (3%) travellers retumgito Sweden from European destinations,
whereas they found ESBL producers in 50 of 138 (86Rthose who had travelled outside
Europe™® The highest colonization rate was in those retgrfiiom India (11/14, 79%)
closely followed by Egypt (19/38, 50%) and the Mal&ast (4/10, 40%). The genotypes of
CTX-M identified in the travellers matched the @ual distribution described by Hawkey
and Jone§ All the ESBLs from travellers returning from Indigere CTX-M group 1 (most
likely CTX-M 15), whereas all those returning fra@hina were group 9 (most likely CTX-M
14). Egypt and Thailand had a mixture of groupsd @& which is consistent with studies
from those countries. Acquisition in these coustigeat least partly attributable to the
variable quality of sewage disposal and water tneat. In India, only 47% of households
have a latriné’ Defecation in public places is a frequent occurestthus facilitating the
spread of colonization among both local peopleasitbrs. The situation in China is better,
as 65% of the population have access to improveitiasi@n facilities (36% in India), but
disposal of faeces can be of a variable standarecely in rural area¥ Even in those
countries with level 3 treatment of sewage sucthadJK, sewage treatment does not fully
remove CTX-M-producingg. coli. A recent study from the English Midlands has shomat
significant numbers of CTX-M-producirtg coli in treated effluent are discharged into water
courses, where they may then be acquired by pepieg recreational activity in what
appears to be a perfectly clean river, and alsivbgtock'® There is a paucity of data from
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many countries in Asia on resistance rates, buBMART study (which samplds. coli and
Klebsiella spp. causing significant intra-abdominal infeci@tross a range of countries
throughout the world and subjects them to standaddantimicrobial susceptibility testing
and characterization) shows some interesting cststia different Asian countries. The data
from 2008 showed an ESBL-produciggcoli rate for China of 59.1% and for India of
61.2% This contrasts with a rate of 22% in Hong Kong ar@ in Malaysia, which have
better public health infrastructures as well asoeably controlled antimicrobial prescribing
in both human and animal medicine. Data on ESBLiage rates in the community are even

|.1° Data on

scarcer. Recently all of the available studies vgeremarized by Woerthet al
individuals with or without healthcare contact v tcommunity are completely lacking from
India. However, there are three studies of ESBIldpcers in healthy individuals in the
community in China: Tiesmt al. reported a prevalence of ESBL-produckgoli of 7%

among 170 elderly people in Shenyang; by conttast, al. reported a prevalence of 50%
among 109 individuals in Fuzhou; and Zhagl. found a prevalence of 51% in 567 healthy
individuals with no healthcare contact in Hunanvitroe **® The high rate of carriage of
CTX-M ESBLs in some countries is reflected in tlagriage rate in those individuals in
European countries with connections to those cmmtwickramasinghet al. demonstrated
this effect by showing that residents of Birminghdusi, whose names indicated a global
origin in either the Middle East or South Asia, l@a@TX-M ESBL faecal carriage rate of
23%, whereas those whose names indicated Europiggm fead a carriage rate of 8%%.

There was also a statistically significant assamiabf carriage of CTX-M 15 among the
Middle Eastern/South Asian individuals. A simildfeet has been noted recently in Paris,
where CTX-M-positive clinical isolates were muchmaprevalent in those whose birthplace
was outside of mainland Frante.

A consequence of the very high rates of ESBL prodo@mong Enterobacteriaceae
in Asian countries is that there is a substansal of carbapenem antibiotics, which has
resulted with time in the emergence of plasmid-raiedi resistance to that family of drugs. Of
the five widely encountered carbapenemase getd®, KPC, NDM, VIM, and OXA-48-
this review concentrates on IMP, KPC, and NDM.

IMP carbapenemases

IMP carbapenemases, the first plasmid-mediatedfieaable carbapenemases to be
recognized, emerged in Japan in the 1990%e carbapenemases, like the CTX-M ESBL
enzymes, have a range of genotypes that are gagerestial numbers (e.g. IMP-1, IMP-2,
etc.), with each new carbapenemase differing froenipusly described genotypes by at least
one amino acid. The first genotype described, IMB-the most widely encountered
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carbapenemase in Japan. This emerged and spreadlg eapong very different species of
EnterobacteriaceaeAcinetobacter andPseudomonas spp. Nine other genotypes were
recognized between 1995 and 2001. One of thoséMR<!, first described from a single
isolate ofCitrobacter youngae from Guangzhou in Guangdong Province of Southetindi
IMP-4 was encoded on a cassette in a class 1 ortemr a large plasmid and was
transferrable té. coli. An interesting feature of both IMP and VIM metafi-lactamases in
class 1 integrons is their ability to be expressteltigh level in different hosts, and to be
mobilized from one strain to another and one spei@nothef® Fascinatingly, almost
simultaneous with this first description of IMPICitrobacter youngae, there was an
outbreak in Hong Kong dfcinetobacter baumannii carrying the IMP-4 carbapenamase.
There were no further reports of IMP-4 until 20@Hen there was a large outbreak in
Melbourne, Australia, predominantly 8rratia marcescens but also inPseudomonas
aeruginosa, which subsequently spread to seven differentispet Enterobacteriaceae and
became endemic in eastern AustraliAlmost simultaneously Sydney experienced an
outbreak of hospital cross-infection with Enterdieaiaceae producing IMP-4 in the same
integron cassette array in which three other gagae§;2, aacA4 andcatB3, were also present
within the class 1 integrofi.Interestingly the integron was found in a differganetic
context and on a different plasmid from the origisalate from Guangzhou, suggesting
movement either by homologous recombination or 4-@ssociated mobilization. IMP-4
continues to be a problem within Eastern Austré@lowing the initial reports in 2000, it
was not until 2009 that IMP-4 was reported agaion@with IMP-8 and KPC) in China,
where it emerged as the most prevalent carbapeeemasnationwide surveillance study
involving 16 teaching hospitafé.More recent studies report the widespread occoeren
IMP-4 in southwest China, where a 262010 study in a 3000-bed hospital in Chongquing
revealed 26 isolates of carbapenem-resistant Hdeteriaceae of which 18 produced IMP-4
and one produced KP€Interestingly, 16 of the carbapenemases wekdebsiella
pneumoniae. A study from Fujian Medical University Union Haty of faecal carriage
among 303 randomly selected patients between Noeegtld1l and January 2012 revealed a
carriage rate of carbapenemase-producing Enterrfizmtae of 2.6% Four isolates
produced IMP-4, four produced KPC and one of th€K$dlates also produced NDM-1. In
Europe and North America, IMP carbapenemases arently rare, but their widespread
presence in both China and Australia suggestdliisatarbapenemase may prove to be a
problem in the future.

KPC carbapenemase



Arguably one of the most widely distributed carbzgraases in the world is.
pneumoniae carbapenemase (KPC). It was first described intiNG#rolina, USA, in 1996,
and re-emerged in New York City in the early 20Qf28)sing extensive outbreaks in intensive
care units in the Brooklyn and Bronx distri¢f&PC-1 and KPC-2 are identical: the initial
difference was attributed to a single base paoremnr sequencing and KPC-2 has been
adopted as the correct DNA sequence. A numberhefr @enotypes are recognized but none
are as prevalent as KPC-2. KPC-3 has an enhanteityaggainst ceftazidime compared to
cefotaxime. They are all serine-actpjiactamases which confer broad-spectrum resistiance
all B-lactams except to high levels of temocillin. Tteg poorly inhibited by all the well-
known -lactamase inhibitors, but the n@aactamase inhibitor, avibactam, when combined
with ceftazidime shows excellent inhibitory actvagainst serine-active carbapenemases
(KPC and OXA-48) as well as ESBLs. When KPC emergetas confined to ST-258
sequence typK. pneumoniae in the USA but emerged contemporaneousliyseudomonas
aeruginosa in Columbia and Puerto Rico. In the USA it wasiatly (in 2005) confined to the
eastern seaboard with one or two states in thewagt-being affected, but the spread across
the USA since then has been rapid. Data from th#e€efor Disease Control and Prevention,
Atlanta, on the situation in February 2014 showed every state except Alaska and Idaho
was affected. In many long-term care facilities,(KiB a considerable problem and is found
in other Enterobacteriaceae. The global threatREKs exemplified by the experience in
Israel. Because of a substantial problem sincéatleel 990s with CTX-M 2 ESBLs thought to
have been imported by travellers from South Amegeabapenems were heavily used. This
created the ideal environment for the spread of R&lucingK. pneumoniae that had likely
been introduced to Israel by visitors from New Y.dfkst observed in Tel Aviv in late 2005,
within two years it had subsequently spread totheate facilities throughout Isra#i.

Greece has also had a substantial problem with P& number of years, and, very
recently, Italy has moved from a situation whemdapenemase genes were carried by less
than 5% oK. pneumoniae isolates to one where, in 2011, they were calned5-50%K.
pneumoniae isolates’>>3 This might be linked to Italy’s position as onekfrope’s heaviest
prescribers of carbapenems and lowest users diallband-rub get® In China, KPC
appears to be frequently co-carried with IMP-4 ibig not as prevalent, and isolates solely
producing KPC are recognized. ial. at Zhejiang Universityirst drew attention to the
KPC problem in a study of carbapenemase genes iso@fies oK. pneumoniae from 13
different hospitals across five provinces in Eastehina®* All isolates are found to carry
KPC-2 and many had the ST-11 sequence type (eedimglls variant of ST-258), but other
sequence types were identified and pulsed-fieleepsitrophoresis revealed considerable
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diversity of the host bacteria, suggesting extensi@nsmission via plasmids into different
backgrounds. More recently, KPC has also been rezed inE. coli and in other locations
within China®
NDM car bapenemase

In 2008, a new metallo-carbapenamase only distagldyed to the IMP and VIM
genes was identified in a Swedish patient of In@iagin who had returned to India for
medical treatment and then been admitted to hdspigwedert® Metallo-carbapenemase-
producingK. pneumoniae was isolated from his urine, aidcoli carrying the same metallo-
B-lactamase gene was isolated from his faeces. dtt@penemase, New Delhi metgblo-
lactamase (NDM), was named after the location frécent hospital care in India. Later
sporadic findings of this new NDM gene in the UKulzbin at least 50% of cases be linked to
receiving hospital care in India, Bangladesh, diftan®’ India is a frequent destination for
medical tourism from the URE Data on the distribution of NDM in South Asia ar@arce,
but NDM is probably one of the most widely distiibd carbapenemases in South Asia, along
with OXA-48, which can be difficult to detect phaypically. NDM has also spread to many
other parts of the world, generally, as in the @K sporadic importations. Carbapenem-
resistanKlebsiella spp. and to a lesser exténicoli are increasingly documented in hospital
facilities in India: for example, Saleeghal. have described increasing carbapenem resistance
in K. pneumoniae causing late-onset sepsis in a neonatal intersireunit in Karachi.
Whereas, before 2010, isolateKofpneumoniae from babies with late-onset sepsis were only
sporadically resistant to imipenem, in 2010, 2392&% of the isolates were imipenem
resistant and, by 2011, 72% (13/18) were imipenesistant’
Carbapenemase-producing Enter obacteriaceae in the UK

In the UK, all five major groups of carbapenemasssyell as rarer enzymes, have
been reported by the reference laboratory. The Idiue is dominated by KPC, but most
KPC-producing isolates were either from screenargges or from clinical specimens in
northwest England. The next most frequently seenapeenemase is NDM, which is
distributed across the UK but with higher numbearthe London region. OXA-48 is also
frequently encountered and many of these are atatite to episodes of cross-infection,
particularly in intensive care units. | believettttee UK will see an increasing pressure in the
future from imported NDM, which may, if not dealitlvvigorously, cause local problems.
The currently endemic KPC in northwest Englandemg controlled and may yet be
eradicated, but we will experience further pres$tme imported cases. In my view, the UK
should be especially alert to future importatioh8lDM-1 and IMP-4 from Asia. Moreover,
OXA-48 may well become locally endemic, as its deom is extremely problematic.
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The environment and Gram-negative resistance

Faecal carriage by humans is a major source of NHdN-negative bacilli within the
hospital environment and can be selected by antitial therapy. Once MDR Gram-
negative resistance genes become widespread aotheunity, the opportunity exists for
bacteria to be more widely disseminated throughetheéronment and establish a cyclical
pattern of distributiori.River sediment has recently been shown to be stauiial reservoir
of antibiotic resistance gen&sUsing a metagenomic approach, the authors denavedtthat
these were present both in culturable and uncuiteitaacteria. Even the use of level 3
sewage treatment in the UK does not prevent sganfinumbers of CTX-M-producing
Enterobacteriaceae being released into the acemticonment: They can then be acquired
by people engaged in water sports, as well by famimals, which may explain the
acquisition by dairy herds of CTX-M 14 and 15, tive most prevalent types in humais.
Once in the human food chain, the cycle can be tategh(Figure 1). World production of
poultry and pig meat has been increasing rapidtistics from the UN’s Food and
Agriculture Organization in 2011 show that Chinadguced 17.6 million tons of poultry meat
and Europe produced 16.4 million tdA®roduction of pig meat was 62.0 million tons in
China, 26.8 million tons in Europe and 12.1 millimms in North and South America.
Chinese production of pig meat represents 5% af tedrld production. The use of
antibiotics in animal husbandry in China and mathepbAsian countries is substantial,
although detailed data are not generally availaXilehua news agency has published a report
from the Ministry of Health and National AntibadgtdrResistance Investigation Net on the
production of antibiotics in China in 206%In all, 210,000 tons of antibiotics were produced
that year, of which 30,000 tons were exported &% #vas used in food animals. The total
agricultural and medical consumption of antibiotitgas amount to 136 grams per person per
year. By contrast, antibiotic consumption Englam@013 was 18 grams per person per year.
Several factors driving antimicrobial use in medkcin both China and India need to be
addressed urgently to reduce the overall selegtiessure.

Aquaculture, including fish farming, is another espof environmental and
agricultural usage of antibiotics that gives cafeseoncern. In Scandinavian countries, the
use of antibiotics in aquaculture has been greatluced by the development of vaccines and
alternative farming methods, but this is not tnuevarm water aquaculture where
antimicrobials, especially quinolones, are exteglgiused. Chinese aquacultural production
has risen from six million tons in 1990 to 32 nailitons in 2008, when it represented 62% of
world productiori®? The first study of antibiotic-resistant bactenigarmed fish in China was
published by Jaingt al. in 2012%* They studied farmed fish from 15 market outlet®ss
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Guangdong province (the Chinese province with tleatgst production of farmed fish) and
looked for ESBLs and plasmid-mediated quinolonestasce gene&scherichia coli
colonies were taken from non-selective media (@mteny per sample) from the gut contents
of each of 20 fish from 15 different markets. Eighiere ciprofloxacin resistant, of which 30
out of 80 carriedjnrB genes and 16 out of 30 isolates cargexds. Other significant
guinolone resistance-determining gergs D and aac(6)-1b-cr] were also found in the
isolates, as well as a small number of ESBL geff&TX-M-14 and”*CTX-M-79), the most
frequently occurring genotypes in the Chinese patjn **
Future control of MDR Gram-negative bacilli around the world
Effective control requires good surveillance, and somewhat disquieting that, in the

2014 antimicrobial resistance report on surveilkaftom the World Health Organization,
only 50% of member states returned data sets ankeip ‘drugbug’ combinationd> Returns
were highest in European states (38/53, 72%),dwin the Southeast Asian states (6/11,
55%). No data were available for the 2013 dataecttin exercise from either India or
Indonesia, countries of populations of 1.2 billeomd 400 million, respectively. Data are also
lacking from many African countries. If we are tntbat the rise and global spread of MDR
Gram-negative bacilli, all countries must contrétt accurate and timely surveillance.
Surveillance is information for action: the onlyuecry yet to have successfully controlled
carbapenemase-producing Enterobacteriaceae i Mtaeh launched a concerted
programme of screening and cohort isolafidmhis level of intervention will be difficult to
introduce in many parts of the world where theeevaeak laboratory facilities, poor infection
control, and widespread prescribing of antibiotidse threat for the future appears to come
largely from the Asian region, where increasing liveand intensification of both medical
practice and farming results in increased usagmtibiotics. China’s introduction of controls
of antibiotic consumption is extremely welcome. ity in India appears modest thus far. As
African nations become wealthier and more agricalty intensive, we may expect the same
pattern to be repeated. If we are to avoid squamgléne valuable resource of antimicrobials,
we must act globally.
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Figure 1. Principal transfer pathways for antibiotic resmsta genes in humans, animals, food,

and the environment. (Reproduced with permissiomfirhe Joint Working Group of Defra’s
Antimicrobial Resistance Co-ordination (DARC) ahdivisory Committee on Antimicrobial

Resistance and Healthcare Associated Infection$i®R ESBLs— a threat to human and
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