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Abstract
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The prevalence of Escherichia coli and Klebsiella pneumoniae producing extended-spectrum
beta-lactamases (ESBLs) and carbapenemases is increasing worldwide. Therapeutic options
for infections with these bacteria are limited not only by the production of ESBLs and
carbapenemases, which confer resistance to cephalosporins and carbapenems, but also by
frequent co-resistance to other antibiotics. The overall aim of this thesis was to obtain a better
understanding of multidrug-resistant E. coli and K. pneumoniae in relation to epidemiology,
selection and susceptibility to antibiotic therapy.

In a prospective study ESBL-producing E. coli was found to spread easily through
international travel. Twenty-four of 100 Swedes travelling outside Northern Europe acquired
ESBL-producing E. coli in the intestinal flora. The risk was highest for travelers visiting India
and those suffering from gastroenteritis during travel.

To minimize selection of ESBL-producing K. pneumoniae during a hospital outbreak with
these bacteria, an educational antibiotic intervention was performed at Uppsala University
Hospital in 2006. The primary aim of the intervention was to reduce the consumption
of parenteral cephalosporins. An immediate and radical reduction of cephalosporins was
demonstrated with interrupted time series analysis. The outbreak declined during 2007 and no
increased resistance to replacement antibiotics was detected.

The impact of ESBL production on the antibacterial activity of ertapenem was studied in time-
kill experiments. It was shown that porin-deficient subpopulations with reduced susceptibility
to ertapenem frequently emerged in ESBL-producing E. coli during exposure to ertapenem at
concentrations simulating human pharmacokinetics.

Further, the antibacterial effects of antibiotic combinations against four strains of K.
pneumoniae producing carbapenemases of the metallo-beta-lactamase type were studied in
time-kill experiments. Double and triple combinations of aztreonam, fosfomycin, meropenem,
rifampin and colistin at clinically relevant static concentrations were effective despite that
the bacteria were frequently resistant to the individual drugs. These results indicate that there
is a largely unexplored potential of antibiotic combination therapy for multidrug-resistant K.
pneumoniae.
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Abbreviations

AUC Area under the concentration—time curve

Coux Maximum concentration of drug in serum

Coin Minimum concentration of drug in serum

cfu Colony-forming unit(s)

DDD Defined daily dose

ESBL Extended-spectrum beta-lactamase

ICU Intensive care unit

IMP Imipenemase

ITS Interrupted time series

KPC Klebsiella pneumoniae carbapenemase

MBL Metallo-beta-lactamase

MDR Multidrug resistant

MIC Minimum inhibitory concentration

NDM New Delhi metallo-beta-lactamase

Omp Outer membrane porin

OXA Oxacillinase

PBP Penicillin binding protein

PCR Polymerase chain reaction

SHV Sulfhydryl variable

T > MIC Time of drug concentration in serum above the
MIC

TEM Temoniera (a Greek name)

UTI Urinary tract infection

VIM Verona integron-encoded metallo-beta-lactamase






Introduction

The challenges of Gram-negative resistance

Antibiotic resistance in Gram-negative bacteria is a major threat to public
health."* Patients with non-severe infections caused by multidrug-resistant
bacteria are subject to in-hospital intravenous therapy because there are no
effective oral drugs available. Resistance to empirical antibiotic therapy re-
sults in delayed appropriate antibiotic treatment for severe infections, which
is associated with increased mortality, prolonged hospital stay and higher
costs.””’ Further, resistance challenges the achievements of modern medicine,
including advanced surgery and immunosuppressive treatment, which are
dependent on effective antibiotics.

New antibiotics will not resolve the problem within the near future. Many
of the large pharmaceutical companies have abandoned the search for antibi-
otics. Scientific difficulties in the search for new compounds, short therapies
and the restrictive use of new antibiotics (needed to prolong their lifespan),
make the development of antibiotics less profitable for the pharmaceutical
industry than that of drugs used for chronic medical conditions.® Since 1981,
only one new antibiotic subgroup targeting Gram-negative bacteria has been
introduced. New antibiotics and beta-lactam/beta-lactamase inhibitor combi-
nations are under clinical trials, but with the exception of combinations that
include avibactam and a cephalosporin, are not expected to be in clinical use
within the next 5-10 years.9

In the current situation of increased resistance it is essential to identify
risk factors for infection and colonization with resistant bacteria in order to
tailor empirical therapy and hygienic measures. Knowledge is needed on
how to change antibiotic prescription patterns to reduce selection and spread
of resistant pathogens. Moreover, because there will be no new antibiotics in
the near future, a better understanding is needed on the how to optimize the
use of existing antibiotics, alone and in combination with other drugs.
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Evolution, selection and spread of antibiotic resistance

Antibiotic resistance can be acquired through mutations in the bacterial
DNA that result in:

* changes in the antibiotic target site, which reduce the affinity for an-
tibiotics

* production of enzymes that hydrolyze the active site of the antibiot-
ics and prevent binding to the target site

* porin loss or alterations of outer membrane proteins that reduce an-
tibiotic permeability through the bacterial outer membrane

* increased exportation of antibiotics through efflux pumps

Once a DNA sequence encoding antibiotic resistance has evolved, it can be
transferred to mobile genetic elements and spread to other bacteria of the
same or other bacterial species.

Evolution and spread of antibiotic resistance have occurred in the envi-
ronment for millions of years but have accelerated during the past 70 years
because of the massive use of antibiotics in humans and animals. Repeated-
ly, resistance rates with clinical implications have appeared within 10-20
years after the introduction of a new antibiotic.'”'" On an individual level,
emergence of resistance during antibiotic treatment typically takes place by
selection of pre-existing resistant subpopulations at the site of infection or in
the normal flora. In the presence of antibiotics susceptible strains die, where-
as resistant isolates increase. Selection of resistant subpopulations during
antibiotic treatment can result in treatment failure and future infections with
resistant organisms.'>'* On the population level, a high antibiotic consump-
tion is strongly correlated to high resistance rates."

The beta-lactamases

Broad-spectrum beta-lactamases

Resistance to beta-lactam antibiotics in E. coli and K. pneumoniae is typical-
ly mediated by beta-lactamases.'® These enzymes, located in the periplasma,
hydrolyze the beta-lactam ring and thus prevent antibiotic binding to the
penicillin binding proteins (PBPs) on the bacterial cytoplasmic membrane.
In the 1960s and 1970s, TEM- and SHV-type beta-lactamases, which are
active against penicillin and first-generation cephalosporins, emerged in E.
coli and soon spread to other bacterial species.'” These enzymes were re-
ferred to as “broad-spectrum beta-lactamases”. In the late 1970s and 1980s,
new cephalosporins containing an oxyimino-beta-lactam ring, which could
not be hydrolyzed by the existing beta-lactamases, were introduced. These
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antibiotics (including cefuroxime, cefotaxime and ceftriaxone) were referred
to as second- and third-generation cephalosporins and have been used exten-
sively because of high efficacy, low toxicity and little resistance.'™"

Extended-spectrum beta-lactamases (ESBLs) and
carbapenemases

Beta-lactamases with activity against oxyimino-beta-lactam antibiotics were
first reported in 1982, only six months after the introduction of third-
generation cephalosporins.”” They were referred to as extended-spectrum
beta-lactamases (ESBLs) and defined by their ability to hydrolyze oxyimino-
cephalosporins at a rate >10% of that for benzylpenicillin and that they could
be inhibited in vitro by clavulanic acid.'® The first described ESBLs were
point-mutated derivatives of the broad-spectrum TEM- or SHV-type beta-
lactamases that had acquired affinity for the oxyimino-beta-lactam ring
through replacement of just one or very few amino acids in their active site.
These enzymes were classified as Ambler molecular class A and
Bush/Jacoby functional class 2be beta-lactamases.'®*' The functional classi-
fication system, based on substrate affinity and susceptibility to beta-
lactamase-inhibitors, has largely been abandoned and therefore will not be
used in this thesis.'®*

Later, the definition of an ESBL has been altered so that all transferrable
beta-lactamases that hydrolyze oxyimino-cephalosporins are now referred to
as ESBLs, although some of them cannot be inhibited by clavulanic acid.
For example, plasmid-borne AmpC beta-lactamases are classified as ESBLs
of molecular class C. Hundreds of ESBLs have been characterized and sort-
ed to one of the Ambler molecular classes A to D (Table 1). Beta-lactamases
of molecular classes A, C and D are referred to as serine beta-lactamases,
whereas the zinc-ion dependent enzymes belonging to class B, which proba-
bly have another origin than the other ESBLs, constitute the metallo-beta-
lactamases (MBLs). Usually, the term ESBL is accompanied by the origin of
the enzyme: for instance, “CTX-M-type ESBL” or “TEM-type ESBL”."""

An increasing number of beta-lactamases, including the serine KPC-type
and OXA-type ESBLs and the MBLs, are also active against the car-
bapenems. They are commonly referred to as carbapenemases rather than
ESBLs and will be addressed separately in this work. However, most of the
carbapenemases are also highly active against oxyimino-cephalosporins.'®
Serine carbapenemases, especially of the OXA-type, have a relatively weak
hydrolytic activity against the carbapenems and thus might require additional
resistance mechanisms to confer phenotypic resistance to these antibiotics. **
In contrast, the MBLs are typically highly active against all beta-lactam an-
tibiotics except for the monobactam aztreonam.
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ESBLs Carbapenemases
TEM, SHV, CTX-M,
Class A VEB, PER, TLA, SFO KPC, IMI, NMC, SME
Class B NDM, IMP, VIM,
ass SPM, GIM
AmpC (CMY, FOX
HERD(E and others)
Class D OXA OXA

Table 1. Examples of beta-lactamases as sorted by Ambler molecular classes A-D.
ESBLs and carbapenemases are listed in separate columns. OXA-type beta-
lactamases occur in both columns because some (but not all) confer resistance to
carbapenems. Enzymes prevalent in clinical isolates, in the literature and in this
work are highlighted with bold typeface.

ESBL epidemiology

During the late 1980s and the 1990s, hospital outbreaks of ESBL-producing
bacteria, predominantly K. prneumoniae and Enterobacter spp. producing
SHV- or TEM-type ESBLs, were described from all continents. Resistance
rates of 20-30% or more to third-generation cephalosporins were reported
from some intensive care units (ICUs)."” So far, ESBL-producing bacteria
were isolated mainly from hospitalized patients. Risk factors for infection
with ESBL-producing bacteria were severe underlying disease, extended
hospital stay, ICU stay, intravenous or urinary catheters and previous coloni-
zation with ESBL-producing bacteria.”*® Retrospective studies identified
recent antibiotic use as a risk factor for acquisition of ESBLs. Most studies
identified oxyimino-cephalosporins or fluoroquinolones as independent risk
factors,26'29 whereas use of carbapenems, other beta-lactam antibiotics, ami-
noglycosides, vancomycin or metronidazole was a significant risk factor in
some studies.””"

By year 2000, ESBL-producing bacteria occurred sporadically as causa-
tive agents for community-acquired infections, typically urinary tract infec-
tions (UTIs) caused by E. coli producing CTX-M-type ESBLs.**** Risk fac-
tors for community-acquired infections with these bacteria included recent
antibiotic use, recent hospitalization, urinary tract catheters, diabetes, severe
underlying disease, older age and male sex.'>**** One study demonstrated
that household members to patients infected with ESBL-producing bacteria
had a higher risk for fecal carriage with ESBL producers than non-household
relatives and unrelated patients, suggesting person-to-person transmission in
the community.35 ESBL-producing Enterobacteriaceae have increased dra-
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matically in the community setting and are no longer a predominantly in-
hospital complication. Further, it has been noted that risk factors for com-
munity-acquired ESBL infection that were found in the early reports have
sometimes been missing in patients with these infections.***® International
travel to countries with a higher prevalence of ESBLs has been established
as an additional risk factor for infection or colonization with ESBL-
producing bacteria and will be addressed separately in this work.

There are marked geographical differences in the proportion of ESBL
production among clinical isolates. The highest rates so far have been re-
ported in India (>55% of K. pneumoniae and >70% of E. coli isolates).’** A
high prevalence has also been reported in South America (>40% and 5-10%)
and Asia (20-30% and 15-20%).***' Significantly lower prevalence has been
reported in North America (5-10% and <5%).""* In Europe, the proportion
of isolates resistant to third-generation cephalosporins varies significantly
between countries, with the highest rates reported in Southern and Eastern
European countries.* During 2010, resistance rates in European blood iso-
lates ranged from 1.7 to 75% (mean 27.5%) for K. pneumoniae and from 2.7
to 25% (mean 8.5%) for E. coli. In Greek ICUs, the proportion of ESBLs in
clinical isolates of K. pneumoniae increased from <30% in 2005 to 70% in
20102

The rate of ESBL production in K. pneumoniae and E. coli isolates is still
low in Sweden (<3%).** Since 2008, all detected ESBL-producing Entero-
bacteriaceae are reported to the Swedish Institute for Communicable Disease
Control. In 2011, 5666 cases were reported, corresponding to an incidence of
60/100,000 inhabitants per year.” E. coli was the predominant pathogen
(87%) followed by K. pneumoniae (7%). The prevalence was higher in iso-
lates collected from female patients, probably reflecting the higher incidence
of UTIs in females, and older patients.

Starting in May 2005, Uppsala University Hospital experienced the first
major hospital outbreak of ESBL-producing Enterobacteriaceae in Scandi-
navia.** A CTX-M-15-producing K. pneumoniae clone infected 247 patients
and fecal screening revealed that at least twice as many were colonized with
the outbreak strain. The outbreak abated in 2007 following intensive hygien-
ic and structural measures as well as reduced consumption of cephalosporins
(Paper 11).*”*® Outbreaks have been reported from other Swedish hospitals as
well **!

Data on fecal colonization with ESBLs in healthy individuals are lacking
for most countries but probably co-varies with the prevalence of ESBL pro-
duction in clinical isolates. The colonization rate has been estimated to be
10% or higher in Asia and the Middle East.’>** In contrast, only 1 of the 105
healthy travelers included in Paper I was colonized with ESBL-producing E.
coli prior to travel.** In another Swedish study the prevalence of ESBL car-
riage was 2-3% in relatively healthy primary care patients.”

15



Carbapenemase epidemiology

Carbapenemases have been prevalent in non-fermentative Gram-negative
bacteria since the early 1990s and contribute to carbapenem resistance rates
exceeding 50% for Acinetobacter baumanni in many reports, and somewhat
lower for Pseudomonas aeruginosa.>****>® In contrast, carbapenemase re-
sistance was rare in Enterobacteriaceae throughout the 1990s. Hospital out-
breaks with carbapenemase-producing K. pneumonaie were first reported in
the early 2000s. Since then, carbapenem resistance rates in Enterobacteri-
aceae have increased, particularly in K. pneumoniae. Few European coun-
tries reported >5% carbapenem resistant K. pneumoniae in 2009. However,
higher rates were detected in isolates from Cyprus (10-25%) and Greece
(>50%).>* In the New York area carbapenem resistance rates of >10% were
reported in 2007 due to hospital outbreaks and endemic spread of KPC-
producing K. pneumoniae, but with lower rates following the decline of the
outbreaks.”®*’ The American TRUST study reported increased meropenem
resistance rates in K. pneumoniae isolates from 0.04% in 2007 to 3.5% in
2009.% Hitherto, resistance to imipenem and meropenem in E. coli is rare
worldwide >+

The clinically most important carbapenemases in K. pneumoniae and E.
coli include the serine KPC- and OXA-type carbapenemases (molecular
classes A and D) and the VIM-, IMP- and NDM-type MBLs (molecular
class B).

Serine carbapenemases

KPC-type carbapenemases have been described almost exclusively in Enter-
obacteriaceae. The first KPC-producing K. pneumoniae isolates were detect-
ed in the USA.® Hospital outbreaks and inter-hospital spread of KPC-2- and
KPC-3-producing K. pneumoniae occurred in the New York area during the
early 2000s and resulted in endemic spread.’”*"® In Europe, KPC-2 and
KPC-3 were first detected in K. pneumonaie and Enterobacter cloacae iso-
lates collected from patients that had been transferred from New York hospi-
tals in 2005.°* An outbreak of a KPC-2-producing K. pneumoniae strain
occurred at a Greek hospital in 2007-2008 and seemed to replace VIM-1-
producing K. pneumoniae, which was endemic at this institution.® During
the past five years KPC-producing K. pneumonaie has been increasingly
reported from European countries.®””

OXA-type carbapenemases, which are prevalent in 4. baumannii, gener-
ally have a weak hydrolytic activity against cephalosporins, carbapenems
and aztreonam. OXA-48-producing K. pneumoniae was first discovered in
Turkey in 2001 and has since been reported in several other countries in
Europe and the Middle East and sometimes been detected in other enterobac-
terial species.”"””> Although OXA-48 is more active against imipenem than

16



most OXA-type enzymes, other contributing resistance mechanisms (such as
porin loss or efflux) are necessary to achieve phenotypic resistance to car-
bapenems. Therefore, the presence of OXA-48 might be overlooked at the
laboratory and the prevalence of this enzyme underestimated.

Metallo-beta-lactamases (MBLs)

VIM production in K. pneumoniae isolates was first detected in Greece.”
The first hospital outbreak of VIM-producing K. pneumoniae, which oc-
curred in France in 2003-2004, originated from a patient transferred from a
Greek hospital.” It was followed by a hospital outbreak in Italy with a VIM-
1-producing K. pneumoniae strain that was also believed to originate from
Greece because of genetic similarity to Greek VIM-1 enzymes.” IMP-type
and, to a lesser extent, VIM-2-type MBLs are predominant in Asia.****"

NDM-1 was first detected in a clinical isolate of K. pneumoniae derived
from a patient transferred from an Indian hospital to Sweden in 2008.”” Since
then, NDM-1-producing Enterobacteriaceae have been detected worldwide
in patients that typically have a history of recent hospitalization in the Indian
subcontinent, recent travel to South Asia, or originate from these regions.m’79
MBLs inactivate all beta-lactam antibiotics except for aztreonam and strains
harboring these enzymes are considered a major clinical threat because co-
resistance to multiple antibiotic subclasses is frequent and severely limits
therapeutic options.”®””” Further, NDM-1 has frequently been detected in E.
coli isolates, in contrast to other carbapenemases that are mostly restricted to
the less virulent K. pneumoniae. In a recent Pakistan study fecal colonization
with NDM-1-producing Enterobacteriaceae was detected in 13.8% of outpa-
tients and 27.1% of inpatients, indicating a large reservoir of resistance with-
in the community in this area.®’

Thus far, carbapenemase-producing Enterobacteriaceae have been rare in
Sweden.* In total, approximately 50 clinical isolates have been reported,
predominantly K. pneumoniae. Half of these isolates produced MBLs, pre-
dominantly NDM-1, and the vast majority of patients were thought to be
infected abroad.

In summary, carbapenem resistance is still rare in Enterobacteriaceae but
has increased in recent years, reaching endemic levels for K. pneumoniae in
some areas. Interestingly, carbapenemase-producing Enterobacteriaceae
emerged almost simultaneously in different continents during the early
2000s but with marked geographic differences in the epidemiology. KPC-
type serine carbapenemases are predominant in the USA. VIM-1 has been
more prevalent in Europe, although KPC-type carbapenemases have in-
creased in Europe during the past years. IMP-type, and to a lesser extent,
VIM-2 type MBLs are predominant in Asia. However, NDM-1 is increasing
worldwide and will probably represent a key clinical challenge in the near
future.
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International spread of ESBLs and carbapenemases

Based on retrospective studies and case reports, foreign travel has been sug-
gested as a risk factor for acquisition of resistant E. coli. Ten patients in New
Zeeland with community-acquired infections caused by ESBL-producing E.
coli lacked traditional risk factors for ESBLs but all had a history of travel to
the Indian subcontinent.”’ A retrospective study performed in the USA re-
vealed that overseas travel within the preceding 12 months increased the risk
for colonization with trimethoprim-sulfamethoxazole-resistant E. coli.*’
Overseas travel, particularly to India, was a significant risk factor for com-
munity-onset infections caused by ESBL-producing E. coli in a population-
based surveillance study in Canada.* Further, in a Swedish study with 242
patients suffering from travelers’ diarrhea, fecal colonization with ESBL-
producing Enterobacteriaceae was more frequent in patients returning from
countries outside Europe compared with those who had visited a European
country (36 vs. 3%).%

The first published prospective study on foreign travel as a risk factor for
fecal colonization demonstrated that 24 of 100 Swedish healthy volunteers
travelling outside northern Europe acquired E. coli producing CTX-M-type
ESBLs and, consistent with previous reports, most frequently after visits to
India, other Asian countries or the Middle East (Paper 1).* These results
were later confirmed by an Australian study with a similar prospective de-
sign.¥’

Several outbreaks with carbapenemase-producing K. pneumoniae have
originated from patients recently transferred from hospital with ongoing
outbreaks or endemic spread with these bacteria.®’* A recent Scandinavian
study on VIM-1-producing K. pneumoniae revealed that 7 of 8 patients had a
history of recent hospitalization in Greece or Turkey.*® In addition, the pan-
demic spread of NDM-1 has been linked to recent hospitalization or travel to
the Indian subcontinent.”””

Today, the importance of country-to-country transfer of patients for the
global spread of resistant Gram-negative bacteria is well established and
therefore screening for colonization with these bacteria has been recom-
mended for patients recently hospitalized abroad.”*” However, the clinical
implications of higher risk for colonization with ESBL- or carbapenemase-
producing Enterobacteriaceae in previously healthy patients with a history of
recent international travel have not yet been settled.

Carbapenem resistance caused by combination of
ESBL- or AmpC-production and impermeability

ESBLs or AmpC enzymes with low hydrolytic activity against carbapenems
alone can sometimes contribute to carbapenem resistance in Enterobacteri-

18



aceae.® However, other mechanisms that reduce antibiotic concentrations in
the periplasmic space (e.g., loss of outer membrane porins OmpK35 and
OmpK36, which has been frequent in ertapenem resistant K. pneumoniae
isolates)*™”” are needed in addition to ESBL production to achieve phenotyp-
ic resistance. Several studies have reported emerging imipenem resistance
during treatment for ESBL-producing K. pneumoniae or E. cloacae and sug-
gested the combination of the pre-existing ESBL and emerging porin loss as
resistance mechanisms in these isolates.”

Ertapenem seems to be more affected by ESBLs than the other car-
bapenems. MICs for ertapenem have been elevated in ESBL-producing X.
pneumoniae compared with non-ESBL-producing strains, whereas MICs for
other carbapenems have been less affected by the presence of these en-
zymes.”*”" In a surveillance study on clinical isolates of K. pneumoniae orig-
inating from intra-abdominal infections only 77.9% and 91.1% of ESBL-
producing isolates were susceptible to ertapenem and imipenem, respective-
ly, whereas 95.5% and 97.5% of the non-ESBL-producing isolates were
susceptible.”® These data suggest that ESBL production is a major mecha-
nism of resistance to ertapenem and, to a lesser extent, to other car-
bapenemases. Further, it has been shown that the vast majority of ertapenem-
resistant K. pneumoniae isolates produce ESBLs rather than carbapenemas-
eg 899097

Less is known about ertapenem resistance in E. coli, which is still rare.”
In a recent in vitro study ESBL production was associated with reduced sus-
ceptibility to carbapenems and higher frequency of emerging carbapenem-
resistant subpopulations in E. coli.'” Reduced expression of OmpF and
OmpC, which are E. coli homologues of OmpK35 and OmpK36,'"" was
frequent in resistant strains. These findings indicate that resistance mecha-
nisms for ertapenem-resistant £. coli are similar to those described in K.
pneumoniae.

Antibiotic interventions intended to reduce selection of
cephalosporin-resistant strains

A large number of antibiotic interventions have been performed to reduce
selection and prevalence of cephalosporin-resistant Enterobacteriaceae dur-
ing an ongoing outbreak or high endemic prevalence of resistant strains.**'**
'"® These interventions have typically aimed at reducing prescriptions of
parenteral cephalosporins, which are known to select for cephalosporin-
resistant strains and recommended a penicillin/beta-lactamase inhibitor com-
bination (piperacillin-tazobactam or ampicillin-sulbactam) as replacement
therapy.
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The analysis of performed intervention studies typically include (1)
changes in antibiotic consumption, (2) changes in the prevalence of the tar-
geted resistant bacteria and (3) collateral damage, i.e. unwanted trends in the
local resistance epidemiology during the post-intervention period that may
have resulted from changes in antibiotic prescription patterns. The effects of
published antibiotic interventions are difficult to evaluate and compare for
the following reasons:''"'"?

* The settings vary substantially between studies in pre-intervention
antibiotic use, local resistance epidemiology and patient groups.
Some studies have included entire hospitals and others just one or a
few departments at the hospital.

* Most studies have used before-and-after analysis to evaluate the ef-
fects of performed intervention with respect to antibiotic use and re-
sistance epidemiology. However, the duration of pre-intervention,
intervention and post-intervention phases has varied widely from a
few weeks to several years.

* Many antibiotic interventions, especially those performed during an
outbreak situation, have been preceded or accompanied by hygienic
measures, which may have affected the outcome. In addition, even
when no hygienic intervention has taken place, an antibiotic inter-
vention or an outbreak situation might have improved the awareness
and compliance to existing directives on hygienic measures.

* The causative effect of an antibiotic intervention on resistance epi-
demiology is difficult to assess in that the natural course of an out-
break and natural variation of endemic resistance are unknown.
Moreover, data on antibiotic susceptibilities have often been based
on very few isolates.

* The analysis of collateral damage, when performed, has often in-
cluded very few antibiotics and bacterial species during a follow-up
period typically no longer than 12 months. Delayed resistance or
emerging resistance in other bacterial species than those included in
the analysis might have occurred but passed unnoticed.

Most studies to date have used before-and-after analysis. However, the rec-
ommended statistical method for intervention studies is interrupted time
series (ITS) regression analysis on monthly antibiotic consumption, which is
associated with lower risk for bias than other study designs.''”'* Further,
ITS analysis provides information on pre-intervention trends of antibiotic
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consumption and immediate vs. sustained effects of the intervention, which
cannot be assessed with the other study designs.'*

The vast majority of published interventions have reported reduced levels
of cephalosporin-resistant strains following reduced consumption of cepha-
losporins, *&!02 10510710911 -HE 21 Boype studies detected increased resistance to
antibiotics that were used more frequently in the post-intervention period:
imipenem-resistant P. aeruginosa,'"* fluoroquinolone-resistant P. aerugino-
sa and E. coli and ampicillin/sulbactam-resistant 4. baumannii,'® ampicil-
lin/sulbactam-resistant 4. baumannii'® and piperacillin/tazobactam-resistant
P. aeruginosa and E. coli.'” Increased prevalence of penicillinase-producing
K. pneumoniae was reported in one study.'® On the other hand, other studies
have demonstrated decreased rates of resistance to the replacement antibiot-

. 102,104,111,116
1cs.

Parenteral therapeutic options for infections with ESBL-
producing and carbapenem-resistant isolates

ESBL or carbapenemase production in Enterobacteriaceae is often accompa-
nied by co-resistance to fluoroquinolones, trimethoprim, sulfonamides and
aminoglycosides.**'** Co-existing resistance genes may be located on the
same plasmid as the genes encoding beta-lactamases or in the bacterial
chromosomal DNA. Bacteria resistant to at least one drug in three or more
relevant antibiotic subclasses are referred to as multidrug resistant (MDR).123
For severe infections with ESBL-producing E. coli and K. pneumoniae, anti-
biotic therapy typically consists of one of the antibiotics described below.
Combination therapy is recommended for infections with carbapenem-
resistant strains.

Carbapenems

The carbapenems are effective for all severe infections with Enterobacteri-
aceae susceptible to these antibiotics, including ESBL-producing bacteria.
19124126 Most clinical data exist for imipenem and meropenem. Ertapenem
has been mainly used for the treatment of UTIs caused by ESBL-producing
bacteria and proven effective for these infections.'>”'*® Ertapenem resistance
is more frequently reported than resistance to other carbapenems, especially
in ESBL-producing strains.”*” Some data suggest that doripenem, which
was recently introduced but currently not used in Sweden, is more stable
against emerging resistance than the other carbapenems.'*'*"
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Cephalosporins

Cephalosporins have been less effective than comparative regimens in treat-
ing severe infections with ESBL-producing bacteria.”*"'"** However, some
studies suggest that third- and fourth-generation cephalosporins might be
considered if the MIC of the isolated strain is <1 mg/L. Cefepime has proven
effective for various infections with susceptible ESBL-producing Enterobac-
teriaceae, although it is still regarded as inferior to carbapenems for severe
infections and sepsis.””*"*> There have been some concerns of the inoculum
effect that has been demonstrated in vitro for cephalosporins and other beta-
lactam antibiotics, i.e. impaired antibacterial activity when higher bacterial
conce3r61tgations are used, but the clinical relevance of this finding is uncer-
tain."*"’

Piperacillin/tazobactam

Piperacillin/tazobactam has proven effective for UTIs caused by susceptible
ESBL-producing bacteria."”® Susceptibility rates are high in ESBL-
producing E. coli (62 to 87% in published reports) but lower in ESBL-
producing K. pneumoniae (26 to 47%)."*>'* For sepsis and severe infections
other than UTlIs, the use of piperacillin/tazobactam is under current
debate.>'""¥714142 Onpe study reported non-inferiority to carbapenems for the
treatment of sepsis originating from the urinary or biliary tract caused by
susceptible ESBL-producing Enterobacteriaceae.'* A recent review on sep-
sis with ESBL-producing Enterobacteriaceae demonstrated no significant
difference in mortality rates between piperacillin/tazobactam and car-
bapenem therapy (16 vs. 10%)."**'* Higher cure rates were found for pipe-
racillin/tazobactam in patients infected with E. coli rather than other Entero-
bacteriaceae, perhaps reflecting that MIC values are typically lower in this
species.

Fluoroquinolones

The fluoroquinolones are effective for the treatment of UTIs caused by sus-
ceptible bacteria.'* However, resistance levels are high in E. coli and K.
pneumoniae, especially in ESBL-producing strains.**'** Ciprofloxacin
treatment has been associated with worse outcome compared with car-
bapenems and other comparator regimens for septic patients infected with
ESBL-producing E. coli or K. pneumoniae, possibly because of insufficient
ciprofloxacin tissue concentrations achieved at infection sites other than the
urinary tract.'*"'*
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Aminoglycosides

Monotherapy with an aminoglycosides is equally effective as a beta-lactam
antibiotic or a fluoroquinolone for the treatment of UTIs but is associated
with higher toxicity."*” The majority of ESBL-producing E. coli and K.
pneumoniae are resistant to tobramycin and gentamicin. In contrast, amika-
cin has retained high susceptibility rates, particularly in E. coli.**'* Therapy
with an aminoglycoside alone has been found to be inferior to comparators
for the treatment of sepsis and severe infections other than UTIs and is there-
fore not recommended for these conditions."*” However, combinations that
consist of an aminoglycoside and other active drugs can be effective for
MDR and carbapenem-resistant strains.

Tigecycline

Tigecycline susceptibility rates are still close to 100% in ESBL- and car-
bapenemase-producing E. coli and somewhat lower in K. pneumoniae."* ">
However, its use for severe infections has been questioned because of the
bacteriostatic effect and reported breakthrough bacteraemia with susceptible
VIM-producing K. pneumoniae during tigecycline treatment.>'”" It has sig-
nificantly lower cure rates than imipenem for hospital-acquired and ventila-
tor-associated pneumonia and is not approved for these conditions."”' Pooled
analysis has revealed higher mortality for tigecycline compared with other
regimens, particularly for the treatment of hospital-acquired and ventilator-
associated pneumonia. Accordingly, it has been recommended that mono-
therapy with tigecycline should be considered only when there are no other
suitable treatment options."”> Conventional dosage (50 mg 12-hourly) might
fail to achieve sufficient non-protein-bound tigecycline concentrations in
serum and higher dosage regimens (100-200 mg 12-hourly) are now being
studied in clinical trials.>'*’

Colistin

Colistin has become the drug of choice for the treatment of carbapenem-
resistant Gram-negative bacteria. The vast majority of ESBL-and car-
bapenemase-producing E. coli and K. pneumoniae are susceptible to this
drug.”” However, colistin resistance has increased in K. pneumoniae and
emerged during treatment with this drug.'>"'>® Colistin should always be
used in combination with another active antibiotic to improve efficacy and
reduce the risk for selection of resistant strains.”'**'**'>" For severe infec-
tions with carbapenem-susceptible strains, colistin is associated with higher
mortality than imipenem and meropenem, but can be considered as part of a
combination therapy for patients unable to tolerate carbapenems.'>*'*® The
optimal dosing of colistin is still being investigated.”””'®® A prospective
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study on severely ill patients has given some guidance but the recommended
target steady state concentrations of 2-2.5 mg/L seem unsatisfactory consid-
ering that the clinical breakpoint for susceptibility is 2 mg/L for Enterobacte-
riaceae.'®" Elevated serum creatinine levels have been reported in 15-45% of
treated patients, with increased risk when combined with other nephrotoxic
drugs or used for patients with pre-existing renal failure, but is usually mild
and reversible.**'%

Fosfomycin

Fosfomycin susceptibility rates are high in ESBL-producing E. coli and K.
pneumonaie (>80%).'%'** Parenteral fosfomycin has been used as a last-
resort agent in combination with other antibiotics for severe infections with
Enterobacteriaceae that are resistant to carbapenems, colistin and tigecy-
cline.>'® Because resistance to fosfomycin occurs easily, combination
treatment with another effective antibiotic is recommended.>'*® To date,
limited data exist on efficacy and proper dosage regimens for intravenous
fosfomycin therapy and, to our knowledge, there are no published prospec-
tive clinical studies. Dosage regimens have ranged from 3g x 3 to 8g x 4 in
publisheci r6ep6(;rts, and have been reduced for patients with impaired renal
function.>'*"!

Combination therapy

Clinical studies have concluded that combination antibiotic therapy is asso-
ciated with better outcome than monotherapy for the treatment of severe
infections with carbapenemase-producing K. pneumoniae, even when the
isolated bacteria are susceptible in vitro for the individual drugs.”'**'*’ Pre-
scribed antibiotic combinations for these infections have typically included
colistin, which presumably increases the permeability of other drugs through
the bacterial outer cell membrane.'® However, only limited data are availa-
ble on which antibiotic combinations are the most effective. So far, recom-
mendations have been based on a few retrospective clinical studies and in
vitro studies with time-kill or chequerboard techniques.

Published clinical studies have reported a favorable outcome for patients
treated with combinations of colistin, a carbapenem, tigecycline, fosfomycin
or an aminoglycoside.9’165’170 In Greece, combination treatment with two
active drugs, including an aminoglycoside, colistin, tigecycline or fosfomy-
cin, has been recommended for infections with carbapenemase-producing K.
pneumoniae.” A review on antibiotic therapy for KPC-producing K. pneu-
moniae revealed that the cure rate of combination therapy with meropenem
and colistin was highly dependent of the MIC values for meropenem.'” The
lowest mortality rate overall was reported in patients infected with bacteria
displaying an MIC < 4 mg/L for a carbapenem, who received treatment with

24



this carbapenem in combination with an aminoglycoside, colistin or tigecy-
cline. Another study reported clinical cure in 11 patients treated with
fosfomycin and colistin, gentamicin or piperacillin/tazobactam for severe
infections caused by carbapenem-resistant K. pneumoniae.'®

In vitro, double or triple combinations including colistin, carbapenems, ri-
fampin, tigecycline and fosfomycin have proven effective against car-
bapenemase-producing K. pneumoniae and been proposed for clinical
use. 1N 1y g time-kill study the triple combination of colistin, dor-
ipenem and rifampicin was bactericidal against KPC-producing K. pneu-
moniae and E. coli."® Another study demonstrated a bactericidal effect of
meropenem and fosfomycin against the majority of KPC-producing XK.
pneumoniae isolates at clinically relevant static antibiotic concentrations.'®
Colistin in combination with fosfomycin or tigecycline demonstrated syner-
gy against only 4 of 28 NDM-producing Enterobacteriaceae strains in a
study with chequerboard method, but the authors concluded that the combi-
nations were at least not antagonistic.172

Beta-lactam/beta-lactamase inhibitor combinations

The beta-lactamase inhibitors clavulanate, sulbactam and tazobactam, which
were introduced in the 1970s and 1980s, are still active against most class A
(including SHV-, TEM- and CTX-M-type ESBLs, but not KPC) and class D
beta-lactamases.'”” These beta-lactamase inhibitors bind and inactivate the
enzymes irreversibly. Clinically used combinations include amoxicil-
lin/clavulanate, ticarcillin/clavulanate, piperacillin/tazobactam, ampicil-
lin/sulbactam and cefoperazone/sulbactam.'”

The new beta-lactamase inhibitor avibactam is active against class A (in-
cluding KPC), class C and class D beta-lactamases.’® In one study, the addi-
tion of avibactam to piperacillin, cephalosporins (cefotaxime, ceftazidime or
cefepime) and aztreonam resulted in significantly reduced MICs for KPC-
producing K. pneumoniae.'™ The combination of avibactam/ceftazidime was
effective in a murine model for the treatment of KPC-producing K. pneu-
moniae.'” Another study showed that the ceftazidim/avibactam combination
was highly active against 65 carbapenemase-producing Enterobacteriaceae,
including isolates with impermeability and AmpC production, but not
against MBL-producing strains.”® In this material the aztreonam/avibactam
combination was effective against all isolates. The authors concluded that
the aztreonam/avibactam combination might be an effective therapeutic op-
tion for infections with MBL-producing Enterobacteriaceae because aztre-
onam is typically stable against the MBLs produced in these strains but not
against the frequently co-produced AmpC or ESBLs that can be inhibited by
avibactam.”’

Several effective MBL-inhibitors, including monobactam derivatives,
have been presented and might be useful in combination with broad-
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spectrum beta-lactam antibiotics. However, none of these inhibitors has been
approved for clinical use.'” In the absence of new beta-lactamase-inhibitors
effective against MBLs the inhibitory properties of existing antibiotics have
been considered. Competitive inhibitory activity has been demonstrated for
aztreonam against MBLs and for meropenem against class A, C and D beta-
lactamases.”*'"*!”” However, the clinical use of these findings has yet to be
shown.
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Aims

The aims of the present thesis were:

* To prospectively study the risk for fecal acquisition of ESBL-
producing Enterobacteriaceae during foreign travel and the persis-
tence rate of acquired ESBLs after six months (Paper I).

* To assess potential travel-associated risk factors for acquisition of
ESBL-producing bacteria, such as destination, accommodation, gas-
troenteritis and antibiotic use during travel (Paper I).

* To evaluate the effects of a hospital-wide antibiotic intervention per-
formed at Uppsala University Hospital on antibiotic consumption
and local antibiotic resistance epidemiology (Paper II).

* To explore the impact of ESBL production in E. coli on the antibac-
terial activity of ertapenem in vitro at concentrations simulating hu-
man pharmacokinetics (Paper I1I).

* To find antibiotic combinations with synergistic and bactericidal ac-

tivity against VIM- and NDM-producing K. preumoniae isolates in
vitro at clinically relevant static antibiotic concentrations (Paper I'V).
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Methods

Healthy volunteers (I)

Healthy volunteers travelling outside Northern Europe were included in the
study. Written information and necessary materials to participate in the study
were available at travel consultation clinics in Uppsala. In total, 105 volun-
teers provided written consent, questionnaires, and rectal swabs and were
enrolled in the study. Four of them did not complete the study, and one par-
ticipant carried an ESBL-producing E. coli strain before leaving Sweden.
One hundred travellers (55 women and 45 men) with a median age of 43
years were included in the analysis.

The study was performed with permission from the Regional Ethical Re-
view Board in Uppsala.

Bacterial strains (IIL, IV)

In Paper III, two previously characterized E. coli strains were used: one na-
tive non-ESBL-producing strain (DA14781) and one ESBL-producing de-
rivative of this strain (DA14833)."” Both strains originated from the E. coli
MG1655 strain. DA14833 was constructed by conjugation of the
pUUH239.2 plasmid (encoding CTX-M-15, TEM-1 and OXA-1 beta-
lactamases) into DA14781. In the static time-kill experiments, a previously
described ompR-mutant strain derived from DA14833 (DA16808) was also
used.'” Since expression of outer membrane porins OmpF and OmpC is
depending on the transcriptional factor OmpR, the mutant strain has reduced
expression of these porins.

In Paper 1V, clinical K. pneumoniae isolates producing VIM- and NDM-
type carbapenemases were obtained from the Department of Clinical Micro-
biology, Karolinska University Hospital, Stockholm, Sweden. The VIM-KP
strains T14789 and ON-2211 were originally isolated in Scandiavia but de-
rived from patients recently transferred from Greek hospitals and the NMD-
1-producing K. pneumoniae (NDM-KP) isolates IR8 and IR62E originated
from Chennai, India. All strains have been characterized previously.**'”
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Medium and growth conditions (I, III, IV)

In Paper I, fecal samples were collected with the Copan transport system and
inoculated in Luria-Bertani broth (Becton Dickinson and Co., Sparks, MD)
supplemented with cefotaxime (2.5 pg/ml) to select for cephalosporin-
resistant strains. MacConkey agar (Acumedia Manufacturers, Inc., Lansing,
MI) was used during antibiotic susceptibility testing in this study. Broths and
plates were incubated overnight at 35°C.

In Paper 111, Mueller-Hinton (MH) agar and MH broth (Difco Laborato-
ries, Detroit, MI) was used. For the ESBL-producing strain, the MH broth
was supplemented with tetracycline 20 mg/L during pre-culture to select for
the plasmid. Cation-adjusted Mueller Hinton II broth agar and broth (Becton
Dickinson & Co., Sparks, MD) was used in Paper IV, because the activity of
colistin activity is affected by altered concentrations of calcium and magne-
sium ions. In these studies, bacterial growth was obtained at 37°C.

Determination of minimal inhibitory concentrations (1,
I1, 111, IV)

Minimal inhibitory concentrations (MICs) were determined with the Etest
method according to the instructions of the manufacturer (bioMérieux, Mar-
cy I’Etoile, France). All MICs were determined at least in duplicate. In order
to increase the bacterial density in endpoint samples from kinetic time-kill
experiments in Paper IV, 50 ml of the samples were spun at 3939xg for 15
min and cells were resuspended in 1 mL MH broth before spreading on
plates. When the number of colonies was still insufficient for proper reading,
10 individual colonies were isolated from the Etest plate and inolulated in
MH broth over night. The MICs of these cultures were then determined sep-
arately with Etest.

Viable counts (111, IV)

During time-kill experiments, samples were serially diluted in phosphate-
buffered saline (pH 7.4), spread on plates and incubated at 37°C. Colonies
were counted after 24 h. Bacterial counts within the range of 10 to 300 per
plate were considered most reliable and, if present, were used in the analysis.

Antibiotics and antibiotic concentrations (III, IV)

Antibiotics were purchased from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany) with the exception of ertapenem, which was kindly provided by
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Merck and Co. (NJ, USA). During the kinetic time-kill experiments of Paper
III, ertapenem concentrations simulating human pharmacokinetics of non-
protein-bound antibiotic substance were used. For experiments simulating
conventional dosage (1g once daily), ertapenem was added to an initial con-
centration of 11 mg/L and during experiments with higher concentrations to
an initial concentration of 22 mg/L."” The elimination half-life was set to 2
h during the first 4 hours and to 4 h during the rest of the dose interval. Dur-
ing static time-kill experiments in Paper III, ertapenem concentrations rang-
ing from Cpn to Ciax With conventional dosage were used: 0.085, 0.68, 1.37,
2.75,5.5 and 11 mg/L.

In Paper IV, antibiotic concentrations used during time-kill experiments
represent steady state concentrations of non-protein-bound drug in humans
calculated from literature data (based on the area under the antiobiotic con-
centration in serum or plasma over 24 hours divided by 24 hours (AUC,.
241/24 h)). For rifampin the mean concentration ((CpaxtCumin)/2) was used
instead due to the lack of other data. The following concentrations were
used: 17 mg/L for aztreonam," 1.0 mg/L for ciprofloxacin,'™ 4.0 mg/L for
colistin,'®" 1.7 mg/L for daptomycin,'® 83 mg/L for fosfomycin,'™ 6.8 mg/L
for meropenem,'®* 1.7 mg/L for rifampin,'® 3.3 mg/L for telavancin,'® 0.1
mg/L for tigecycline," and 9.1 mg/L for vancomycin.'*®

Determination of ertapenem concentrations (II1)

The concentration of ertapenem in samples taken during kinetic time-Kkill
experiments was determined by a microbiological agar diffusion method
with Bacillus stearothermophilus ATCC 3032 as the test strain.'™ A stand-
ardized inoculum of the spore suspension was mixed with tryptone-glucose
agar adjusted to pH 7.4. Medium was poured into the plates, and 0.03 mL
portions of the samples and standards were applied into the agar wells. The
lowest detectable concentration of ertapenem was 0.01 mg/L. All assays
were performed in triplicate.

Stability of ertapenem at thermostate temperature (I1I)

To study the stability at the temperature used during time-kill experiments,
ertapenem was diluted in 1 mL MH broth to a concentration of approximate-
ly 11 mg/L and was left at 37°C for 24 hours. The ertapenem concentration
was determined at 0 and 24 h. This experiment was performed in triplicate.
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Kinetic time-kill experiments (I1I)

A previously described in vitro kinetic model was used to simulate the free
drug concentration-time curve achieved in patients during treatment.'*"""'
The model consists of a spinner flask (105 mL) which is connected to a
pump and a bottle with fresh medium. Antibiotic added to the flask is diluted
according to the first-order kinetics C = Cy x e " where C is the antibiotic
concentration at time t, Cy the initial antibiotic concentration, £ the rate of
elimination and ¢ the time elapsed since addition of antibiotic. To compen-
sate for instability of ertapenem at thermostate temperature detected in pre-
vious experiments (described above), the pump flow was reduced by 2 mL/h
throughout kinetic time-kill experiments. The apparatus was placed in a
thermostatic room at 37°C during experiments.

Single bacterial colonies were inoculated in 1 ml MH broth for 6 hours.
The 1 mL culture was added to 105 mL of pre-warmed MH broth in the flask
and further pre-cultured for 5 h to achieve a starting inoculum of approxi-
mately 1 x 10* cfu/mL. Ertapenem was added at 0 and 24 h to achieve the
desired concentrations. Samples were taken for viable counts and determina-
tion of antibiotic concentrations at 0, 2, 4, 8, 12, 20, 24, 28, 32, 36, 44 and 48
h. All experiments were performed at least in triplicate.

Static time-kill experiments (III, IV)

Bacteria were grown overnight, diluted in pre-warmed MH (III) or MHII
(IV) broth and then further pre-cultured to achieve starting inocula of ap-
proximately 5 x 10° cfu/mL. Antibiotics were added to the desired concen-
trations. Cultures were incubated in 37°C rocking water bath and samples
were taken for viable counts repeatedly during 24 hours. All experiments
were performed at least in duplicate.

Analysis of time-kill experiments (I11, IV)

Mean log;o cfu/mL values were used in the analysis and in the presentation
of data. Starting inocula were normalized to the median start inoculate of all
experiments. Bacterial concentrations <1.0 log;o cfu/mL, the lower limit of
detection for an individual bacterial count, were counted as 1.0 log;o cfu/mL.
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Definitions of synergy and bactericidal effect (IV)

Synergy was defined as >2 log;( decrease in cfu/mL between the combina-
tion and its most active constituent after 24 h. Bactericidal effect was defined
as >3 log)o decrease in cfu/mL after 24 h compared to the start inoculum.

ESBL detection and typing (I)

Colonies growing within the expected zones of cefotaxime and ceftazidime
or just cefotaxime (inhibition zones <24 mm) were characterized to the spe-
cies level by conventional methods or by a VITEK 2 instrument. Phenotypic
confirmation of ESBL-production was performed by disc diffusion clavu-
lanic acid synergy test. Isolates with phenotypic ESBL-production were
screened for blaCTX-M, blaTEM and blaSHV with polymerase chain reac-
tion (PCR). PCR products from isolates carrying genes encoding ESBLs of
the CTX-M type were sequenced after using modified primers.

Detection of porin mutations (I'V)

OmpC, ompF and ompR genes were PCR-amplified using primers up- and
downstream of the coding sequence. PCR products were purified using the
Fermentas Genelet Gel extraction kit, dried in a speedvac with one of the
amplification primers and sent to Eurofins MWG Operon, Germany, for
sequencing. Primers used for amplification and sequencing were as follows:
E. coli ompC: Fwd2 5-GACTTGCCGACTGATTAATGA-3’, Rev 5’-
CTGATGTTGTACGCTGAAAAC-3’.

E. coli ompF: Fwd 5-AATATCATCACGTTCCTATGG-3’, Rev 5’-
GTGAGATTGCTCTGGAAG-3".

E. coli ompR: Fwd 5’-CACATTGGGTATAACGTGATC-3’, Rev 5’-
CAACATACGCACTTCGTACG-3".

Antibiotic intervention (II)

The antibiotic intervention was performed with the following targets: (1) to
reduce consumption of second- and third-generation cephalosporins and (2)
to avoid increased prescription of fluoroquinolones and carbapenems. New
guidelines for empirical antibiotic treatment were introduced (Table 2). Pen-
icillin G and piperacillin/tazobactam were suggested rather than cephalo-
sporins for the treatment of abdominal infections, pneumonia and fever of
unknown origin. Carbapenems were recommended only for patients in septic
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shock and patients with severe sepsis and previous colonization or infection
with ESBL-producing K. pneumoniae.

The new recommendations were presented at the local intranet and on
hard copies distributed to physicians throughout the hospital by the local
group of the Strama network (the Swedish strategic programme against anti-
biotic resistance). The Strama group arranged meetings for physicians at
every department of the hospital, where the content and rationale for the new
recommendations were communicated, data on the department’s antibiotic
consumption were presented and specific problems and improvement strate-
gies discussed. No restrictive measures were used in this intervention.

Diagnosis Recommended antibiotic treatment
Abdominal infections Piperacillin/tazobactam
Community-acquired Non-septic patients, penicillin G
pneumonia Septic patients,

penicillin G + moxifloxacin

Hospital-acquired Piperacillin/tazobactam

pneumonia

Febrile urinary tract Piperacillin/tazobactam or cefotaxime
infection

Fever of unknown origin Non-septic patients,

penicillin G + gentamicin
Septic patients, piperacillin/tazobactam
Septic shock Imipenem or meropenem

Severe sepsis in patients with Imipenem or meropenem
previous colonization or infection

with ESBL-producing K. pneu-

moniae

Table 2. New recommendations for empirical intravenous antibiotic treatment im-
plemented at Uppsala University Hospital during the antibiotic intervention. Addi-
tion of a single dose gentamicin was recommended for all septic patients.

Data on antibiotic use (II)

During the study period, only the state-owned National Corporation of Swe-
dish Pharmacies (Apoteket AB) provided antibiotics in Sweden. Total anti-
biotic sales data were collected in a national database using the Anatomical
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Therapeutic Chemical classification system (ATC) and defined daily doses
(DDDs), according to the WHO Collaborating Centre for Drug Statistics
Methodology (www.whocc.no). Monthly data on antibiotic consumption at
Uppsala University Hospital during 2000 to 2007 were obtained from this
database for the antibiotics targeted in the intervention: cephalosporins (ce-
furoxime, ATC code JO1DCO02; and cefotaxime, JO1DDO1); fluoroquin-
olones (ciprofloxacin, JOIMAO2; and norfloxacin, JOIMAO06); carbapenems
(imipenem, JO1DHS51; meropenem, JOIDHO02; and ertapenem, JOIDHO03);
piperacillin/tazobactam (JO1CRO5); and penicillin G (JOICEO1). Data on the
corresponding monthly consumption at all other Swedish hospitals during
2005 to 2007 were also obtained for comparison.

Statistical analysis of travel associated risk factors (I)

McNemar’s test, generalized previously by Durkalski et al. for clustered
data, was used for comparison of ESBL colonization rates before traveling to
colonization rates after traveling.'”> In the analysis of travel associated risk
factors, the Pearson test was used for categorical data and the Wilcoxon test
for continuous data. For all comparisons, a P value of <0.05 was considered
to represent statistical significance. All statistical analyses were performed
with R software, version 2.8.0 (available at http://www.r-project.org).

Analysis of changes in antibiotic prescriptions (I1)

To adjust for variation in the number of patients treated at the hospital,
monthly data on antibiotic consumption at Uppsala University Hospital were
divided by the monthly patient bed-days. For national hospital data, DDDs
rather than DDDs/1,000 patient bed-days were used instead due to the lack
of other data.

ITS regression analysis was used to determine trend shifts in antibiotic
consumption in accordance with the recommendations of Wagner et al.'*
The breakpoint in the analysis was set to October 2006 when the new rec-
ommendations were introduced. Because the use of carbapenems had in-
creased markedly since the beginning of the outbreak, two breakpoints were
used for these antibiotics (May 2005 and October 2006). To control for sea-
sonality a modified model was used.'”> The model
¥y, = By + B, - time, + 3, - intervention, + f3, - time after intervention, + i/)" *Month;_, +é&,,

=4
was fitted using least squares regression. In this model y, is DDD antibiotic
consumption at UUH/1.000 patient bed-days at time ¢; time, is time in
months at time ¢ from start (January 2000); intervention, is an indicator for ¢
occurring before the intervention (intervention=0) or after the intervention
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(intervention=1); and time after intervention, is time in months since inter-
vention (this variable is O for ¢ before breakpoint). The reference month was
set to January, with remaining months representing dummy variables
(Month,=February, Month;=March, etc.).

Three points of interest were calculated for each antibiotic subclass: (1)
pre-intervention trend (slope) of antibiotic use, (2) post-intervention change
of baseline level representing an immediate effect and (3) post-intervention
trend (slope) of antibiotic use representing a sustained effect of the interven-
tion.'”” A P value of <0.05 was regarded as statistically significant. If coeffi-
cient ; was significantly different from 0, the pre-intervention trend of anti-
biotic use was deemed statistically significant. Similarly, if B, or f; were
significantly different from 0, it was assumed that there had been a signifi-
cant post-intervention change of baseline level or trend. The regressions
were performed with Newey-West standard errors (automatic lag selection)
to correct for possible autocorrelation.'*

For national data, there was no obvious breakpoint and the following

model was used instead:
12

Y, =By + B, time, + ) B, -Month, +¢,,

where y, is now DDD antibiotic consumption and time, the time in months
from start (January 2005).

Wilcoxon test was used in the before-and-after analysis of mean monthly
antibiotic consumption during pre- and post-intervention phases.

Analysis of changes in antibiotic resistance levels (II)

Monthly data on new cases of infection with the ESBL-producing K. pneu-
moniae outbreak strain were obtained from the Department of Clinical Mi-
crobiology at Uppsala University Hospital. An individual patient is counted
only once in this dataset. Production of ESBLs was detected by the clavu-
lanic acid synergy test.*® ESBL-producing K. pneumoniae isolates were in-
cluded in the outbreak statistics based on phenotypic antibiotic susceptibility
patterns similar to that of the outbreak strain.

As an indicator of trends in the local resistance epidemiology, suscepti-
bility patterns of all E. coli, K. pneumoniae and P. aeruginosa strains isolat-
ed from blood cultures performed at the hospital during the period of July
2005 to June 2009 were extracted and analyzed in 6-month periods. Reliable
data on susceptibility patterns before June 2005 were not available. When
the same bacteria were detected repeatedly from an individual patient, only
the first strain isolated was considered. Antibiotic susceptibility testing was
performed using disc diffusion technique ** Strains isolated from urinary or
fecal samples are typically not tested for the antibiotics targeted in the inter-
vention and were therefore not analyzed in this study.
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Results and discussion

International travel as a risk factor for ESBLs (Paper I)

One hundred healthy volunteers were included in the analysis. The median
length of stay abroad was 2 weeks (range 1-26) and the most common reason
for travel was vacation (n=89). Fifteen travellers visited more than one coun-
try and three of them more than one continent. In total, 35 countries were
visited.

Twenty-four of 100 participants with negative pre-travel samples were
colonized with ESBL-producing E. coli upon return (Tables 3 and 4). Travel
to India was associated with significantly higher risk for acquisition of
ESBLs than other destinations (88%, P < 0.001). A high risk of colonization
with ESBL-producing E. coli was observed also for travelers to other coun-
tries in Asia (32%) and the Middle East (29%). Gastroenteritis during the
travel was an additional risk factor (P = 0.003). Antibiotic treatment was not
a significant risk factor in this study, but notably, all three participants treat-
ed for gastroenteritis with ciprofloxacin acquired ESBL-producing strains.

Continent or region No. of travellers  No. (%) of travelers positive
for ESBL-producing E. coli

Africa 25 1(4)
Asia (India excluded) 31 10 (32)
Central America 6 0(0)
India 8 7 (88)
Middle East 14 4(29)
North America 2 0(0)
South America 1 0(0)
Southern Europe 16 2 (13)

Table 3. Travel destinations and the rate of fecal colonization with ESBL-producing
E. coli strains upon return.

CTX-M genes were detected in all ESBL-producing strains in our study,
which is consistent with the fact that these enzymes dominate the ESBL
pandemic (Table 5).'** Further, the high prevalence of CTX-M-15 genes
detected in our material reflects the worldwide spread of these enzymes.*>'**
"7 All ESBL-producing strains isolated from travelers to India carried CTX-
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M-15 genes, which is the only CTX-M type reported from India so far, and
the majority of ESBL-producing isolates from other Asian countries carried
CTX-M-14 genes, which is the dominating CTX-M type in this region.”>'”®
These results support that the ESBL-producing isolates detected in our study
were in fact acquired at the travel destinations.

No. of travelers (%)

Parameter ESBL negative ESBL positive
n=76) (n=24)
Male sex 35 (46) 10 (42)
Median age (yr) 42 47
Vegetarians 2(3) 0(0)
Median length of stay (wk) 2.0 2.0
Vacation 67 (88) 22 (92)
Business 10 (13) 2 (8)
Visiting friends or relatives 10 (13) 1(4)
Staying at a hotel 61 (80) 20 (83)
Backpacking travellers 6(8) 4 (17)
Staying with friends or relatives 9 (12) 521
Gastroenteritis during travel 17 (22) 13 (54)
Antibiotic treatment during travel 7(9) 3(12)

Table 4. Descriptive statistics on 100 Swedish travelers with negative pretravel
rectal swabs for ESBL-producing Enterobacteriaceae. Seventy-six travelers were
negative for ESBL-producing strains after their trip, whereas 24 carried ESBL-
producing E. coli. The only statistically significant difference between the groups
was gastroenteritis during travel (P = 0.003).

A high rate of co-resistance to potentially active antibiotics, other than ceph-
alosporins, is a common feature of ESBL-producing E. coli strains'** and
was seen also in our material. Overall, nine strains were multi-drug resistant
(resistant to three or more relevant antibiotic subclasses), which seriously
limits therapeutic options in cases of a clinical infection with these bacteria.
Although the level of carbapenem resistance among ESBL-producing E. coli
and K. pneumoniae strains is still very low worldwide, it is worrisome that
two isolates in our material displayed reduced susceptibility to these antibi-
otics. High susceptibility rates were demonstrated for nitrofurantoin and
mecillinam.

Five of 21 who completed the follow-up after six months had persistent
colonization with ESBLs. None of them reported a clinical infection or anti-
biotic use during the follow-up period.
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No. of isolates

Continent

or region Group I Group IV
CTX-M-1 CTX-M-15 CTX-M-9 CTX-M-14 CTX-M-27

Africa 1

Asia 2 1 5 2

(India excluded)

India 7

Southern Europe 1 1

Middle East 2 2

Total 1 13 3 5 2

Table 5. Distribution of CTX-M genes detected in 24 strains of E. coli isolated from
rectal swabs after foreign travel.

This is the first prospective study on foreign travel as a risk factor for colo-
nization with ESBL-producing Enterobacteriaceae. Our results clearly
demonstrate that travel to areas with a higher prevalence of strains producing
ESBLs is a risk factor for the acquisition of ESBL-producing bacteria. The
acquisition of ESBL-producing E. coli during foreign travel may be a signif-
icant source for increasing rates of colonization with ESBL-producing bacte-
ria in Sweden and other countries with a low prevalence of ESBLs and a
comparably low rate of consumption of antibiotics.

Considering the high rate of acquisition of ESBL-producing isolates and
the extent of international travel in many countries, it is obvious that global
efforts are needed to meet the emergence and spread of CTX-M enzymes
and other antimicrobial resistance.

Antibiotic intervention at Uppsala University Hospital
(Paper II)

The monthly use of cephalosporins (cefuroxime and cefotaxime) and pipera-
cillin/tazobactam at Uppsala University Hospital during May 2005 to De-
cember 2007 is illustrated in Figure 1. The primary aim of the intervention
was to reduce consumption of second- and third-generation cephalosporins.
The secondary aim was to prevent increased use of fluoroquinolones and
carbapenems, in order to prevent increased resistance to these antibiotics or
other collateral damage. In the interrupted time series (ITS) analysis a post-
intervention change of baseline level represents an immediate effect and a
post-intervention trend (slope) represents a sustained effect of the interven-
tion.
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Figure 1. Segmented trend lines (grey) for monthly use of (a) cefuroxime and cefo-
taxime and (d) piperacillin/tazobactam at Uppsala University Hospital during Janu-
ary 2000 to December 2007. Regression lines (bold) represent mean monthly con-
sumption. New recommendations for antibiotic treatment were introduced in Octo-
ber 2006 (vertical line). The corresponding national hospital antibiotic use during
January 2005 to December 2007 is shown on the right y-axis, as well as national
trend lines (scattered) and regression lines (scattered and bold).

Before-and-after analysis Interrupted time series

(12-month pre- and analysis
Antibiotics post-intervention phases)
Monthly pre- Change P Change P Change P
intervention in mean in level in slope
use (mean)
Cefuroxime, 73.7 -35.7 <0.001 -26.2 <0.001 -2.0 <.0001
cefotaxime
Ciprofloxacin, 45.8 -58 0.045 -13.5 <0.001 .77 <0.001
norfloxacin
Imipenem, 24.9 4.5 NS -4.0 0.014 .56 <0.001
meropenem,
ertapenem
Piperacillin/ 7.8 19.7 <0.001 8.0 0.0076 1.4 <0.001
tazobactam
Penicillin G 8.1 6.7 <0.001 7.3 <0.001 -.20 NS

Table 6. Changes in antibiotic consumption at Uppsala University Hospital after the
antibiotic intervention, assessed with before-and-after analysis and interrupted time
series analysis.

Following the antibiotic intervention there were dramatic immediate and
sustained effects with respect to the primary target, i.e. the reduction of se-
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cond- and third-generation cephalosporins (Table 6). Also, there was an im-
mediate decrease in level for fluoroquinolones and carbapenems. However,
positive slopes followed the immediate decrease of these antibiotics, indicat-
ing that the reduction might not be sustained.

The cephalosporins were largely replaced by piperacillin/tazobactam and
to a lesser extent by penicillin G. Before-and-after analysis of mean monthly
consumption during 12-month pre- and post-intervention phases demonstrat-
ed a 48% reduction in the use of cefuroxime and cefotaxime, a 253% in-
crease of piperacillin/tazobactam and a 77% increase of penicillin G (Table
6). The reduction of cephalosporins, the increase of piperacillin/tazobactam
and the immediate effects demonstrated for fluoroquinolones, carbapenems
and penicillin G clearly differed from the national data.
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Figure 2. Monthly numbers of patients infected by the ESBL-producing K. pneu-
moniae outbreak strain at Uppsala University Hospital during May 2005 to Decem-
ber 2007. The antibiotic intervention started in October 2006.

Although the outbreak with ESBL-producing K. pneumoniae subsided dur-
ing 2007 (Figure 2), the causal effect of the antibiotic intervention is difficult
to assess because of an unknown natural course and other simultaneous ac-
tions, including hygienic measures. However, considering that the use of
second- and third- generation cephalosporins has been identified repeatedly
as a risk factor for ESBL infection,%'29 and that several intervention studies
report reduced prevalence of ESBL-producing K. pneumoniae after reduc-
tion of third-generation cephalosporin use,'”''""'>!"*1% e believe that the
radical change in antibiotic-prescribing policies at our hospital contributed to
the containment of the outbreak. No increased resistance to carbapenems,
cephalosporins, gentamicin or piperacillin/tazobactam was detected during
the follow-up period.
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In conclusion, our study clearly shows that an educational approach can
have a radical effect on antibiotic prescriptions at a tertiary hospital. We
believe that the outbreak situation and the strong support from the hospital
management facilitated the prompt and successful implementation of the
new antibiotic guidelines. Further, the intervention could be performed effi-
ciently by the pre-existing local Strama group.

Ertapenem for the treatment of ESBL-producing E. coli
(Paper I1I)

Antibiotic concentrations during the kinetic time-kill experiments were well
fitted to the targeted values. For both strains, there was a >5 log;o decrease in
cfu/mL during the first 4 h of the experiments, less bacterial reduction (0.7 to
2.6 log)o cfu/mL) following the second dose of ertapenem and considerable
regrowth at the end of the dose intervals (Figure 3). With ertapenem at con-
centrations simulating conventional dosage, endpoint bacterial concentra-
tions were >2.5 log;o cfu/mL higher at 44 and 48 h in the ESBL-producing
strain than in the native strain. Higher dosage of ertapenem against the
ESBL-producing strain resulted in approximately 1 log;, lower bacterial
concentrations at 44 and 48 h compared with the experiments simulating
conventional dosage. Still, bacterial concentrations were approximately 1.5
logjo cfu/mL higher at these time points than during experiments with the
native strain.

The ESBL-producing strain had 1.5 to 2-fold higher MIC values for
ertapenem, meropenem and doripenem compared with the native strain,
whereas the MIC for imipenem did not differ (Table 7). No significant MIC
elevations were detected after kinetic time-kill experiments with the native
strain. However, for the ESBL-producing strain increased ertapenem MICs
were found in five endpoint samples (after three of five experiments simulat-
ing conventional dosage and two of four experiments with higher dosage).
Ertapenem MICs were increased approximately by 40-fold in these popula-
tions to values within the range of 0.75 to 1.5 mg/L, which corresponds to
intermediate susceptibility or resistance according to EUCAST definitions.
In the endpoint population with ertapenem MIC of 0.75 mg/L MICs for
meropenem and doripenem were not affected. In contrast, all four popula-
tions with ertapenem MICs >1 mg/L had increased MICs for meropenem
(0.25-0.38 mg/L) and doripenem (0.094-0.25 mg/L). Still, all meropenem
and doripenem MICs were within the range of susceptibility according to
EUCAST definitions of clinical breakpoints. The imipenem MIC was not
increased in any of the endpoint populations.
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Figure 3. Results from kinetic time-kill experiments with (a) the native E. coli strain
DA14781, (b) the ESBL-producing strain DA14833 and (c) subgroups of
experiments with ESBL-producing strain DA14833: ompR mutants vs. non-ompR
mutants. Each point represents the mean value of 3-5 experiments with ertapenem at
concentrations similar to human pharmacokinetics with conventional and higher
dosage. The error bars indicate the standard deviation.
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Strains MIC (mg/L) Muta-
ETP | MEM | IMP | DOR tions
Native strain DA14781 0.012 0.023 0.19 0.016 -
ESBL-producing strain
0.023 0.032 0.1 0.023 -
DA 14833 ?
ompR-mutated ESBL-producing
. 1 0.125 0.19 0.19 R R209C
strain DA 16808 omp
48 h .
Dosage Experiment
samples
1 | 0006 0.023 025 0.023 ND
Conventional 2% | - - - - -
. dosage 3 | 0004 0.023 0.19 0.016 ND
Native 4 | 0004 0023 | 025 0023 ND
strain
1 0.008 0.032 0.25 0.023 ND
Higher 2 | 0008 0032 | 025 0.023 ND
dosage
3 | 0.006 0.023 0.19 0.023 ND
1 | 0012 0.023 0.19 0.023 ND
2 | 0016 0.032 025 0.032 ND
Conventional + | 0.023/
dosage 3% | 075 0.047 0.19 0.032 ompR R209C
ESBL- 4 1 025 0.19 0.094 ompR R458
strain 1 |0023 0.064 025 0.032 ND
2 | 0064 0.047 0.125 0.032 ND
Higher
dosage 3 15 0.38 025 0.19 ompR L112R
¥ 0.064/ 0.047/ ompR
47 | 001671 0.38 025 0.19 Q204Stop

* no bacteria detected, # 2 populations.
ETP, ertapenem; MEM, meropenem, IMP, imipenem, DOR, doripenem; ND, not determined.

Table 7. MIC values and detected mutations for the native E. coli strain DA14781,
ESBL-producing strain DA14833 and ompR-mutated ESBL-producing strain
DA16808, prior to experiments and as determined in 48 h samples after kinetic time-
kill experiments.

OmpR mutations were detected in all five populations with elevated
ertapenem MICs (Table 7). Four of the mutations resulted in amino acid
changes and one resulted in a premature stop codon. No ompF or ompC mu-
tations were detected. Based on these results, we performed a subanalysis of
the kinetic time-kill results for the ESBL-producing strain. This analysis
revealed that experiments in which ompR mutants were detected in endpoint
samples showed lower bacterial reduction after the second dose of
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ertapenem than experiments with no MIC elevation detected followed by >2
log,o higher bacterial concentrations throughout the experiments (Figure 3c).

Static time-kill experiments with the native strain, the ESBL-producing
strain and the ompR R209C ESBL-producing mutant were performed at
ertapenem concentrations ranging from Cy,;, to Chax. Rapid initial killing was
accomplished against both the native and the ESBL-producing strain at all
concentrations used. Bacterial concentrations at 24 h were 2 to 5 logj
cfu/mL lower in the native strain than in the ESBL-producing strain at three
of the concentrations used and 0.5 to 1.5 log;o lower at other concentrations.
For the ESBL-producing strain, all experiments resulted in less than 3 log)
bacterial reduction after 24 h compared to the starting inoculum. Further, the
bactericidal activity of ertapenem was significantly lower against the ompR-
mutated strain compared to the original ESBL-producing strain. Following
significant regrowth, endpoint bacterial concentrations for the ompR-mutated
ESBL-producing strain were similar or higher than the starting inoculum in
all experiments with ertapenem at concentrations <5.5 mg/L.

In summary, we have shown that exposure of an ESBL-producing E. coli
to ertapenem at concentrations simulating human pharmacokinetics is asso-
ciated with frequent selection of porin-deficient mutants. Experiments with
ompR mutants detected in endpoint samples showed much lower bacterial
reduction after the second dose of ertapenem compared with other experi-
ments with this strain. This finding indicates that pre-existing ompR mutants
were selected during experiments. Considerable regrowth and less bacterial
killing following the second ertapenem dose compared to the initial killing
occurred also in experiments with unchanged MICs in endpoint samples.
These observations might have been caused by formation of surviving per-
sister cells during the experiments.*”’

The fact that porin-mutated subpopulations were only detected after ex-
periments with the ESBL-producing strains might be explained in part by
insufficient target attainment for these isolates at the antibiotic concentra-
tions used. Conventional ertapenem dosage results in concentrations exceed-
ing the MIC (T > MIC) of approximately 40% against an ompR-mutated
ESBL-producing E. coli with MIC 1 mg/L. Reduced expression of OmpF
and OmpC in the native strain results in an ertapenem MIC of 0.25 mg/L.'"
Therefore, even with conventional dosage the T > MIC will exceed 70%
against ompR-mutated native E. coli, which might be sufficient to prevent
selection of these subpopulations.

The clinical relevance of these findings has yet to be established. We used
high bacterial inocula in this study and the experiments were performed in
vitro where the effects of the immune system are not taken into account.
Although ertapenem resistance is still rare in E. coli and the porin-deficient
isolates detected in our study were not highly resistant, inappropriate use of
ertapenem should be avoided to minimize the risk for selection of ESBL-
producing bacteria with reduced susceptibility to carbapenems.
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Antibiotic combination therapy for VIM- and NDM-
producing K. pneumoniae (Paper IV)

All strains were susceptible to colistin according to the EUCAST break-
points, whereas susceptibilities to the other antibiotics varied substantially
(Table 8). Colistin, alone and in any combination with other antibiotics, was
associated with a >3 log,o decrease in cfu/mL during the first hour of exper-
iments. However, considerable regrowth occurred for most combinations
and during experiments with colistin alone. Synergistic and bactericidal ef-
fects after 24 h were found for combinations including aztreonam, mero-
penem, fosfomycin, rifampin and colistin (Table 9). Illustrative time-kill
curves for NDM-KP IR62E are shown in Figure 4.

VIM-KP YIM-KP NDM-KP NDM-KP

Antibiotic T14789 ON-2211 IR8 IR62E

MIC SIR MIC SIR MIC SIR MIC SIR
Aztreonam 2 I 4 I >256 R >256 R
Ciprofloxacin | >32 R 4 R >32 R >32 R
Colistin 0.125 S 0.125 S 0.125 S 0.125
Daptomycin > 256 - > 256 - > 256 - > 256 -
Fosfomycin 32 S 4 S 256 R 48
Meropenem >32 R 2 S 4 I >32
Rifampicin >32 - >32 - 32 - >32 -
Telavancin 256 - 256 - 256 - 256 -
Tigecycline 2 I 1 S 2 I 3 R
Vancomycin | >256 - > 256 - > 256 - > 256 -

SIR, classification according to EUCAST definitions; S, susceptible; I, intermediate suscepti-
ble; R, resistant; -, not defined.

Table 8. Antibiotic susceptibilities of VIM- and NDM-producing K. preumoniae
strains (mg/L) expressed as MIC values and classification according to the clinical
breakpoints defined by EUCAST.

Aztreonam + colistin and aztreonam + meropenem + colistin was bactericid-
al against the VIM-KP strains, both of which displayed intermediate suscep-
tibility for aztreonam. These combinations resulted in more rapid killing than
aztreonam alone and less regrowth than colistin alone, and proved synergis-
tic effect against VIM-KP ON-2211. Against the NDM-KP strains, aztre-
onam + meropenem + colistin demonstrated synergistic effect despite high-

45



level resistance to aztreonam and non-susceptibility to meropenem in these
strains. However, the effect was not bactericidal.

The combination fosfomycin + colistin demonstrated synergy and bacte-
ricidal effect against one of the VIM-KP strains and both NDM-KP strains
despite that the latter were resistant to fosfomycin. Fosfomycin + mero-
penem + colistin showed synergistic effect against all strains and bactericidal
effect against 3 of 4 strains.

Rifampin + colistin demonstrated synergy and >2.5 log;, decrease in
cfu/mL after 24 h compared to the starting inoculum against both NDM-
strains. The triple combination rifampin + meropenem + colistin resulted in
synergistic and bactericidal effects against all strains despite high MICs for
rifampin in all strains and that two of the strains were highly resistant to
meropenem alone.

The antibacterial activity of tigecycline, ciprofloxacin, daptomycin, van-
comycin and telavancin, alone and in combination with colistin, against the
VIM-KP strains was evaluated in time-kill experiments performed in tripli-
cate. However, no synergistic or bactericidal activity was detected with these
antibiotic regimens and they were not further studied against the NDM-KP
strains.

Antibiotic VIM-KP YIM-KP NDM-KP | NDM-KP
T14789 ON-2211 IR8 IR62E
ATM+CST Ak
ATM+MEM
ATM+MEM+CST Ak + +
MEM+CST
FOF+CST I “p Ap
FOF+MEM
FOF+MEM+CST 3 Ak
RIF+CST
RIF+MEM+CST 3 Ak
+, synergy.

ATM, aztreonam; CST, colistin MEM, meropenem; FOF, fosfomycin; RIF, rifampin.

Table 9. Results from time-kill experiments with combinations including aztre-
onam, fosfomycin, meropenem, rifampin and colistin against VIM- and NDM-
producing K. pneumoniae. Synergy (>2 logj, reduction in cfu/mL compared to the
most effective individual drug) is depicted with “+”. Bactericidal effect (>3 log;o
decrease in cfu/mL after 24 h compared to the starting inoculum) is highlighted with

grey.
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Figure 4. Results from time-kill experiments for NDM-producing Klebsiella pneu-
moniae strain NDM-KP IR62E exposed to (a) aztreonam combinations, (b)

fosfomycin combinations and (c) rifampin combinations. Each point represents the
mean value of two experiments.
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Overall, rifampicin + meropenem + colistin was the most effective regimen
in this study. A similar triple combination of rifampin + doripenem + colistin
has in a previous study shown bactericidal effect against two KPC-producing
K. pneumoniae strains in time-kill experiments.”*® Rifampin + colistin,
which did not demonstrate bactericidal effect against any of the strains has
been effective against the majority of KPC-producing K. pneumoniae iso-
lates in previous time-kill and chequerboard studies.'”"*"'

Fosfomycin + meropenem + colistin showed synergistic effect against all
four strains and was bactericidal against three of the four strains. Fosfomycin
+ colistin had synergistic and bactericidal effect against both NDM-KP
strains and one VIM-KP strain. This combination has previously demon-
strated synergy against 2 of 10 NDM-producing Klebsiella spp. in a study
with chequerboard method.'”

Aztreonam + colistin and aztreonam + meropenem + colistin was bacteri-
cidal against both VIM-KP strains. The triple combination also had synergis-
tic effect against the NDM-KP strains despite their high resistance to aztre-
onam and non-susceptibility to meropenem. One possible explanation for
this finding is that aztreonam acts as a competitive MBL-inhibitor and mero-
penem as a competitive inhibitor for other co-produced beta-lactamases,
such as ESBLs or AmpC beta-lactamases, that hydrolyze aztreonam but not
meropenem.**'>'7¢'"" Aztreonam + meropenem did not demonstrate syner-
gy. However, addition of colistin to this combination resulted in improved
antibacterial activity, probably because of increased permeability of the oth-
er antibiotics.'®

Some of the antibiotic combinations that have been effective against car-
bapenamase-producing K. pneumoniae in previous studies and been recom-
mended for clinical use showed no synergistic or bactericidal effects in our
experiments. For example, colistin and meropenem was not bactericidal
against any of these strains. Tigecycline + colistin, which has shown syner-
gistic and bacteriostatic effects against KPC-producing K. pneumoniae,'” "
was not effective against the VIM-KP isolates in our study. Also, mero-
penem + fosfomycin, which demonstrated bactericidal effects against the
majority of KPC-producing K. pneumoniae isolates in a previous time-Kkill
study,'*'*® was not effective in our experiments.

In summary, we have found several double and triple combinations of az-
treonam, fosfomycin, meropenem, rifampin and colistin with synergistic and
bactericidal effects against MBL-producing K. prneumoniae. More studies
are needed to confirm the efficacy and evaluate the clinical use of these
combinations. Still, our results are encouraging and indicate that there is a
largely unexplored antibacterial potential of antibiotic combinations against
MBL-producing K. pneumoniae.
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General discussion and future perspectives

The results from these studies have contributed to a better understanding of
the dynamics of multidrug-resistant E. coli and K. pneumoniae in relation to
epidemiology, selection and susceptibility to antibiotic therapy.

This thesis includes the first prospective study to show how easily multi-
drug-resistant Enterobacteriaceae spread between countries. Notably, the
vast majority of the volunteers in this study were ordinary short-time travel-
ers on vacation. It is estimated that 350,000 Swedes travel to Thailand every
year, and based on our findings, approximately 100,000 of these individuals
will acquire ESBL-producing E. coli. Although none of the volunteers in our
study suffered from clinical infections with these bacteria during the follow-
up period, colonization with ESBL-producing Enterobacteriaceae is known
to increase the risk for future clinical infections with these strains.

Therefore, patients with severe infections that are likely to be caused by
Gram-negative pathogens should be asked for a history of recent travel to
areas with higher prevalence of resistant bacteria. Additional cultures might
be appropriate for these patients and the decision of empirical antibiotic
therapy might have to be adjusted to cover antimicrobial-resistant pathogens.
Knowing that a large number of healthy people in the community are colo-
nized with resistant bacteria, hygienic precautions sufficient to prevent the
spread of multidrug-resistant bacteria must be used for every patient admit-
ted to a hospital or treated at other health care facilities. To do this, more
health care workers and a sufficient number of isolation rooms at the hospi-
tals are required. Still, the spread of antibiotic resistance cannot be prevented
and therefore international cooperation is essential to meet the emergence of
multidrug resistance.

Before conducting an antibiotic intervention, appropriate replacement an-
tibiotics should be considered and be selected to minimize the risk for collat-
eral damage. This approach was successfully achieved in our intervention in
that the consumption of fluoroquinolones and carbapenems did not increase.
An unintended effect was that the cephalosporins were replaced mainly by
piperacillin/tazobactam rather than penicillin G. To date, resistance to pipe-
racillin/tazobactam has not increased at our hospital. However, replacing a
broad-spectrum antibiotic by another one does not solve the problem in the
long run but will eventually cause other resistance. Therefore, continuous
efforts are needed to reduce the total antibiotic use and promote a shift to
narrow-spectrum antibiotics.
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Selection of porin-deficient subpopulations with non-susceptibility to
ertapenem frequently emerged in ESBL-producing E. coli exposed to
ertapenem at concentrations simulating human pharmacokinetics. Important-
ly, these subpopulations still had relatively low MIC values for all car-
bapenems and thus might be treatable with ertapenem at higher concentra-
tions. Combination with a beta-lactamase inhibitor effective against ESBLs
would be an alternative approach to improve the antibacterial activity of
ertapenem and reduce selection of porin-deficient ESBL-producing subpopu-
lations. Appropriate dosage regimens or combinations might prolong the
lifespan of new antibiotics. Therefore, when new antibiotics are developed,
the preclinical development should not only include studies on their efficacy
but also the risk for emerging resistance with alternative dosage regimens or
combinations.

The results from our time-kill experiments indicate that there are huge po-
tential benefits for antibiotic combination therapy against carbapenemase-
producing K. pneumoniae. Antibiotics, to which the bacteria were resistant,
accomplished synergistic and bactericidal activity when combined. The
strains used in our study were susceptible to colistin and all antibiotic com-
binations demonstrating synergistic and bactericidal effects included this
drug. Although still rare, colistin resistance has increased in K. pneumoniae
during recent years and few effective therapeutic options remain for infec-
tions with these bacteria. However, unexplored combinations of two or three
antibiotics, which have insufficient antibacterial activity when used alone,
might still accomplish antibacterial activity against these strains.

In an era of increasing antibiotic resistance and no new antibiotics, com-
bination therapy will be increasingly used for infections with Gram-negative
bacteria. Treating physicians must have knowledge on the local resistance
epidemiology, prevalent resistance mechanisms and the properties of exist-
ing antibiotics. The choice of combination therapy for resistant Gram-
negative bacteria will often be based on results from in vitro studies because
prospective clinical studies are not easily performed with these patients and
retrospective studies are too slow. Therefore, well-designed in vitro studies
are urgently needed to supplement other studies. These studies should evalu-
ate antibiotic combinations that might be considered in clinical practice,
taking into account toxicity and other factors, and use clinically relevant
static antibiotic concentrations or concentrations simulating human pharma-
cokinetics.
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Sammanfattning pa svenska

Escherichia coli och Klebsiella pneumoniae tillhor gruppen Gram-negativa
bakterier. De utgdr en viktig del av tarmens normalflora men kan ockséd ge
upphov till urinvagsinfektioner, sepsis och andra infektioner. E. coli ir den
mest aggressiva av dessa bakterier och dr den vanligaste orsaken till urin-
vigsinfektioner dven hos i Ovrigt friska patienter. K. pneumoniae orsakar
framforallt infektioner hos patienter med andra bakomliggande sjukdomar
eller nedsatt immunforsvar.

Cefalosporiner och karbapenemer dr forstahandsval vid behandling av
allvarliga infektioner med dessa bakterier. Resistens mot dessa antibiotika
orsakas néstan uteslutande av att bakterierna bildar enzymer, ESBL eller
karbapenemaser, som fordandrar den aktiva delen av antibiotikamolekylen
genom hydrolys. Detta gdr att antibiotikamolekylen inte ldngre kan binda
och utdva sin effekt pd malmolekylen i bakterien. ESBL orsakar resistens
mot cefalosporiner medan karbapenemaser orsakar resistens mot bade cefa-
losporiner och karbapenemer. Andra mekanismer, till exempel fordndringar i
bakteriernas yttre membran som forhindrar att antibiotika nér fram till
malmolekylen, kan ocksé bidra till resistens mot dessa antibiotika.

Resistenta bakterier okar i antal under antibiotikabehandling (selekteras)
darfor att de i ndrvaro av antibiotika har en konkurrensfordel gentemot de
kédnsliga bakterierna i normalfloran. Darfér medfor antibiotikabehandling en
okad risk for framtida infektioner med resistenta bakterier hos den enskilda
patienten och 6kad risk for spridning av resistenta bakterier till andra indivi-
der.

Forekomsten av ESBL har okat kraftigt 6ver hela virlden under de sen-
aste tio dren men varierar stort mellan olika linder och vérldsdelar. Fran
Indien och vissa ldnder i s6dra Europa rapporteras att mer @n hilften av E.
coli och K. pneumoniae producerar ESBL medan Sverige fortfarande har en
relativt 1ag niva (<3%). Karbapenemaser férekommer i mycket ldgre ut-
strickning &n ESBL men har orsakat sjukhusutbrott i olika delar av vérlden
sedan borjan av 2000-talet. P4 senare tid har man sett en orovickande 6kning
av karbapenemaser av typen metallo-betalaktamaser (MBL) som ger
hoggradig resistens mot karbapenemer. MBL-producerande bakterier ar
svarbehandlade darfor att de i mycket hog utstrickning dr multiresistenta
(resistenta mot tre eller flera relevanta antibiotikagrupper).
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Den overgripande malséttningen med avhandlingen var att 6ka kunskapen
om ESBL- och karbapenemas-producerande E. coli and K. pneumoniae med
avseende pé spridning, selektion och kénslighet for behandling med antibio-
tika.

Arbete I visade att ESBL-producerande E. coli sprids litt mellan ldnder
med hjélp av resendrer. Tjugofyra av 100 friska frivilliga som inkluderades i
studien blev bidrare av ESBL-producerande E. coli i tarmfloran under resor
till lander utanfor norra Europa. Risken var hogst for resendrer som hade
varit i Indien (7 av 8) och for resenérer som hade varit magsjuka under resan.
En hog andel blev bérare dven efter resa till 6vriga lander i Asien (10 av 31)
och till Mellanostern (4 av 14). Vid uppfoljningen efter sex méanader var 5 av
21 ESBL-positiva fortfarande barare av ESBL-producerande E. coli.

Arbete II beskrev en antibiotikaintervention som genomfordes pd Aka-
demiska sjukhuset 2006 under ett stort utbrott med ESBL-bildande K. pneu-
moniae. Syftet var att minska anvindningen av cefalosporiner som selekterar
fram ESBL-producerande bakterier i storre utstrackning dn andra antibiotika.
Forandringen av antibiotikaforskrivningen péd sjukhuset analyserades med sé
kallad tidsserieanalys (ITS, Interrupted Time Series analysis). Anvindningen
av cefalosporiner halverades inom loppet av ndgra manader medan anvind-
ningen av erséttningspreparatet piperacillin/tazobactam 6kade med 253%.
Utbrottet avtog strax efter detta, men det dr svart att dra ndgra sdkra slutsat-
ser om betydelsen av antibiotikainterventionen eftersom samtidiga vardhygi-
eniska insatser och andra kdnda eller okénda faktorer ocksé kan ha paverkat
forloppet.

Arbete III 4r en in vitro studie dir vi studerade effekten av ertapenem, en
av karbapenemerna, mot ESBL-producerande E. coli. Ertapenem anvénds
ofta vid urinvégsinfektioner orsakade av dessa bakterier. Resistensen mot
ertapenem har 6kat pa senare ar, sdrskilt bland ESBL-producerande stam-
mar. Vara resultat talar for att ESBL-produktion, som normalt sett inte orsa-
kar resistens mot ertapenem, kan bidra till nedsatt kénslighet mot ertapenem
om bakterien dessutom har resistensmekanismer som minskar antibiotikas
mojligheter att penetrera bakteriens yttre membran. Efter 5 av 9 experiment
med ESBL-producerande E. coli som exponerades for ertapenem kunde vi
efter 48 timmar pédvisa bakterier med nedsatt kdnslighet for ertapenem. I
samtliga fall fanns mutationer i bakteriernas DNA som orsakar minskad
mojlighet for ertapenem att penetrera det yttre bakteriemembranet (minskat
uttryck av s kallade poriner).

Malsattningen med Arbete IV var att hitta effektiva kombinationer av an-
tibiotika for behandling av MBL-producerande K. pneumoniae. Sammanlagt
genomfordes mer @n 200 experiment med 14 olika antibiotikakombinationer
mot fyra MBL-producerande stammar. Sju av antibiotikakombinationerna
var effektiva trots att bakterierna i ménga fall var resistenta mot ett eller flera
av de preparat som ingick i kombinationen. Flera antibiotikakombinationer
som har haft effekt i andra studier var inte effektiva i vara forsok, vilket kan
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bero pd att man tidigare nistan uteslutande har inkluderat bakterier som pro-
ducerar en annan typ av karbapenemaser (KPC). Kliniska studier &r svéra att
genomfOra pa patienter infekterade med multiresistenta bakterier och val av
antibiotikabehandling maéste ofta baseras pé resultat frn in vitro studier i
dessa fall. Darfor behdvs fler in vitro studier som kan bekrifta vara resultat
och hitta andra effektiva kombinationer fo6r behandling av MBL-
producerande stammar.

Sammanfattningsvis visar vara resultat att:
I. ESBL-producerande bakterier sprids latt 6ver virlden med hjdlp av
resenarer.
II. Det gér att fordndra antibiotikaforskrivningen snabbt och radikalt péd
ett stort universtetssjukhus, atminstone i en utbrottssituation.
III. Mutanter med nedsatt kénslighet for ertapenem uppkommer ofta in
vitro under pdgdende behandling av ESBL-bildande E. coli.
IV. Kombinationer av tva eller tre antibiotika kan vara effektiva mot
multiresistenta K. pneumoniae trots att bakterierna dr resistenta mot
ett eller flera av de enskilda preparaten.
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