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Foreword

The introduction of antibacterial agents (commonly referred to as antibiotics) led to a revolution in the
management of bacterial infections. Today, emerging and increasing resistance to antibiotics has become a threat
to public health in Europe and globally. Only 70 years after their introduction, we are now facing the possibility of
a future without effective antibiotics for several types of bacteria that cause infections in humans.

In 2001, the European Commission presented its ‘Community Strategy against Antimicrobial Resistance’. It
proposed 15 actions in the areas of surveillance, prevention, international cooperation and research and
development of new antibacterial agents. Later in the same year, European Union (EU) Health Ministers adopted a
Council Recommendation on the prudent use of antimicrobial agents in human medicine®.

While surveillance of resistance, infection control measures and strategies to prevent the occurrence of infections
are central to combating antibacterial resistance trends, patients still get infected and there is a particular lack of
antibacterial agents to treat infections caused by bacteria that are resistant to many of the available treatments
(i.e. multidrug-resistant bacteria).

In 2004, a report from the World Health Organization on ‘Priority Medicines for Europe and the World'? identified
infections caused by resistant bacteria as the number one disease requiring priority medicines based on the
potential public health impact if effective new antibiotics were not developed. The report suggested that Europe
should play a global leadership role in this area.

In 2007, the European Centre for Disease Prevention and Control (ECDC), the European Medicines Agency (EMEA)
and the international network Action on Antibiotic Resistance (ReAct) entered into a discussion on the need to
produce a report that reviewed and documented the gap between infections caused by multidrug-resistant
bacteria in the EU and the development of new antibiotics to treat them. An ECDC/EMEA Joint Working Group was
established in 2008 to prepare this report.

The objective of this report is to give an account of facts and figures that would allow reasonable predictions of
the gap between bacterial resistance in the EU and the likely availability of new treatments that would be effective
against multidrug-resistant bacteria in the near future. As such, this technical report is made available to the
European Commission, and particularly to DG SANCO, DG ENTR and DG RTD, for consideration. The report will
also serve as a basis for discussions at the expert conference on ‘Innovative Incentives for Effective Antibacterials’
scheduled for 17 September 2009, as part of the Swedish EU Presidency.

We note with satisfaction the timely availability of the final report endorsed by the main scientific Committees in
the two agencies and would like to thank the working group for its achievement.

Zsuzsanna Jakab, ECDC Director Thomas Lénngren, EMEA Executive Director

* Council Recommendation of 15 November 2001 on the prudent use of antimicrobial agents in human medicine (2002/77/EC).
Available from: http://antibiotic.ecdc.europa.eu/PDFs/I_03420020205en00130016.pdf

2 http://whglibdoc.who.int/HQ/2004/WHO_EDM_PAR_2004.7.pdf
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Executive summary

Main findings:

There is a gap between the burden of infections due to multidrug-resistant bacteria and the development of new
antibiotics to tackle the problem.

. Resistance to antibiotics is high among Gram-positive and Gram-negative bacteria that cause serious
infections in humans and reaches 25% or more in several EU Member States.

. Resistance is increasing in the EU among certain Gram-negative bacteria such as recently observed for
Escherichia coll.

. Each year, about 25 000 patients die in the EU from an infection with the selected multidrug-resistant
bacteria.

. Infections due to these selected multidrug-resistant bacteria in the EU result in extra healthcare costs and
productivity losses of at least EUR 1.5 billion each year.

. Fifteen systemically administered antibacterial agents with a new mechanism of action or directed against a

new bacterial target were identified as being under development with a potential to meet the challenge of
multidrug resistance. Most of these were in early phases of development and were primarily developed
against bacteria for which treatment options are already available.

. There is a particular lack of new agents with new targets or mechanisms of action against multidrug-
resistant Gram-negative bacteria. Two such agents with new or possibly new targets and documented
activity were identified, both in early phases of development.

. A European and global strategy to address this gap is urgently needed.

In 2007, the European Centre for Disease Prevention and Control (ECDC), the European Medicines Agency (EMEA)
and the international network Action on Antibiotic Resistance (ReAct) entered into a discussion on the need to
document the gap between the frequency of multidrug-resistant bacterial infections in the EU and the
development of new antibiotics. As a result, an ECDC/EMEA Joint Working Group was established in 2008 to give
an account of facts and figures that would allow reasonable predictions of the extent of the gap in the coming
years.

The following antibiotic-resistant bacteria were selected because they frequently are responsible for bloodstream
infections and because the associated antibiotic resistance trait is, in most cases, a marker for multiple resistance
to antibiotics:

. Staphylococcus aureus, methicillin resistance (MRSA);

. S. aureus, vancomycin intermediate resistance and vancomycin resistance (VISA/VRSA);

. Enterococcus spp. (e.g. Enterococcus faecium), vancomycin resistance (VRE);

. Streptococcus pneumoniae, penicillin resistance (PRSP);

. Enterobacteriaceae (e.9. Escherichia coli, Klebsiella pneumoniae), third-generation cephalosporin
resistance;

. Enterobacteriaceae (e.g. K. pneumonia€), carbapenem resistance; and

. Non-fermentative Gram-negative bacteria (e.q. Pseudomonas aeruginosa), carbapenem resistance.

Trends and burden of infections due to multidrug-resistant
bacteria in the EU

Data on these selected antibiotic-resistant bacteria in invasive infections (mainly bloodstream infections) were
available from the European Antimicrobial Resistance Surveillance System (EARSS) for EU Member States, Iceland
and Norway for each year during the period 2002—2007.

The trends in the proportion of antibiotic-resistant isolates among blood isolates of the selected bacteria frequently
responsible for bloodstream infections in Europe are shown in Figure E1.

Vi
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Figure E1. Population-weighted, average proportion of resistant isolates among blood isolates of
bacteria frequently responsible for bloodstream infections, EU Member States, Iceland and Norway,
2002—-2007.
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*S. pneumoniae. excluding Greece, which did not report data on this bacterium to EARSS.
**K. pneumoniae and P. aeruginosa.: excluding Belgium and Slovakia, which did not report data on these bacteria to EARSS.

In 2007, the average proportion of Staphylococcus aureus blood isolates that showed resistance to methicillin
(% MRSA) was the highest proportion of antibiotic-resistant isolates among the selected bacteria frequently
responsible for bloodstream infections in the European Union. However, this proportion has been decreasing in
recent years (Figure E1). This is due to decreasing MRSA trends in several Member States, likely due to action
plans at national level as documented for France, Slovenia and United Kingdom. The average proportion of MRSA
has reached a level close to that of the selected antibiotic-resistant Gram-negative bacteria.

The proportion of S. aureus blood isolates that showed intermediate resistance to vancomycin (VISA) was very
low (less than 0.1%) in EU Member States, Iceland and Norway. No vancomycin-resistant S. aureus isolates were
reported to EARSS in 2007 (data not presented on Figure E1).

In contrast, the average proportion of Escherichia coli — the most common Gram-negative bacteria responsible for
infections in humans — blood isolates showing resistance to third-generation cephalosporins has been rising
steadily.

At the same time, there is no sign of decreasing resistance to third-generation cephalosporins in Klebsiella
pneumoniae or to carbapenems in Pseudomonas aeruginosa (Figure E1).

In 2007, the proportion of K. pneumoniae blood isolates from EU Member States, Iceland and Norway that
showed resistance to carbapenems was, in general, very low (median=0%) with the exception of Greece, where it
reached 42% (data not presented on Figure E1).

The human and economic burden of antibiotic-resistant bacteria could only be estimated for the following five
antibiotic-resistant bacteria: MRSA, vancomycin-resistant Enterococcus faecium, third-generation cephalosporin-
resistant £. coliand K. pneumoniae and carbapenem-resistant P. aeruginosa.

The study confirmed that MRSA was the most common, single, multidrug-resistant bacterium in the European
Union. However, the sum of cases of common, antibiotic-resistant Gram-positive bacteria (mostly MRSA and
vancomycin-resistant Enterococcus faecium) was comparable to that of common, antibiotic-resistant Gram-
negative bacteria (third-generation cephalosporin-resistant £. co/i and K. pneumoniae, and carbapenem-resistant 2.
aeruginosa).

Overall, it was estimated that in 2007 approximately 25 000 patients died from an infection due to any of the
selected five antibiotic-resistant bacteria in the European Union, Iceland and Norway. In addition, infections due to
any of the selected antibiotic-resistant bacteria resulted in approximately 2.5 million extra hospital days and extra
in-hospital costs of more than EUR 900 million.

Vii
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Subsequently, an estimate was made of loss of productivity due to these infections. Based on 2007 data,
outpatient care costs were estimated at about EUR 10 million and productivity losses due to absence from work of
infected patients were estimated at more than EUR 150 million, each year. Productivity losses due to patients who
died from their infection were estimated at about EUR 450 million each year. Overall, societal costs of infections
due to the selected antibiotic-resistant bacteria were estimated at about EUR 1.5 billion each year.

There are many reasons (e.g. limited range of included bacteria, outpatient infections not being considered,
average cost of hospital care which does not take into account special patient care such as intensive care) to
support a conclusion that these figures correspond to an underestimate of the human and economic burden of
infections due to antibiotic-resistant bacteria.

Research and development pipeline of antibacterial agents

In order to assess the state of the antibacterial drug development pipeline, two commercial databases (Adis
Insight R&D and Pharmaprojects) were queried for antibacterial agents in clinical development worldwide. It was
decided not to perform an in-depth exploration of agents that had not yet reached clinical trials due to the high
attrition rate during preclinical testing and the scarcity of data available for review.

Whenever possible, agents identified by the search were assessed for their antibacterial activity against the
selected bacteria based on actual data available in the databases or in the literature. In the absence of actual /n
vitro data, reviewers also took into account reasonable assumptions of the activity of some agents based on the
properties of similar agents (i.e. of the same class or with a common mechanism of action) in order to construct a
‘best-case scenario’.

Additionally, for each agent, reviewers were requested to indicate whether it was of a new class or belonged to an
existing class of antibiotics and to indicate whether it:

. acted on the same target and in the same way as that of at least one previously licensed antibacterial
agent;

. acted through a known mechanism of action on a new target; or

. acted through a new mechanism of action.

The main results from this analysis were as follows:

. Of 167 agents identified by the searches, there were 90 antibacterial agents with /n vitro activity in a best-
case scenario (based on actual data or assumed based on class properties of mechanism of action) against
at least one organism in the panel of bacteria selected for their public health importance.

. Of these 90 agents, 24 were new presentations of licensed antibacterial agents and 66 were new active
substances.

. Of the 66 new active agents, only 27 were assessed as having either a new target or a new mechanism of
action, thus potentially offering a benefit over existing antibiotics.

. Of these 27 agents, there were 15 that could be systemically administered.

. Of the 15 agents with systemic administration, eight were judged to have activity against at least one of
the selected Gram-negative bacteria.

. Of the eight with activity against Gram-negative bacteria, four had activity based on actual data and four
had assumed activity based on known class properties or mechanisms of action.

. Of the four with activity against Gram-negative bacteria based on actual data, two acted on new or possibly

new targets and none via new mechanisms of action.

Figure E2 shows the information on these 15 antibacterial agents. Notably, only five of these agents had
progressed to clinical trials to confirm clinical efficacy (Phase 3 or later of clinical development).

viii
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Figure E2. New systemic antibacterial agents with a new target or new mechanism of action and /in
vitro activity based on actual data (dark colour bars) or assumed /n vitro activity based on class
properties or mechanisms of action (light colour bars) against the selected bacteria (best-case
scenario), by phase of development (n=15).
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Note: In vitro activity based on actual data is depicted at the bottom of each column in darker colour. Assumed in vitro activity
based on class properties or mechanisms of action (where applicable) is depicted in a lighter colour at the top of each column.

* Two carbapenems have been omitted from Figure E2b since they are no more active than earlier carbapenems against Gram-
negative bacteria. The relative novelty of these agents was based on a better profile of activity against antibiotic-resistant Gram-
positive bacteria and are therefore included in Figure E2a.

The burden of bacterial resistance in the EU is already substantial and is likely to increase. Based on current data,
it is expected that particular problems will arise in the coming years due to resistance among Gram-negative
bacteria.

At the same time, there are very few antibacterial agents with new mechanisms of action under development to
meet the challenge of multidrug resistance. There is a particular lack of new agents to treat infections due to
multidrug-resistant Gram-negative bacteria.

This report has identified a gap between the burden of infections due to multidrug-resistant bacteria and the
development of new antibacterial agents to tackle the problem. A European and global strategy to address the gap
is urgently needed. Measures that spur drug development need to be put in place.
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1 Introduction

1.1 Multidrug resistant bacteria: an increasing concern

1.1.1 What is antibacterial resistance?

Antibacterial agents inhibit the growth of bacteria and may rapidly kill them by disrupting one or more of their
essential cellular functions. For example, depending on the type of antibacterial agent, the mechanism of activity
may result in:

. inhibition of the production of proteins or cell wall materials;
. inhibition of DNA replication;
. disruption of cell membrane activities that maintain chemical balance.

Bacteria are usually grouped according to various attributes such as the structure of their outer coverings and
their metabolic functions. The primary classification of bacteria is based on their staining properties, which, for
almost all types of bacteria, divides them into Gram-positive or Gram-negative groups. Those called Gram-positive
have a cell membrane plus a thick layer of cell wall material (peptidoglycan) lying outside the membrane. In
contrast, Gram-negative bacteria have a cell membrane, a relatively thin layer of peptidoglycan and then an outer
membrane. These major structural differences result in different patterns of susceptibility to antibacterial agents
because the outer coverings of the bacteria affect access to the sites where they exert their activity. Therefore,
each group of bacteria is usually susceptible to the actions of only a limited range of antibacterial agents and show
inherent (i.e. normal) resistance to the actions of others.

Moreover, bacteria have the ability to acquire resistance to one or more antibacterial agents to which they would
normally be susceptible. Acquired resistance can arise by mutations that can occur during replication or by gaining
genes encoding a mechanism of resistance from other bacteria [1]. The ease with which resistance can be
acquired varies between bacterial types. Unfortunately, some of the types of bacteria that are normally not
susceptible to many antibacterial agents are also easily able to acquire resistance to others. The result is multidrug
resistance. In extreme cases, bacteria can show resistance to most or all of the agents that would commonly be
used to treat them.

In addition, each acquired mechanism of resistance may render the bacterium resistant to many or all antibacterial
agents of the same type (class) and sometimes confers resistance to agents from many classes. This is called
cross-resistance. The genes encoding some mechanisms of resistance are sometimes linked in such a way that
they are transferred all together between organisms. This is often referred to as co-resistance.

Each time an antibacterial agent is used to treat an infection, there is a risk that the agent will select, in the
population of infecting bacteria, for bacteria that are resistant to it, thus causing unresolved infection in the
patient who was treated. The agent will also select for resistant bacteria in the patient's commensal flora, thus
resulting in colonisation by resistant bacteria, which may subsequently be responsible for another infection at the
same or another body site. In both cases, these resistant bacteria will have the possibility to spread to other
patients, especially within hospitals. Thus, increasing rates of resistance to an antibacterial agent and to all other
agents that are rendered inactive by common mechanisms of resistance is an inevitable consequence of its use. In
the last 10-20 years, multidrug resistance has emerged in many frequently encountered pathogenic bacteria. In
extreme cases, these bacteria are not susceptible to any licensed antibacterial agent or are susceptible only to
those that are more toxic to the patient than the more commonly used drugs.

1.1.2 What are the consequences of resistance and multidrug
resistance?

Multidrug-resistant bacteria represent a major threat to the success of almost all branches of medical practice.
Some patients are especially vulnerable to acquiring multidrug-resistant bacterial infections as a consequence of
treatments for underlying illnesses, such as organ transplant patients, haemodialysis patients and those with
various types of cancer [2-7].

Bacterial resistance potentially complicates the management of every infection, no matter how mild it may be at
the time of first presentation. For example, bladder infections in young women should be very easy to treat with
commonly used antibacterial agents but the appearance of multidrug resistance among organisms often
associated with these infections means that physicians have to resort to other agents that may not be so well
tolerated and may even have to be given intravenously when usually oral agents are efficient.
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Physicians in the EU are increasingly faced with infections for which antibacterial treatment options are very
limited. However, the overall burden of infections caused by multidrug-resistant bacteria is not well documented in
the EU. There is a lack of data on the morbidity and mortality attributable to antibacterial resistance, including the
economic impact on individuals as well as on healthcare systems and societies.

Multidrug resistance among bacteria is a global problem and organisms are easily carried across international
boundaries. All regions of the world [8] are already experiencing the effects of multidrug resistance on clinical
practise. Therefore, stimulating the development of new antibiotics has far-reaching potential benefits.

1.1.3 Antibacterial resistance and the response from the
pharmaceutical industry

The launch of every antibiotic has been and will be followed by resistance in the targeted bacteria. Therefore,
there is a constant need to develop new agents to keep up with the acquisition of resistance among pathogenic
bacteria.

For approximately four decades (from the 1940s up to the 1970s) the pharmaceutical industry provided a steady
flow of new antibiotics, including several with new mechanisms of action that circumvented the problems caused
by bacterial resistance to earlier agents. Since then, only three systemically-administered antibiotics (quinupristin-
dalfopristin, linezolid and daptomycin), including two from new classes (oxazolidinones and lipopeptides,) have
been marketed in the EU to treat infections caused by multidrug-resistant Gram-positive bacteria. The other
systemically-administered antibiotics that have reached the EU market during this period belong to existing classes
of antibiotics and are not efficacious against the majority of organisms already resistant to other agents in the
same class.

Figure 1. Discovery of new classes of antibiotics.
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Source: [4, 9-10]

* Penicillins were the first beta-lactams. Other frequently used agents of the beta-lactam class include cephalosporins and
carbapenems, developed in the 1960s and 1980s, respectively.

Meanwhile, multidrug resistance among Gram-negative bacteria has been increasing relentlessly. International and
local surveillance networks such as the European Antimicrobial Resistance Surveillance System (EARSS)?, as well
as numerous reports in the literature [11-13] provide evidence that the frequency of infections caused by
multidrug-resistant Gram-negative bacteria is escalating in many countries. In some Gram-negative bacteria,
acquired resistance to three or more classes of antibiotics that are commonly used to treat infections is often
reported [14]. Therefore, there is particular concern regarding the paucity of new agents with activity against
Gram-negative bacteria that have reached the market in the last decade. Those that have been marketed do not
show efficacy against Gram-negative bacteria with resistance to most or all beta-lactam drugs.

% http://www.rivm.nl/earss/result/Monitoring_reports/
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1.2 Time to react

The growing gap between the increasing frequency of infections caused by multidrug-resistant bacteria and the
decline in research and development of new antibiotics is now threatening to take us back to the pre-antibiotic era.
Strategies to curtail the spread of multidrug-resistant bacteria have met with limited success. While effective
implementation of these strategies may reduce the rate of increase in infections caused by multidrug-resistant
bacteria, a reversal of the existing problems cannot be expected. The continued development of effective
antibiotics must be considered as a ‘common good’ [15-16]. An analysis of the antibacterial agents currently under
development in view of current resistance patterns and trends is a starting point for discussing incentives for the
development of urgently needed new treatments.

1.3 The response from ECDC and EMEA

One of the aims of the EMEA Road Map 2010 is to foster research and innovation in the pharmaceutical industry
across the European Union. In this context, an ‘EMEA/CHMP think-tank group on innovative drug development’
was set up in 2006. The purpose was to offer stakeholders the possibility to present and discuss informally their
views on evolving strategies in drug development. The report from the think-tank* describes the technical and
scientific highlights of all these consultations, incorporates reflections and draws recommendations from the think-
tank group. In this process, the paucity of new antibacterial agents, which has been the subject of several reports,
including the Antibiotic Innovation Study® from the international network Action on Antibiotic Resistance (ReAct) in
2005, attracted considerable attention. During this EMEA/CHMP think-tank discussion with industry and academia,
the idea of an analysis of the gap between the frequency of infections caused by multidrug-resistant bacteria in
the EU and the development of new antibiotics was raised.

ECDC was established in 2005 with the mission to identify, assess and communicate current and emerging threats
to human health posed by infectious diseases. In its first Annual Epidemiological Report, published in 2007%, ECDC
identified antimicrobial resistance as one of the most serious public health problems, globally and in Europe.
Antimicrobial resistance, together with healthcare-associated infections, was consequently selected as one of the
priority work areas in the £CDC Strategic Multi-annual Programme 2007-2013" with the objective of significantly
contributing to the scientific knowledge base on antimicrobial resistance and its health consequences, its
underlying determinants, the methods for its prevention and control, and the design characteristics that enhance
effectiveness and efficiency of its prevention and control programmes.

In 2007, ECDC, EMEA and ReAct entered into a discussion on the need to provide a comprehensive technical
report to the European Commission on the pipeline of antibacterial medicinal products in development. In
particular, to describe the frequency, trends and burden of disease associated with multidrug-resistant bacteria in
the European Union and to assess the pipeline of new agents in development that might have clinically useful
activity against them. Production of a joint report was included as a priority project for 2008 and 2009 in the
ECDC'’s programme on antimicrobial resistance and healthcare-associated infections and for EMEA. The
assessment of the pipeline of antibacterial drug development was performed in co-operation with ReAct and was
conducted under a memorandum of understanding between Duke University, EMEA and ReAct.

An ECDC-EMEA joint working group was established in 2008 with a mandate to produce the joint report. The
mandate, composition, meetings, roles and responsibilities of the joint working group are presented in Annex A
and its detailed composition is shown on the verso of the title page.

4 http://www.emea.europa.eu/pdfs/human/itf/12731807en.pdf

® http://soapimg.icecube.snowfall.se/stopresistance/Innovation_report.pdf

® http://ecdc.europa.eu/en/publications/Publications/0706_SUR_Annual_Epidemiological_Report_2007.pdf

" http://ecdc.europa.eu/en/aboutus/Key%20Documents/07-13_KD_Strategic_multiannual_programme.pdf
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2 Trends and burden of infections due to
multidrug-resistant bacteria in the EU

Most relevant findings:

. Resistance to antibiotics is high among Gram-positive and Gram-negative bacteria that cause serious
infections in humans and reaches 25% or more in several EU Member States.

. Resistance is increasing in the EU among certain Gram-negative bacteria such as recently observed for
Escherichia colr.

. Each year, about 25 000 patients die in the EU from an infection with the selected multidrug-resistant
bacteria.

. Infections due to these selected multidrug-resistant bacteria in the EU result in extra healthcare costs and

productivity losses of at least EUR 1.5 billion each year.

2.1 Introduction

Antibiotic resistance is not by itself a disease entity. It encompasses many types of infections, bacteria and
antibiotic resistance traits. Although the global nature of the problem is known, the lack of overview of the size
and the consequences of multidrug-resistant bacteria means that this public health threat is not fully appreciated
and often ignored by policymakers and the public.

Data on antibiotic resistance in various bacteria are available from many countries [17], but summarising the
situation for the whole European Union in a simple manner remains a challenge. Additionally, there are studies
showing that infections due to antibiotic-resistant bacteria result in higher mortality and extra hospital costs
[18,19]. However, there currently is no estimate of the burden imposed by multidrug-resistant bacteria on the EU.

The purpose of this study was to give an overview of the trends of antibiotic resistance in bacteria frequently
responsible for infections in humans, as well as estimating the human and economic burden associated with
multidrug-resistant bacteria, in the EU, Iceland and Norway.

2.2 Materials and methods

2.2.1 Selection of bacteria

The study focused on bacteria most frequently isolated from blood cultures in Europe [20]. For each bacterium,
the resistance traits, which in most cases are markers of multiple resistance to antibiotics, were listed (Table 1).
Although they are frequently isolated from blood cultures, coagulase-negative staphylococci, beta-haemolytic and
viridans streptococci, Enterobacter spp. and Acinetobacter spp. were excluded from the study because reliable
resistance data were not available.
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Table 1. Bacteria frequently responsible for bloodstream infections and resistances used as markers
for resistance to multiple antibiotics.

Bacteria® Resistance used as a marker of multiple resistance to antibiotics

Gram-positive bacteria
Staphylococcus aureus Methicillin resistance (MRSA)

Vancomycin-intermediate resistance and resistance (VISA/VRSA)

Enterococcus spp. (e.g., Enterococcus Vancomycin resistance (VRE)
faecium)
Streptococcus pneumoniae Penicillin resistance”

Gram-negative bacteria

Enterobacteriaceae
Escherichia coli Third-generation cephalosporin resistance®
Carbapenem resistance®
Klebsiella spp. Third-generation cephalosporin resistance®®

Carbapenem resistance®
Non-fermentative Gram-negative bacteria

Pseudomonas aeruginosa Carbapenem resistance®

4 Coagulase-negative staphylococci, beta-haemolytic and viridans streptococci, Enterobacter spp. and Acinetobacter spp. are
among the list of the 10 bacteria most frequently isolated from blood cultures [20], but were excluded from the study because
reliable resistance data are not available for these bacteria.

b Most fully penicillin-resistant Streptococcus pneumoniae isolates are resistant to both penicillin and macrolides.

¢ Resistance to cefotaxime or ceftriaxone or ceftazidime (as in the European Antimicrobial Resistance Surveillance System,
EARSS).

9 Mostly extended-spectrum beta-lactamase (ESBL)-producing isolates.
¢ Resistance to imjpenem or meropenem (as in EARSS).

2.2.2 Data source

The European Antimicrobial Resistance Surveillance System (EARSS) is the preferred source of data for multidrug-
resistant bacteria in Europe because it includes ongoing surveillance data on antibiotic resistance in bacteria
responsible for invasive infections (mostly bloodstream infections) such as Staphylococcus aureus, Escherichia coll,
Enterococcus faecium, Streptococcus pneumoniae, Klebsiella pneumoniae and Pseudomonas aeruginosa causing
invasive infections.

EARSS is a network of national antimicrobial resistance surveillance systems in European countries coordinated by
the Dutch National Institute of Public Health and the Environment (RIVM). EARSS collects comparable and
validated antibacterial susceptibility data for public health action. In 2007, routine data for major indicator bacteria
were submitted by more than 900 laboratories serving more than 1 400 hospitals in 31 countries [17].

2.2.3 Assessment of the situation in 2007 and of trends of selected
antibiotic-resistant bacteria

Data on the proportion of isolates resistant to antibiotics among selected bacteria responsible for invasive
infections (mainly bloodstream infections) in each EU Member State, Iceland and Norway and each year during the
period 2002—2007 were extracted from the EARSS interactive database®. This proportion represents the
percentage of bloodstream infection cases in which, based on /n vitro laboratory data, the antibiotic (or antibiotic
group) would be inactive to treat an infection due to this bacteria.

8 http://www.rivm.nl/earss/database/
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Such data were available for methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-intermediate and -
resistant S. aureus (VISA/VRSA), vancomycin-resistant £nterococcus faecium, penicillin-resistant Streptococcus
pneumoniae and third-generation cephalosporin-resistant £scherichia coli, carbapenem-resistant £. colj for the
period 2002—-2007, and for third-generation cephalosporin-resistant Klebsiella pneumoniae, carbapenem-resistant
K. pneumoniae and carbapenem-resistant Pseudomonas aeruginosa for the period 2005-2007.

Mid-year population data for each EU Member State, Iceland and Norway and each year during the period 2002—
2007 were obtained from Eurostat®.

To give an overview of the situation for each selected antibiotic-resistant bacteria, data were presented on maps,
as well as plotted on graphs where each square represented one country. The trends in the proportion of resistant
isolates in each country for the period 2005—-2007 were assessed by the Chi-square test for trend (Epi Info™
Version 3.3.2, Statcalc).

Additionally, for each year in the study period 2002—2007 and for each bacteria and antibiotic included in the
survey, a population-weighted average proportion (percentage) of resistant isolates was calculated. These data
were plotted on two graphs. When data were not available for a particular year, data for the closest available year
were used. Data were not available for the whole study period for S. pneumoniae in Greece and for K.
pneumoniae and P. aeruginosa in Belgium and Slovakia.

2.2.4 Assessment of the human burden of infections caused by the
selected antibiotic-resistant bacteria in 2007

For estimating the burden of antibiotic-resistant bacteria, data were only available on the following five antibiotic-
resistant bacteria: MRSA, vancomycin-resistant Enterococcus faecium, third-generation cephalosporin-resistant
Escherichia coli and Klebsiella pneumoniae and carbapenem-resistant Pseudomonas aeruginosa.

Number of infections

Data on the number of isolates resistant to antibiotics among bacteria responsible for invasive infections (mainly
bloodstream infections) in each EU Member State, Iceland and Norway in 2007 were extracted from the EARSS
interactive database™.

Data on the estimated population covered by EARSS for each type of bacteria were obtained directly from country
representatives in the EARSS network. For each country, the number of invasive infections (mainly bloodstream
infections) due to the selected antibiotic-resistant bacteria was estimated from this reported population coverage.
Data for Belgium and Slovakia on K. pneumoniae and P. aeruginosa were not available. They were replaced by
values based on the median incidence of invasive infections due to these bacteria multiplied — for Belgium with the
percentage of resistance in 2005-2007 from national surveillance of nosocomial septicaemia®!, and for Slovakia
with the average percentage of resistance for the EU, Iceland and Norway.

The number of infections due to the selected antibiotic-resistant bacteria (with the exception of vancomycin-
resistant £. faecium and penicillin-resistant S. pneumoniae) from the three other main body sites (respiratory tract,
skin and soft tissue and urine), was estimated by applying correction factors corresponding to the relative
distribution of infections from these body sites compared to bloodstream, as reported in published literature [21-
22].

For third-generation cephalosporin-resistant £. coli, the same relative distributions as for third-generation
cephalosporin-resistant K. pneumoniae were used [22]. For vancomycin-resistant £. faecium, the three other main
body sites considered were: abdomen (abdominal infections), skin and soft tissue (wounds) and urine [23]. For
penicillin-resistant S. pneumoniae, the only other body site considered was respiratory tract [24]. Parameters used
to estimate the number of infections are shown in Annex B1.

The total number of infections due to the selected antibiotic-resistant bacteria was obtained by adding the number
of invasive infections (mainly bloodstream) and of infections from the three other main body sites (respiratory
tract, skin and soft tissue and urine).

Number of extra deaths due to these infections
Attributable mortality corresponds to the percentage of deaths that are attributable to infection with an antibiotic-
resistant isolate of a given bacteria as compared with infection with an antibiotic-susceptible isolate of the same

® http://epp.eurostat.ec.europa.eu

10 http://www.rivm.nl/earss/database/

1 http://www.iph.fgov.be/nsih/surv_sep/beschrijving_fr.asp
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bacteria when all other possible causes of deaths have been controlled for. It was calculated with the formula:
attributable mortality = ((relative risk -1)/relative risk) x crude mortality. For each selected antibiotic-resistant
bacteria, data for calculating attributable mortality of bloodstream infections were obtained from published studies
[19,22-23,25-26]. Such data were not available for penicillin-resistant S. pneumoniae. When only attributable
mortality of bloodstream infections was available from published studies, attributable mortality was estimated by
applying correction factors corresponding to the relative mortality of nosocomial infections from these body sites
compared to nosocomial bloodstream infection [27]. Parameters used to estimate the number of extra deaths are
shown in Annex B1.

The number of extra deaths due to the selected antibiotic-resistant bacteria was estimated by applying
attributable mortality to each of the estimates of the number of infections described above.

Number of extra hospital days due to these infections

Extra days spent in a hospital are a direct, short-term effect of infections due to antibiotic-resistant bacteria. For
each selected antibiotic-resistant bacteria, the extra length of hospital stay for each infection was estimated as the
difference between the average length of hospital stay in patients infected with an antibiotic-resistant isolate of a
given bacteria to the average length of hospital stay in patients infected with an antibiotic-susceptible isolate of
the same bacteria, as reported in published studies selected because they controlled for other factors affecting
length of hospital stay such age, sex, comorbidities, severity of underlying diseases, antibiotic therapy and
appropriateness of antibiotic therapy [18,23,25,28-29]. For carbapenem-resistant P. aeruginosa, the extra length
of hospital stay for bloodstream infections was used for all infections [25]. Such data were not available for
penicillin-resistant S. pneumoniae. Parameters used to estimate the number of extra hospital days are shown in
Annex B1.

The number of extra hospital days due to the selected antibiotic-resistant bacteria was estimated by applying the
extra length of hospital stay to each of the estimates of the number of infections described above.

2.2.5 Assessment of the economic burden of infections caused by the
selected antibiotic-resistant bacteria in 2007

Principles of cost calculations
Cost-of illness analyses involve the identification, measurement and valuing of resources related to an illness.

The principal features of this study were:

. Time frame: Year (2007)

. Perspective: Societal

. Methodology: Standard prevalence-based
. Approach: Bottom-up

An annual time frame was considered whereby all costs within the most recent year for which data were available
were measured. The reference year was 2007, the most recent year for which EARSS data were available. The
most recently reported year was used for those few instances where 2007 data were not available.

A societal perspective was adopted considering direct and indirect healthcare costs, as well as productivity losses
from absence from work due to illness or premature death.

A prevalence-based study was performed to estimate annual costs. In such studies, costs are measured during
one period, usually a year, regardless of the date of onset of illness.

A bottom-up approach was used because only aggregated data on the number of infections due to the selected
antibiotic-resistant bacteria were available. This approach estimates costs by multiplying the number of cases of
an illness by the unit cost of treatment of this illness.

Publications and websites from international organisations, national ministries, bodies and statistical institutes, as
well as published literature, were consulted for epidemiological and healthcare utilisation data. If no data were
found for a specific country, extrapolations were performed from data from similar countries based on gross
domestic product, population and geographical location.

Hospital inpatient care and outpatient care were included in cost calculations for healthcare services. Activities
aiming at the prevention of patient-to-patient transmission of antibiotic-resistant bacteria such as the search-and-
destroy approach for MRSA that is actually being performed in some EU countries, e.g. the Netherlands, but is not
routine in all EU Member States, were not included.

Non-health service costs include productivity losses, informal care costs, patient travel costs and out-of-pocket
expenses. Little data is available on informal care, patient travel and out-of-pocket expenses. As a consequence,
only productivity losses from absence from work due to illness or premature death were estimated.
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Hospital inpatient care costs

Total hospital inpatient care costs were estimated by multiplying the number of extra hospital days, as calculated
above, by an average cost for a hospital day in the EU in 2007 of EUR 366. The average cost of a hospital day was
obtained from the European Commission [30] and converted to 2007 prices using the health component of the
harmonised index of consumer prices (HICP)*2.

Outpatient care costs

In this study, outpatient care corresponded to one consultation with a general practitioner after hospital discharge.
An estimate of the cost of this consultation was obtained from published literature [31]. These data were not
available for Bulgaria and Romania, Iceland and Norway, for which costs of similar countries were used. All costs
were converted to 2007 prices using the health component of the harmonised index of consumer prices (HICP)*3.

Productivity losses
Productivity losses include the foregone earnings from absence from work due to illness or premature death.

For each country, productivity losses due to absence from work were estimated by multiplying the number of days
being absent from work due to infection with an antibiotic-resistant bacteria by the daily earnings and employment
rates in 2007, assuming that the number of days being absent from work was equal to the number of extra
hospital days due to the infection. A friction period, i.e. the period until another worker from the pool of
unemployed has fully replaced the worker who is absent due to illness, was not taken into account because
absence from work due to infection is generally not long enough for a worker to be replaced.

Productivity losses from premature deaths from infection due to antibiotic-resistant bacteria correspond to the
likely earnings that patients who died would otherwise have received from paid employment. For each country,
they were estimated by calculating age-specific products of the following:

. estimated number of extra deaths attributable to antibiotic-resistant bacteria in 2007;
. population distribution in 2007, by age;

. probability of dying, by age;

. number of remaining work years at time of death, by age;

. average annual gross earning in 2007; and

. employment rate in 2007,

Because these productivity losses will be incurred in the future, earnings were discounted using a 3.5% annual
rate to obtain present values [32]. Additionally, since the age distribution of patients with an infection due to
antibiotic-resistant bacteria is different from that of the general population and skewed towards older age, a
correction factor of 0.37 was applied, based on the percentage of individuals aged less than 65 years in the
genera{spopulation and among patients with a healthcare-associated infection as reported in a national prevalence
survey=.

Total productivity losses were obtained by adding productivity losses for each selected type of antibiotic-resistant
bacteria and for each country.

2.3 Results

2.3.1 Antibiotic resistance situation in 2007 and trends

The population-weighted, average proportions (percentages) of resistant isolates among the selected bacteria are
presented in Figure 2. This is an attempt to summarise the general antibiotic resistance situation in the EU,
Iceland and Norway. However, for each selected antibiotic-resistant bacteria, there were large variations between
countries from less than 1% to more than 50% resistant isolates in many instances. These maps, as well as
graphs presenting the distribution of country data, are presented in Figures 3 and 4.

Methicillin-resistant Staphylococcus aureus (MRSA)
Overall, the average proportion of MRSA in the EU, Iceland and Norway was high (22%), although it has been
decreasing in recent years (Figure 2a). There were large intercountry variations, from less than 1% in Denmark,

12 http://epp.eurostat.ec.europa.eu/portal/page/portal/hicp/data

13 http://epp.eurostat.ec.europa.eu/portal/page/portal/hicp/data

4 Eurostat. http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home

15 http://www.invs.sante.fr/publications/2009/enquete_prevalence_infections_nosocomiales/enquete_prevalence_infections_nos
ocomiales_voll.pdf
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Iceland, Norway and Sweden to more than 25% in 10 countries (Figure 3a). Between 2005 and 2007, the
proportion of MRSA significantly decreased in eight EU Member States (Figure 3a). These decreasing trends are
likely due to increased prevention and control at national level, as documented for France, Slovenia and United
Kingdom [33-35].

Vancomycin-intermediate and vancomycin-resistant S. aureus (VISA/VRSA)

The proportion of S. aureus isolates that showed intermediate resistance to vancomycin (VISA) was very low in
the EU, Iceland and Norway. Overall, it represented less than 0.1% of S. aureus bloodstream isolates reported to
EARSS by these countries, corresponding to only four confirmed isolates, reported by France (n=1), Ireland (n=1)
and the Netherlands (n=2). No vancomycin-resistant S. aureus isolates was reported to EARSS in 2007.

Vancomyrcin-resistant Enterococcus faecium

The average proportion of Enterococcus faecium isolates that showed resistance to vancomycin was below 8% in
the EU, Iceland and Norway (Figure 2a). There was a large intercountry variation, from less than 1% in 14
countries to more than 25% in Ireland, Greece and Portugal, with very few significant variations over the period
2005-2007 (Figure 3b).

Penicillin-resistant Streptococcus pneumoniae

The average proportion of S. pneumoniae isolates in the EU, Iceland and Norway, that showed full resistance to
penicillin was 4% in 2007 (Figure 2a). Intercountry variation showed a much narrower range than for other
bacteria, with most countries reporting a proportion below 10% (Figure 3c). Only a few countries showed an
increasing or decreasing trend over the period 2005-2007 (Figure 3c).

Third-generation cephalosporin-resistant Escherichia coli

The average proportion of third-generation cephalosporin-resistant isolates among £scherichia coli — the most
common Gram-negative bacterium responsible for infections in humans — is rising steadily in the EU, Iceland and
Norway and reached 8% in 2007 (Figure 2b). Indeed, 13 countries showed a significant increase in this proportion
during the period 2005—-2007 (Figure 4a). There was a large intercountry variation in the proportion reported in
2007, from 1-5% in 12 countries to more than 25% in Romania (Figure 4a).

Third-generation cephalosporin-resistant Klebsiella pneumoniae

The average proportion of third-generation cephalosporin-resistant isolates among K. pneumoniae in the EU,
Iceland and Norway remained high (19%) in 2007 (Figure 2b). There was a large intercountry variation, from less
than 5% in Estonia, Finland, Iceland, Norway and Sweden to more than 25% in 11 countries, but only a few
countries showed increasing or decreasing trends over the period 2005-2007 (Figure 4b).

Carbapenem-resistant K. pneumoniae

Carbapenem resistance was still absent from KA. pneumoniae isolates from blood cultures in most EU Member
States in 2007 and only six countries reported such isolates. Five of these countries reported only a few isolates:
Cyprus (n=1; 3%), France (n=1; <1%), Germany (n=3; 2%), Italy (n=4; 1%) and United Kingdom (n=1; <1%).
Greece was a notable exception with 410 reported carbapenem-resistant K. pneumoniae isolates, which
corresponded to 42% of reported K. pneumoniae isolates. The situation in Greece has been attributed to the
spread of a hyperepidemic, carbapenemase-producing clone, as well as the spread of the b/a,., resistance gene
cassette and ecological pressure due to antibiotic use [13,36].

Carbapenem-resistant Pseudomonas aeruginosa

The average proportion of carbapenem-resistant isolates among A. aeruginosa in the EU, Iceland and Norway
remained high (18%) in 2007 (Figure 2b). There was a large intercountry variation, from less than 5% in Denmark,
Iceland and the Netherlands to more than 25% in the Czech Republic, Greece, Italy and Lithuania, but only a few
countries showed increasing or decreasing trends over the period 2005-2007 (Figure 4c).
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Figure 2. Population-weighted, average proportion of resistant isolates among blood isolates of
bacteria frequently responsible for bloodstream infections, EU Member States, Iceland and Norway,
2002-2007.
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Figure 3. Proportion of resistant isolates among blood isolates of Gram-positive bacteria frequently
responsible for bloodstream infections, EU Member States, Iceland and Norway, 2007 and trends for
2005-2007.
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Figure 4. Proportion of resistant isolates among blood isolates of Gram-negative bacteria frequently
responsible for bloodstream infections, EU Member States, Iceland and Norway, 2007 and trends for
2005—-2007.
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c. Carbapenem-resistant Pseudomonas aeruginosa
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2.3.2 Human burden of antibiotic resistance
The estimated human burden of infections due to the selected antibiotic-resistant bacteria is presented in Table 2.

The study confirmed that MRSA was, in 2007, the most common, single, multidrug-resistant bacterium in the EU
as per the estimated number of cases of infection due to this bacterium. However, the sum of cases of antibiotic-
resistant Gram-positive bacteria (mostly MRSA and vancomycin-resistant £nterococcus faecium) was comparable
to that of antibiotic-resistant Gram-negative bacteria (third-generation cephalosporin-resistant £. cofiand K.
pneumoniae, and carbapenem-resistant P. aeruginosa).

Overall, it was estimated that in 2007 approximately 25 000 patients died from an infection due to any of the
selected frequent antibiotic-resistant bacteria in the EU, Iceland and Norway. Notably, about two thirds of these
deaths were caused by infections due to Gram-negative bacteria. In addition, infections due to any of the selected
antibiotic-resistant bacteria resulted in approximately 2.5 million extra hospital days.

2.3.3 Economic burden of antibiotic resistance

The estimated economic burden of infections due to the selected antibiotic-resistant bacteria is presented in Table
3.

Based on the number of extra hospital days, extra in-hospital costs in 2007 were estimated at more than EUR 900
million in the EU, Iceland and Norway.

Based on 2007 data, outpatient care costs were estimated at about EUR 10 million and productivity losses due to
absence from work of infected patients were estimated at more than EUR 150 million, each year. Productivity
losses due to patients who died from their infection were estimated at about EUR 450 million each year. Overall,
societal costs of infections due to the selected antibiotic-resistant bacteria were estimated at about EUR 1.5 billion
each year.

There are many reasons to suggest that these figures correspond to an underestimate of the human and
economic burden of infections due to the selected antibiotic-resistant bacteria. These reasons are developed in the
discussion section of this chapter.
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Table 2. Estimated yearly human burden of infections due to the selected antibiotic-resistant
bacteria and percentage of this burden due to bloodstream infections, EU Member States, Iceland
and Norway, 2007.

No. cases of No. extra No. extra
infection (four deaths hospital days
Antibiotic-resistant bacteria® main types)® (% from (% from
(% bloodstream bloodstream bloodstream
infections) infections) infections)
Antibiotic-resistant Gram-positive bacteria
Methicillin-resistant Staphylococcus aureus (MRSA) 171 200 (12%) 5400 (37%) 1 050 000 (16%0)
Vancomycin-resistant £nterococcus faecium 18 100 (9%) 1 500 (28%) 111 000 (22%)
Penicillin-resistant Streptococcus pneumoniae® 3500 (27%) - -
Sub-total 192 800 (12%) 6 900 (35%) 1161 000 (16%)
Antibiotic-resistant Gram-negative bacteria
Third-generation cephalosporin-resistant Escherichia colf 32 500 (27%) 5100 (52%) 358 000 (27%)
Thlrd-gent_eratlon cephalosporin-resistant Klebsiella 18 900 (27%) 2 900 (52%) 208 000 (27%)
pneumoniae
Carbapenem-resistant Pseudomonas aeruginos& 141 900 (3%) 10 200 (7%) 809 000 (3%)
Sub-total 193 300 (9%) 18 200 (27%) 1375000 (13%)
Total 386 100 (11%) 25 100 (29%) 2 536 000 (14%)

?Data on antimicrobial resistance for Klebsiella sp. other than K. pneumoniae, Enterobacter spp. and Acinetobacter spp. were not
avallable from EARSS. Although coagulase-negative staphylococci as well as beta-haemolytic and viridans streptococci are
among the 10 most common bacteria isolated from blood cultures [20], they were excluded from the study because reliable
resistance data are not available for these bacteria.

“Bloodstream infections, lower respiratory tract infections, skin and soft tissue infections and urinary tract infections.
‘Most fully penicillin-resistant Streptococcus pneumoniae isolates are resistant to both penicillin and macrolides.
Resistant to cefotaxime or ceftriaxone or ceftazidime.

Resistant to imipenem or meropenem.

"-, could not be calculated

Table 3. Estimated yearly economic burden of infections (four main types?®) due to the selected
antibiotic-resistant bacteria, EU Member States, Iceland and Norway, 2007.

Productivity Productivity

Antibiotic- Extra Extra losses due to
. . . . losses due to . Overall costs
resistant in-hospital outpatient absence from patients who (EUR)
bacteria® costs (EUR) costs® (EUR) Kk (EUR died from their
work ( ) infection (EUR)

Antibiotic-resistant
Gram-positive 424 700 000 5 500 000 91 100 000 145 600 000 666 900 000
bacteria
Antibiotic-resistant
Gram-negative 503 100 000 4 500 000 59 300 000 300 300 000 867 200 000
bacteria
Total 927 800 000 10 000 000 150 400 000 445 900 000 1 534 100 000

“Bloodstream infections, lower respiratory tract infections, skin and soft tissue infections and urinary tract infections.

bGram-positive bacteria: methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus faecium. Data
for penicillin-resistant Streptococcus pneumoniae were not avalflable. Gram-negative bacteria: third-generation cephalosporin-
resistant Escherichia coli and Klebsiella pneumoniae (7.e., resistant to cefotaxime or ceftriaxone or ceftazidime) and carbapenem-
resistant Pseudomonas aeruginosa (7.e., resistant to imjpenem or meropenem)).

Data on antimicrobial resistance for Klebsiella sp. other than K. pneumoniae, Enterobacter spp. and Acinetobacter spp. were not
avallable from EARSS. Although coagulase-negative staphylococci as well as beta-haemolytic and viridans streptococci are
among the 10 most common bacteria isolated from blood cultures [20], they were excluded from the study because reliable
resistance data are not avaflable for these bacteria.

‘Visit to general practitioner.
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2.4 Discussion

This is the first study that provides an overview of overall trends in antibiotic resistance, as well as estimates of
the human and economic burden of infections due to antibiotic-resistant bacteria in the EU, Iceland and Norway.
For the study, certain antibiotic-resistant bacteria were selected because they represent markers for resistance to
multiple antibiotics. Multidrug-resistant bacteria represent a challenge for therapy since the number of antibiotics
that remain active and can be used for treatment is limited.

The study showed that the average proportion of MRSA among S. aureus from bloodstream infections, although
on average high, has levelled out and even decreased in several countries; a phenomenon that has already been
reported by EARSS [17]. Since, in EARSS, the proportion of MRSA is correlated with the incidence of MRSA
bloodstream infections [17], this suggests that the incidence of MRSA bloodstream infections is currently
decreasing in these countries. Despite this trend, the study also indicated that MRSA was the most common single
multidrug-resistant bacterium in the EU, Iceland and Norway. Other common antibiotic-resistant Gram-positive
bacteria contributed to a much smaller fraction of the burden of antibiotic-resistant bacteria, although there were
variations between countries.

The study also showed that the average proportion of antibiotic-resistant Gram-negative bacteria was high or
increasing in the case of third-generation cephalosporin-resistant £. coli. These findings corroborate those of
independent analyses from EARSS and other reports in the literature showing that infections caused by multidrug-
resistant Gram-negative bacteria are becoming increasingly frequent in Europe [11-13,17,37]. Considering this
current trend, it is likely that the human and economic burden caused by antibiotic-resistant Gram-negative
bacteria will outweigh that of antibiotic-resistant Gram-positive bacteria such as MRSA and will represent a major
challenge to appropriate therapy, prevention and control in the foreseeable future.

The number of deaths attributable to infections due to the selected antibiotic-resistant bacteria in the EU, Iceland
and Norway was estimated at approximately 25 000 each year; two-thirds being due to Gram-negative bacteria.
As a comparison, each year in the EU, about 48 000 persons are killed in a road accident®, about 37 000 patients
die as a direct consequence of a hospital-acquired infection and an additional 111 000 die as an indirect
consequence of the hospital-acquired infection [38].

For the United States, the Centers for Disease Control and Prevention made similar estimates of about 99 000
deaths associated with a healthcare-associated infection [39] and 12 000 deaths associated with either MRSA, VRE
or Clostridium difficile each year [40]. Although they are within the same range, data from the EU and the United
States are not immediately comparable since different bacteria were included (e.g. Clostridium difficile was not
included in the EU study) and US data include cases where antibiotic-resistant bacteria directly and indirectly
contributed to patient death whereas this EU study only considered directly attributable deaths.

This study has several limitations. Although EARSS provides the most comprehensive database on antibiotic
resistance in Europe, the system itself has some limitations. EARSS does not centrally test bacterial isolates.
Efforts are made by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) and EU Member
States to standardise antimicrobial susceptibility testing in Europe. EARSS organises regular external quality
assessment exercises to foster improvement of antimicrobial susceptibility testing in laboratories that participate in
EARSS. Nevertheless, EARSS relies on data as reported by Member States according to the EARSS protocol. For
some Member States, population coverage is low and EARSS data are not yet geographically representative of the
country. Updated data on the estimated population covered by EARSS for each type of bacteria were obtained
directly from country representatives in the EARSS network. These data, however, often represent a broad
estimate (‘best estimate’) of population coverage by the EARSS network in each country. Data were missing for
only a few countries in the EARSS database. For this study, missing data were replaced by data from the closest
available year or by an estimate based on an EU median or average. The number of antibiotic-resistant bacteria
included in this study was limited to those bacteria included in EARSS. In particular, EARSS does not perform
surveillance of extensively drug-resistant or pandrug-resistant bacteria, i.e. bacteria that are almost totally or
totally resistant to antibiotics, which are currently emerging in the EU [14]. Finally, many parameters used in the
study were extracted from published literature and may not exactly reflect the value of these parameters in each
EU Member State, Iceland and Norway in 2007.

The costs of infections due to the selected antibiotic-resistant bacteria for the EU, Iceland and Norway were
estimated at about EUR 1.5 billion each year, with more than EUR 900 million corresponding to hospital costs.
Because these costs are based on many assumptions, a nomogram is provided in Annex B1, which allows to
calculate yearly in-hospital costs using other values for the total number of infections, the average extra length of

16 http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home
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hospital stay per infection and the average cost per hospital day, thus providing a means of testing the sensitivity
of the estimates in this study.

In the US, the US Office of Technology Assessment estimated the hospital costs for five major groups of hospital-
acquired infections due to antibiotic-resistant bacteria at USD 1.3 billion (in 1992 dollars) [41]. More recently,
Spellberg et al. [42] estimated the societal costs of infections due to one single type of antibiotic-resistant bacteria,
i.e. multidrug-resistant P. aeruginosa, at USD 2.7 billion each year in the US. However, cost comparisons with the
US should be made with caution since healthcare is more costly in the US than in the EU [43].

Despite the limitations described earlier, there are many reasons to believe that the human and economic burden
of antimicrobial resistance for the EU from this study corresponds to an underestimate. Firstly, population
coverage data obtained directly from country representatives in the EARSS network may be overestimated
because, in many countries, catchment populations of participating hospitals frequently overlap, which leads to
underestimating the total number of infections from these population coverage data. Secondly, data on infections
in outpatients are not reported to EARSS and could not be included. This, in particular, includes bacteria such as
Neisseria gonorrhoeae, for which resistance to first-line agents is increasing in Europe. Thirdly, although the study
focused on selected antibiotic-resistant bacteria, there are several other antibiotic-resistant bacteria, e.g.
multidrug-resistant Enterobacter spp., Acinetobacter spp. and coagulase-negative staphylococci that are often
responsible for healthcare-associated infection and for which data were not available from EARSS. Fourthly, the
study only considered the four main body sites of infection (bloodstream, lower respiratory tract, skin and soft
tissue and urinary tract), thus slightly underestimating the number of infections for each of the selected antibiotic-
resistant bacteria.

In addition, there are several reasons, other than the above stated underestimation of the number of infections, to
believe that the results of the economic burden analysis correspond to an underestimate. Many patients with an
infection due to antibiotic-resistant bacteria require intensive care and incur substantially higher hospital costs,
since the cost of a day in an intensive care unit is more than twice that of the average cost for a hospital day
considered in this study [44]. Infections due to antibiotic-resistant bacteria generally require antibiotics that are
more costly than for infections with susceptible bacteria, and these antibiotic costs were not considered. Moreover,
in the absence of rapid point-of-care diagnostic tests for multidrug-resistant bacteria, these costly antibiotics are
also used empirically to treat many patients with a suspected infection with a multidrug-resistant type of bacteria.
These costs were not included. Indirect costs after discharge from the hospital — such as informal care, patient
travel and out-of-pocket expenses — were not considered. The costs related to possible disabilities following the
infection were also not considered. Finally, the costs of infection control and prevention strategies, such as the
search-and-destroy approach for MRSA, were not considered.

In conclusion, and despite its limitations, this study showed that overall, antibiotic resistance in the EU, Iceland
and Norway is high, sometimes increasing, and its human and economic consequences are serious. Considering
current trends, it is likely that the burden of antibiotic-resistant bacteria will soon shift towards an increasing
prevalence of antibiotic-resistant Gram-negative bacteria such as third-generation cephalosporin-resistant
Enterobacteriaceae and carbapenem-resistant non-fermentative Gram-negative bacteria.
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3 Analysis of the research and development
pipeline of antibacterial agents

Most relevant findings

. Fifteen systemically administered antibacterial agents with a new mechanism of action or directed against a
new bacterial target were identified as being under development with a potential to meet the challenge of
multidrug resistance. Most of these were in early phases of development and were primarily developed
against bacteria for which treatment options are already available.

. There is a particular lack of new agents with new targets or mechanisms of action against multidrug-
resistant Gram-negative bacteria. Two such agents with new or possibly new targets and documented
activity were identified, both in early phases of development.

3.1 Introduction

Recent reports suggest that drug development will not adequately address the problems posed by the increasing
frequency of antibiotic resistance among common bacterial pathogens [4,45-46]. In contrast, there are other
reports that paint a more optimistic picture of the future availability of new antibacterial agents [47-48].

Hence, the aim of this study was to document and characterise the activity of those antibacterial agents that had
entered clinical development as accurately and as comprehensively as possible based on information in the public
domain. The focus was on antibacterial agents with potential to be clinically active against at least one of the
selected panel of antibiotic-resistant bacteria of public health interest. Special emphasis was placed on agents
being developed for systemic administration that also appeared to have a new bacterial target and/or a new
mechanism of action.

3.2 Methods

3.2.1 Selection of bacteria

In accordance with the trends and burden analysis (see Chapter 2), the same panel of antibiotic-resistant bacteria
was selected for the pipeline analysis:

. Methicillin-resistant Staphylococcus aureus (MRSA)

. Vancomycin-intermediate and vancomycin-resistant S. aureus (VISA/VRSA)
. Vancomycin-resistant £nterococcus spp. (VRE)

. Penicillin-resistant Streptococcus pneumoniae (PRSP)

. Third-generation cephalosporin-resistant Enterobacteriaceae (ENB)

. Carbapenem-resistant Enterobacteriaceae

. Carbapenem-resistant non-fermentative Gram-negative bacteria

3.2.2 Pipeline database search

In a joint undertaking between EMEA (London, United Kingdom) and the Strategic Policy Unit of ReAct at Duke
University (Durham, North Carolina, United States), a pipeline search was carried out on 14 March 2008.

Selection of databases

Three commercial databases were identified for the analysis of the R&D pipeline: Pharmaprojects (T&F Informa
UK Limited, London, UK), Adis Insight R&D (Wolters Kluwer Health, Amsterdam, NL) and BioPharm Insight
(Infinata, Norwood, MA-USA). A pilot sensitivity analysis was performed, following a two-step approach, which
compared Pharmaprojects with Adis Insight R&D and Pharmaprojects with BioPharm Insight. The first step
consisted of a search for antibacterial agents that had reached phase 11 of clinical development for any given
indication. The second step consisted in evaluating the results obtained in a search for antibacterial compounds in
phases I-111 of development. The combination of Pharmaprojects with Adis Insight R&D was chosen based on the
higher yield provided by this search (see results). The criteria of inclusion into these databases are described in
Annex B2.
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Search strategy

The database searches followed the Anatomical Therapeutic Chemical (ATC) classification systems of either
Pharmaprojects or EphMRA (European Pharmaceutical Market Research Association) for Adis Insight R&D. Both
databases were searched for antibacterial agents that had reached phase I, Il or 111 clinical trials. Due to
differences in the classification of the databases consulted, the search for antibacterial agents in Adis Insight R&D
database had to be extended to include topical antibacterial agents.

The search also included agents for which an application to at least one regulatory agency had already been made.
Agents with a status of ‘no development reported’ or ‘discontinued’ according to the database definitions were
excluded. Agents that had reached clinical trials but were reported as suspended (i.e. put on hold rather than
definitely discontinued) were considered to be still under active development, in accordance with the definition by
Pharmaprojects (Janet Beal, personal communication) and were therefore included in the search. Details on the
relevant definitions used by each of the pipeline database companies can be found in Annex B2.

Pooled dataset

The results produced by the database searches were matched by compound name, synonyms and originator in
order to avoid duplicate entries and to highlight any inconsistencies (e.g. misclassifications) in the dataset. If
differences on the development phase of the agent were found between the databases, the most advanced phase
reported was included in the analysis. Where compounds were marked as ‘discontinued’ or ‘no development
reported’ in one of the databases, but not in the other, these were considered as still being under active
development. Agents reported as ‘suspended’ in one database but under a clinical phase of development on the
other were included in the pooled dataset as being under clinical development.

Sensitivity analysis

To check the completeness of the data, PubMed was searched for literature relevant to the topic, published from
January 2006 through January 2009, using the following Boolean combinations of Medical Subject Headings
(MeSH) terms, as well as the search terms previously described by Talbot et a/. [7]: (((("Anti-Bacterial
Agents/therapeutic use"[Mesh] AND "Bacteria/drug effects"[Mesh]) AND "Bacterial Infections/drug
therapy“[Mesh]) AND "Drug Resistance, Bacterial"[Mesh]) OR ("Anti-Bacterial Agents"[Mesh] AND "Drugs,
Investigational”[Mesh])) AND "Humans"[Mesh] AND anti-bacterial agents[Substance Name] OR "antimicrobial drug
development” OR "investigational antimicrobials" OR "novel antimicrobials”. Only PubMed-designated reviews
published in English were examined. Agents identified through this search were then checked for fulfilment of the
inclusion criteria in the Adis Insight R&D database.

3.2.3 Assessment strategy

Scope and inclusion criteria
The agents identified by the searches were divided into two categories: new active substances or new
presentations of licensed antibacterial agents, as defined below:

New active substances — All unlicensed (anywhere in the world, to the knowledge of the working group of this
report) antibacterial chemical and biological agents with a direct antibacterial effect on at least one of the selected
bacteria were considered for further analysis. Agents which had a mechanism of action involving only
immunomodulation, vaccines and monoclonal antibodies were excluded.

New presentations of licensed antibacterial agents — Unlicensed presentations of approved active agents were
considered for further analysis if there were data to suggest that the new presentation might be active against at
least one of the selected bacteria.

Agents in both of the above categories were excluded from the analysis if they were being developed only to treat
bacteria not included in the target list (e.g. those that were apparently under development only to treat
tuberculosis, Helicobacter pylori, Chlamydia trachomatis or non-bacterial pathogens such as Plasmodium spp.).

Outcome parameters — best case scenario

The two outcome parameters considered for the assessment were the spectrum of /n vitro activity and novelty of
the agent using the approaches and definitions given below. Any information available in the databases or found
in the public domain was taken into account.

In vitro activity of each agent against the selected bacteria was assigned based on the following approaches:

. Actual data on /n vitro activity were reviewed whenever available. If actual data on /n vitro activity were not
reported for an agent against any of the selected pathogens then assumptions were made regarding likely
activity based on the properties of the antibiotic class or of the mechanism of action involved.

. The assessment of /n vitro activity disregarded any known potential for cross-resistance and co-resistance.
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. While /n vitro activity alone cannot predict /n vivo efficacy, it was decided not to take into account any
available pharmacokinetic data or PK/PD analyses when scoring the antibacterial activity of agents since
the amount of data available was very variable.

. However, if there was already information available on non-clinical or clinical efficacy, these data were
factored into the assessment.
. In the case of new agents intended for topical or inhalational administration and new presentations and/or

routes of administration of licensed antibacterial agents, the assessment took into account the possibility
that very high local concentrations of drug might occur. In the case of licensed agents, the antibacterial
spectrum was sometimes considered to be possibly extended beyond that associated with systemic
administration of the licensed product.

The assignment of /n vitro activity, which took into account available data together with assumptions based on
class properties or mechanisms of action as well as the route of administration, took the most optimistic view of
what the new agent might be able to achieve and represents a ‘best case scenario’.

Novelty was rated according to the following:

a) Substance that acts on the same target as that of at least one previously licensed antibacterial agent;

b) Substance with a known mechanism of action that likely acts on a new target. Agents displaying a broader
range of activity than earlier agents from the same class, implying different target range, were also
included here, e.g. beta-lactam agents with activity against MRSA were assumed to be able to bind to PBP
2' (PBP 2a). In some cases it was acknowledged that activity reported against organisms resistant to earlier
agents from the same class might not actually represent a different target range but could be due only to
evasion of resistance mechanisms by the new agent. However, in the absence of information to allow for
differentiation, these agents have been counted in this category. In addition, beta-lactamases that
appeared to inhibit enzymes not inhibited by licensed inhibitors were also included in this category;

C) Substance with a new mechanism of action known or very likely.

Assessment procedure

Anti-infective compounds identified by the searches were divided into five batches and each batch was allocated
to a team of two reviewers, including one from the working group and one external reviewer selected for their
experience in the field. Reviewers were unaware of the identity of their team counterparts. Each reviewer
independently assessed their allotted list of agents and assigned to each an antibacterial spectrum of activity and
a level of novelty using the approaches and definitions detailed above. All assessments were discussed in the
ECDC/EMEA Joint Working Group in order to resolve any discrepancies between reviewers’ opinions.

3.3 Results

3.3.1 Selection of databases based on pilot sensitivity studies

In the first step of the sensitivity analysis (i.e. based upon antibacterial agents that had reached at least phase 11
of clinical development), combining the results from the Pharmaprojects and Adis Insight R&D databases resulted
in an increase in the number of identified agents by 10%. In the second step of the sensitivity analysis, the
addition of information from the BioPharm Insight database into the Pharmaprojects database provided no
additional information.

3.3.2 Pooled dataset

The results from the searches for antibacterial agents, including topical agents, in phases I, 11, Il1l and pre-
registration were pooled and matched as described above. In total 167 agents were identified through the
searches and were examined by the reviewers.

3.3.3 Sensitivity analysis

The search for information on antibacterial agents in development yielded 320 PubMed-designated review articles
of which 29 were considered relevant and were subsequently analysed. The only extra agent that potentially
fulfilled the study inclusion criteria was the novel efflux-pump inhibitor MP-601,205 [49]. However, this agent does
not possess any direct antibacterial activity by itself and at the time of the data search, no clinical study involving
co-administration of this efflux pump inhibitor with an antibacterial agent had commenced. Therefore it was
excluded from the analysis.
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3.3.4 Overall findings

After completion of the assessment by the reviewers, 90 out of 167 agents in the pooled dataset were considered
to fulfil the inclusion criteria for the analysis. Of these 90 agents, 24 were new presentations of licensed
antibacterial agents and 66 were new active substances (see also flow chart Annex B2).

3.3.5 New presentations of licensed antibacterial agents

Of the 24 new presentations of licensed antibacterial agents, 11 were assigned /n vitro activity that went beyond
the known spectrum of activity of the licensed presentation based on optimistic assumptions of what might be
achieved by using a different route of administration. These 11 agents comprised topical or inhalational
presentations of ciprofloxacin, tobramycin or amikacin, mainly being developed for A. aeruginosa infection. They
were assessed as possibly having activity against PRSP based on the higher concentrations that could be achieved
in the eye or in the respiratory tract. A list of those 11 agents is provided in Annex B2 (List A).

3.3.6 New active substances

Of the 66 new active substances, 30 (45%) were in phase | of development, 16 (24%) in phase 1l, nine (14%) in
phase 111, eight (12%) had been filed with a regulatory agency and three (5%) were reported to have been
suspended from further development. Twenty-seven (41%) of these 66 compounds were assessed as having
either a new target or a new mechanism of action, thus displaying some degree of novelty (Figure 5). A list of
those 39 agents that were assessed as acting on the same target via the same mechanism of action as that of at
least one previously licensed antibacterial agent is provided in Annex B2 (List B).

Figure 5. Novelty of new antibacterial agents which, in a best-case scenario (/n vitro activity based
on actual data and assumed /n vitro activity based on known class properties or mechanisms of
action), could have activity against the selected bacteria (n=66, as of 14 March 2008).

[0 Same target as other licensed agents

[ New target likely

39
[l New mechanism of action likely

An analysis by route of administration (Figure 6) showed that, at the time of the search, 50 of these 66 agents
were formulated for systemic administration (34 for oral and 33 for parenteral administration).

Figure 6. Route of administration® of new antibacterial agents which, in a best-case scenario (in
vitro activity based on actual data and assumed /in vitro activity based on known class properties or
mechanisms of action), could have activity against the selected bacteria (n=66, as of 14 March
2008).

Systemic | Total=50
Topical S D roai=23
Inhalation [ 1oia=1
0 10 20 30 40 50 60
@ Only parenteral O Both oral with systemic absorption and parenteral

[0 Only oral with systemic absorption M Only topical
[ Both oral non-systemically absorbed and topical [0 Only oral non-systemically absorbed

O Inhalation

2 Some agents have several possible routes of administration.
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A list of agents with new mechanism of action or new target and topical administration can be found in Annex B2
(List C). Agents that have a new mechanism of action or a new target and that can be systemically administered
are shown in Figure 7. It should be noted that the 15 agents in this figure result from adopting the best-case
scenario approach described above, i.e. taking into account the agents with actual data available and also those
with the likelihood of activity based on known class properties or mechanisms of action.

Figure 7. New systemic antibacterial agents with new target or new mechanism of action and /in
vitro activity against selected bacteria based on actual data (¢) or assumed activity based on known
class properties or mechanisms of action (¢), by phase of development (n=15, as of 14 March 2008).
Total represents the number of agents active against each of the selected bacteria in a best-case
scenario.

Name Gram-positive bacteria = Gram-negative bacteria EEa Gt

of agent VISA/VRSA PRSP VRE  ° S%'Lgep' Carb. R ENB Carg'NFé A development
WAP 8294A2 1

PZ-601* |

ME 1036 |

NXL 101 1

Friulimicin B |

Oritavancin Filed
Telavancin Filed
Ceftobiprole medocaril" Filed

. .
Ceftaroline fosamil 1

Tomopenem® o 1"
hLF1-11 [ ) () o 1
Lactoferrin [ ) [ ) o |
Talactoferrin-alfa o o [ ) o [ ) 1
Opebacan [ ) o o 1
NXL 104/ceftazidime® I

12 9 8 5 3 2 2

[ 1 3 1 1 4 4 4

Total 13 12 9 6 7 6 6

Abbreviations:

— 3rd Gen Cep. R ENB. Third-generation cephalosporin-resistant Enterobacteriaceae
— Carb. R ENB: Carbapenem-resistant Enterobacteriaceae

— Carb. R NF GNB: Carbapenem-resistant non-fermentative Gram-negative bacilli

* Are no more active than earlier carbapenems against Gram-negative bacteria. The relative novelty of these agents was based
on a better profile of activity against antibiotic-resistant Gram-positive bacteria.

1 Reported MRSA activity suggests a different binding profile to PBPs than currently licensed cephalosporins.

7 Reported activity against bacteria resistant to earlier carbapenems might not actually represent a different target range but
could be due only to evasion of resistance mechanisms by the new agent.

§ Ceftazidime Is a licensed cephalosporin. Only the beta-lactamase inhibitor NXL104 displays additional enzyme inhibition
resulting in a broader range of activity than earlier agents.

Note: Phase of development refers to the highest phase of development, regardless of indication.

Table 4 describes the individual characteristics of the antibacterial agents presented in Figure 7.
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Table 4. New systemic antibacterial agents with new target or new mechanism of action and in vitro
activity based on actual data or assumed based on known class properties or mechanisms of action
against the selected bacteria (n=15, as of 14 March 2008).

Name of agent Mechanism of action (MoA) Degree of novelty Route of administration*

WAP 8294A2 Membrane integrity antagonist New MoA 1V, Top

PZ-601 Cell wall synthesis inhibitor New target I\

ME 1036 Cell wall synthesis inhibitor New target \%

NXL 101 DNA gyrase inhibitors / New MoA 1V, PO
DNA topoisomerase inhibitor

Friulimicin B Cell wall synthesis inhibitor New MoA \%

Oritavancin Cell wall synthesis inhibitor New target 1V, PO
Membrane integrity antagonist

Telavancin Cell wall synthesis inhibitor New target v
Membrane integrity antagonist

Ceftobiprole medocaril | Cell wall synthesis inhibitor New target \%

Ceftaroline fosamil Cell wall synthesis inhibitor New target \%

Tomopenem Cell wall synthesis inhibitor New target \%

hLF1-11 Chelating agent / immunomodulation New MoA 1V, PO

Lactoferrin Chelating agent / immunomodulation New MoA 1V, PO

Talactoferrin-alfat Chelating agent / immunomodulation New MoA PO, Top

Opebacant Membrane permeability New MoA \%
enhancer/immunomodulation

NXL104/ ceftazidime | Beta-lactamase inhibitor + cell-wall synthesis New target v
inhibitor

* Information on routes of administration is uncertain in early drug development.

1 Agents with only assumed in vitro activity.

3.4 Discussion

This study is believed to be the first systematic review of available commercial databases that compile publicly-
available information on antibacterial agents in clinical development.

The focus of the study was to give a detailed description of agents with some degree of novelty. Thes