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Introduction

Antibiotics have revolutionised medicine: Today, deadly
infections such as meningitis and pneumonia can be treated
by appropriate antibiotics with a treatment success rate
of up to 90%. Diseases such as tuberculosis, plague and
many others are almost “forgotten” in the western hemi-
sphere as diseases that heavily influenced not only the in-
dividual, but society at large. Thanks to the development
of antibiotics, “it is time to close the book on infectious
diseases, and declare the war against pestilence won”, a
statement reportedly made by the US Surgeon General.
Depending on the source, the quote is dated 1969 [1].
However, Alexander Fleming already feared the emer-
gence of penicillin resistance, which was observed less
than 10 years after he received the Nobel Prize for his dis-
covery. In the last century, the development of new classes
of antibiotics allowed success in the fight against the emer-
gence of antimicrobial resistance, as antibiotics were de-
veloped more quickly than resistance emerged. However,
this rapid growth in the development of antibiotics came to
an end in the last decade of the last century.

Emergence of antimicrobial resistance is an inherent risk
of any antimicrobial therapy: it can lead to the selection
of a resistant subpopulation or increase the risk of acquir-
ing genetic elements such as plasmids from other bacte-
ria to escape the antimicrobial exposure. Stuart Levy called
the immediate beneficial impact on health at the expens-
es of severe, perhaps irreversible effects on bacterial popu-
lations by selection of resistant (sub)populations “the An-
tibiotic Paradox”, which finally results in novel threats for
global health [2]. In 2015, governments adopted a global
action plan at the World Health Assembly, which was fol-
lowed by a political declaration from the United Nations
G eneral Assembly. Today, antimicrobial resistance is on
the agendas of the G7 and G20 groups [3]. The World
Health Organization (WHO) even declared antimicrobial
resistance to be one of the top 10 global public health
threats [4].

This paper focuses on bacterial resistance only, but the
problem extends to fungi [5], viruses [6] and parasites
[7], as well as to disinfectants [8]; For example, resistance
to zidovudine rapidly emerged during the very first at-
tempts to treat human immunodeficiency virus (HIV) in-
fection. However, defining antimicrobial resistance in fun-
gi or viruses is much more complex than for bacteria [9,
10] and beyond the scope of this paper.

Global burden of bacterial antimicrobial
resistance

In 2019, an estimated 4.95 million global deaths were asso-
ciated with antimicrobial resistance, with 1.27 million di-
rectly attributed to multidrug resistant organisms in 2019
[11]. Jim O’Neill reported in a review on antimicrobial re-
sistance that it is estimated that by 2050 10 million deaths
per year will be attributable to antimicrobial resistance and
a cumulative 100 trillion USD of economic output are at
risk due to the rise of drug-resistant infections [12]. How-
ever, this statement has been challenged as an exaggeration
[13].

The WHO has published a list of multiresistant pathogens

where the need of development of new effective antibiotics
is stratified by the microorganism (table 1) [14].

The highest burden of antimicrobial resistance is observed
in low-income countries [11]. But multidrug resistant or-
ganisms — in particular plasmid-borne carbapenemase-pro-
ducing Enterobacterales — are also found in India, in waste-
water samples as well as drinking water supplies [15].
Even colistin resistance was detected in this country, one of
the last effective drugs against multidrug resistant organ-
isms [16].

Basically, antimicrobial resistance can be inherent to the
bacterial species, due to selection of resistant subpopula-

Table 1:
WHO priority pathogens list for research and development of new an-
tibiotics [14].

Priority 1:
critical

Acinetobacter baumannii, carbapenem-resistant

Pseudomonas aeruginosa, carbapenem-resistant

Enterobacteriaceae, carbapenem-resistant, ESBL-pro-
ducing

Priority 2:
high

Enterococcus faecium, vancomycin-resistant

Staphylococcus aureus, methicillin-resistant, van-
comycin-intermediate and resistant

Helicobacter pylori, clarithromycin-resistant

Campylobacter spp., fluoroquinolone-resistant

Salmonellae, fluoroquinolone-resistant

Neisseria gonorrhoeae, cephalosporin-resistant, fluoro-
quinolone-resistant

Priority 3:
medium

Streptococcus pneumoniae, penicillin-non-susceptible

Haemophilus influenzae, ampicillin-resistant

Shigella spp., fluoroquinolone-resistant

ESBL: extended spectrum beta-lactamase
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https://www.who.int/news/item/24-08-2021-world-leaders-and-experts-call-for-significant-reduction-in-the-use-of-antimicrobial-drugs-in-global-food-systems

tions during antibiotic therapy, acquired by horizontal gene
transfer or plasmids, or multidrug resistant organisms may
be transmitted from patient to patient by direct or indirect
contact, in particular in healthcare institutions.

However, farming, wastewater and others factors also con-
tribute to the exposure of the community and the environ-
ment to antibiotics. Antimicrobial use as growth promo-
tor, pre-emptive treatment of calves from different barns,
hog feeding and, in particular, chicken farms where the
whole flock is treated if some of the chickens are sick.
This selective pressure increased the risk of development
of multidrug resistant organisms: for example, Swiss broil-
er chickens are frequently colonised with Campylobacter
pylori and Escherichia coli, up to 50% being resistant to
ciprofloxacin and other classes of antibiotics. In Switzer-
land, the prevalence of methicillin-resistant Staphylococ-
cus aureus (MRSA) in pigs increased from 18% in 2012 to
54% in 2021 [17].

Not surprisingly, clonal complex ST398 spread from pigs
to pig farmers and vice versa [18, 19]. Even the soil of
the pig barns can transport MRSA by the airborne route
to neighbouring fields. [20]. In addition, sewage water can
harbour multidrug resistant organisms, be used for irriga-
tion, and finally end up in the food chain, and even be
spread to hospitals by moth flies [21, 22].

Therefore, the concept of “one health” is required to tackle
antimicrobial resistance on a large scale. Like global
warming, emergence of resistance is not an immediate
threat, but it is slowly growing to become a major threat to
global health, as well as an economic crisis, until a point of
no-return might be reached. Such long-term effects are dif-
ficult to communicate and it is even more difficult to find
funding for investigating new antibiotic classes that may
not be immediately needed for today’s infectious disease
challenges. The emergence of multidrug resistant organ-
isms continues and is likely inevitable, but we can lower
the speed of progression to gain time for drug develop-
ment.

In the past, the pharmaceutical industry continuously de-
veloped new antibiotics or derivatives of existing antibiotic
classes with an extended spectrum that was ahead of
emerging resistant bacteria. Until the last century, emer-
gence of resistance was on the radar of infectious diseases
societies but was neglected by non-specialists. But today,
the 2021 report by the WHO describes the antibacterial
pipeline “as stagnant and far from meeting global needs”.
Since 2017, only two new antibiotic classes have been ap-
proved. It is believed that this race — between emergence
of antibiotic resistance and development new effective an-
tibiotics — has currently been lost.

Antimicrobial resistance emerges over decades, but it like-
ly will need decades to develop new antibiotics to fight
new, non-treatable multidrug resistant organisms and bring
them to the market.

Why came antibiotic development almost to an
end?

In the past, pharmaceutical companies recovered research
and development costs by optimising sales and thus the
consumption of their drugs. This strategy goes against the
public health mandate to “steward” the use of antibiotics
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in order to preserve their effectiveness [23]. Physicians are
trained to preserve antibiotics, use them “wisely” and limit
the time of treatment. Society expects antibiotics to be al-
most always effective within 7 to 14 days, at very low cost
and associated with few side effects. The need for antibi-
otics is high: around 30% of all patients in Swiss hospi-
tals are exposed, at a minimum in short-term prophylaxis,
to antimicrobial prophylaxis or therapy [24, 25]. Similar-
ly, more than 30% of Swiss outpatients receive antibiotics
from their general practitioner [26]. In western countries,
almost nobody escapes antimicrobial therapy during their
lifetime. Therefore, the demand for access to effective, rea-
sonably priced antibiotics is extremely high.

During the 1980s, the number of antibiotics brought by
pharmaceutical companies into clinical development in-
creased to 39 in 1987 but had declined to 13 by 2001 [27].
In addition, time to market approval was around six years
between 1980 and 1990 but doubled to over nine years
for drugs filed at the US Food and Drug Administration
(FDA) between 2000 and 2009 [27]. Therefore, the time
of market protection after filing a patent significantly de-
creased, hence lowering the chance of selling the drug for
long enough to compensate for research and development
costs. Infectious diseases specialists in particular save new
drugs for well-defined diseases, to minimise selective pres-
sure and to ensure effectiveness for a long period of time
before resistance becomes widespread. Subsequently, use
of new antibiotics becomes widespread when the patent
has expired. The median costs to bring a new drug to FDA
approval exceed USD 1 billion [28 ], but expected ini-
tial sales are considerably less than USD 100 million/year
for new antibacterial agents [29], making research and de-
velopment of new antibiotics a very risky business. Even
worse, the company that produced an important new an-
tibiotic, meropenem/vaborbactam, which inhibits class A-
serin-carbapenemases such as Klebsiella pneumoniae car-
bapenemase (KPC), declared bankruptcy [30]. Similarly,
the company Achaogen brought plazomicin — a novel in-
travenous aminoglycoside antibiotic with activity against
carbapenem-resistant Enterobacterales — successfully to
registration in the US, but finally declared bankruptcy after
minimal revenue and sales [31]. The competitor colistin — a
very old, antibiotic with many side effects — was favoured
by users owing to its very low cost. Ceftobiprole, a fifth-
generation cephalosporin, was developed by the Swiss
company Basilea and launched in 2007, but ceftarolin
made it onto the US market despite having a smaller spec-
trum of activity [32].

Few pharmaceutical companies in the
antibiotic field

Current antibiotics are mainly off patent and the cost of
generics is very low, with the daily cost in the range of
large cappuccino in a good restaurant. Not surprisingly,
most production facilities have been outsourced: the ma-
jority of antibiotics or their basic components are produced
in India and China [33]. The only integrated production
chain for antibiotics in the Western world is in Kundl, Aus-
tria. Sandoz and the Austrian government will invest about
€150 million over the next five years to improve antibiot-
ic manufacturing at a (still) Novartis plant in Kundl. The
company claims that “60 percent of the global production
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of acid-stable penicillin” is produced in Kundl [34]. The
current crisis in the Ukraine has shown how fast the “just
in time” policy has broken down, and antibiotics are in
the top list of drug shortages in Switzerland. Surveys from
Australia and France also confirm that antimicrobials are
predominant among medicine shortages [35].

Therefore, support for the development of new antibiotics
must also include activities to provide access to currently
available antibiotics. New antibiotic classes and reserve
antibiotics should be sparingly used. Nevertheless, they
may be required to be misused when “old” antibiotics with
the optimal spectrum are out of stock. However, ensuring
the supply chain for older antibiotics is not sufficient: the
COVID-19 pandemic has clearly shown that outsourcing
not only includes the risk of lack of access, but also loss of
the know-how for emergency insourcing. It is reasonable
to keep certain manufacturing plants on a local level to en-
able rapid adaption of production in the event of a severe
crisis.

Proposals to support development of
new antibiotics

The Infectious Diseases Society of America (IDSA) pub-
lished an action plan in 2002, ultimately leading to its
“10%20” call for 10 new antibacterial antibiotics by 2020
[36]. However, its success was very limited. Many agen-
cies in the US, Europe, Canada, Australia and elsewhere
also initiated programmes to support development of new
antibiotics. The “STEDI” principles have been proposed as
a guide for developing antibiotics [27]. The acronym refers
to Spectrum (narrow to spare the microbiome and min-
imise resistance selective pressure), Transmission (agents
that reduce the spread of infectious disease), Enablement
(new antibiotics that support medical procedures beyond
curing infection, such as surgery), Diversity (investing in
a variety of anti-infective strategies), and Insurance (an-
ticipate the future need for new agents and invest in them
now). STEDI summarises an informative lens to view an-
tibiotic development. These guidelines succeeded in accel-
erating research and development of antibiotics, but there
is still a large gap in the drugs for infections where no com-
pound is commercially available. A recent example from
Switzerland is the isolation of Mycobacterium chimaera
from bloodstream infections, where even a cocktail of five
different antibiotics had only limited clinical success after
several months of treatment [37].

Proposal for innovative financial incentives for
development of antibiotics

Despite the urgent need in all fields of medicine, hardly
any innovative antibiotics have come onto the market for
decades [38]. This is because pharmaceutical companies,
when taking investment decisions, perceive the expected
market size and earning prospects for antibiotic develop-
ment candidates to be bleak. These criteria serve as proxies
for the unmet medical need and the incremental value the
treatment generates for an individual patient compared to
standard of care. Both inform the pricing negotiations with
payers.

However, traditional pricing methods have long lost their
capability to provide a financially viable incentive for an-
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tibiotics. The reasons are found both on the quantity and on
the price side of the revenue equation:

1. Treatment duration to cure a bacterial infection is —
with few exceptions — short.

2. Antibiotic stewardship measures to curb resistance-
building result in low drug sales.

3. The prevailing rates of resistance in comparator medi-
cines are not taken into account in pricing.

4. Current pricing methods do not consider the positive
external effects antibiotics may have on the safety and
effectiveness of any healthcare system.

When both the quantities of products used and achievable
prices tend to be low, the ubiquitous and most efficient al-
location mechanism of revenue = quantity x price loses
its incentivising characteristics and antimicrobial develop-
ment portfolios dwindle away. Experts refer to the “broken
market” for antibiotic innovation [39].

This observation initiated the global search for alternative
remuneration models. They require public policy involve-
ment beyond the setting of a reimbursed price, which re-
flects the state responsibility for the adequate safety and ef-
fectiveness of their healthcare systems.

Pull incentives to reignite development of novel
antibiotics

In search for alternative systems to incentivise antibiotic
development several so-called pull models have been de-
signed and are widely discussed in the international com-
munity. They aim to provide a market signal to potential
investors that newly authorised antibiotics meeting public
health priorities will be rewarded appropriately in a sus-
tainable way, independent of drug volumes sold.

Pull models implemented on a national level may bring
immediate benefits to the local healthcare system, for ex-
ample in shape of sustainable access to the antibiotics
procured under the selected model. However, in order to
accumulate the power it takes to effectively incentivise the
development of antibiotics, national efforts need to be bun-
dled on an international level, in ways still to be defined
(table 2).

Outlook for Switzerland

Two main pillars for treatment of multidrug resistant or-
ganisms are
— to delay further emergence of resistance by state-of-the

art infection control and antibiotic stewardship, and
— to support development of new antibiotics.

Table 2:
Pull incentives to re-ignite development of novel antibiotics.

Market Entry Rewards (MER) foresee fixed payments to companies
subject to the achievement of certain milestones such as marketing
authorization [40] .

Value-based revenue guarantees, including versions such as the US
Pasteur Act and the English value-based subscription model provid-
ed by the UK National Institute for Health and Clinical Excellence
(NICE). The amount of annual fixed payments to the manufacturer
are determined by the antibiotic’s value to public health.

Transferable Exclusivity Extensions (TEE) generate revenue to the
antibiotics manufacturer from extended market exclusivity granted to
any other pharmaceutical product, not necessarily an antibiotic [41].
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In Switzerland, very effective strategies have been
initiated by the Office of Public Health (OFSP): the Swiss
National Strategy on Antibiotic Resistance (“StAR”).
StAR aims to maintain the effectiveness of antibiotics
for humans and animals, and combat
Launched in 2015, it in-cludes
antimicrobial —stewardship, guide-lines
improved surveillance of antibiotic use, and incidence
of Clostridioides difficile. It is set-up in collaboration

with professional societies

(www.swissnoso.ch), the national centre for infection pre-
vention, the society for infectious diseases and microbiol-
ogy as well as ANRESIS, the Swiss Centre for Antibiotic
Resistance. STAR has been quite successful: the use of an-
tibiotics in veterinary medicine has been halved, and in hu-
man medicine, MRSA and many other multidrug resistant
organisms appear under control. In addition, uniform pre-
scribing guidelines are now in force throughout Switzer-

land.

To promote the use of pull models, more countries should
embark on the selection and piloting of a pull incentive,
and Switzerland with its first-class research, significant
pharmaceutical development capacity and respected inter-
national diplomacy should contribute. Such an engagement
would benefit Switzerland and the global antimicrobial re-

sistance-struck community alike.

The Round Table Antibiotics (https://roundtableantibi-
otics.ch), a multidisciplinary non-profit association, with
its members coming from academia, politics and industry,
supports the fight against antimicrobial resistance. It has
the interdisciplinary technical expertise and project man-
agement skills to facilitate the development and testing of
a pull incentive system in Switzerland. It provides scientif-
ic support for political stakeholders to facilitate activities

for development of new antibiotics.

In summary, antibiotics have a huge
public health as well as the economy of societies: Today,
community acquired infections can be rapidly treated,
most surgeries require effective antimicrobial prophylaxis
to reduce the risk of surgical site infections, stem-cell
transplantation is very risky without effective antibiotics
to combat neutropenic fever and decrease morbidity and
mortality in particular for healthcare-associated infections.
The loss of effective antibiotics would not only reduce
public health and the health of individual patients but also
increase the economic burden for the society by, for
example, prolonged hospitalisation and absence from the

workplace.
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