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Workshop Overview

ANTIBIOTIC RESISTANCE:
IMPLICATIONS FOR GLOBAL HEALTH AND NOVEL
INTERVENTION STRATEGIES

Infectious diseases remain among the leading causes of morbidity and mor-
tality on our planet. The development of resistance in microbes—bacterial, viral,
or parasites—to therapeutics is neither surprising nor new. However, the scope
and scale of this phenomenon is an ever-increasing multinational public health
crisis as drug resistance accumulates and accelerates over space and time. Today
some strains of bacteria and viruses are resistant to all but a single drug, and some
may soon have no effective treatments left in the “medicine chest.” The disease
burden from multidrug-resistant strains of organisms causing AIDS, tuberculosis,
gonorrhea, malaria, influenza, pneumonia, and diarrhea is being felt in both the
developed and the developing worlds alike.

The accelerating growth and global expansion of antimicrobial' resistance
(hereinafter referred to as AMR) is a demonstration of evolution in “real time” in
response to the chemical warfare waged against microbes through the therapeutic
and non-therapeutic uses of antimicrobial agents. After several decades in which
it appeared that human ingenuity had outwitted the pathogens, multidrug-resistant
“superbugs” have become a global challenge, aided and abetted by the use, mis-
use, and overuse of once highly effective anti-infective drugs. In the words of the

! In this document, “antimicrobial” is used inclusively to refer to any agent (including an antibiotic)
used to kill or inhibit the growth of microorganisms (bacteria, viruses, fungi, or parasites). This term
applies whether the agent is intended for human, veterinary, or agricultural applications.

1
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late Joshua Lederberg, humans and microbes continue to be locked in a contest
between “our wits and their genes” (Lederberg, 2000).

It should be noted at the outset of this document that the meaning of the
phrase “antimicrobial resistance” is wholly context-dependent. Most commonly,
it refers to infectious microbes that have acquired the ability to survive exposures
to clinically relevant concentrations of drugs that would kill otherwise sensitive
organisms of the same strain. The phrase is also used to describe any pathogen
that is less susceptible than its counterparts to a specific antimicrobial compound
(or combination thereof). Resistance manifests as a gradient based on genotypic
and phenotypic variation within natural microbial populations, and even microbes
with low levels of resistance may play a role in propagating resistance within the
microbial community as a whole (American Academy of Microbiology, 2009).

Pathogens resistant to multiple antibacterial agents, while initially associ-
ated with the clinical treatment of infectious diseases in humans and animals, are
increasingly found outside the healthcare setting. Therapeutic options for these
so-called community-acquired pathogens, such as methicillin-resistant Staphylo-
coccus aureus (MRSA) are extremely limited, as are prospects for the develop-
ment of the next generation of antimicrobial drugs.

On April 6 and 7, 2010, the Institute of Medicine’s (IOM’s) Forum on
Microbial Threats convened a public workshop in Washington, DC, to consider
the nature and sources of AMR, its implications for global health, and strategies
to mitigate the current and future impacts of AMR. Through invited presenta-
tions and discussions, participants explored the evolutionary, genetic, and eco-
logical origins of AMR and its effects on human and animal health worldwide.
Participants also discussed host and environmental factors associated with the
expansion of AMR, strategies for extending the useful life of antimicrobials,
alternative approaches for treating infections, incentives and disincentives for
prudent antimicrobial use, and prospects for the discovery and development of
“next generation” antimicrobial therapeutics. While it was the “intent” of the
workshop planners and organizers to cover the phenomenon of AMR broadly,
workshop presentations and discussions focused almost exclusively on bacterial
resistance to antibacterial drugs.

Organization of the Workshop Summary

This workshop summary was prepared by the rapporteurs for the Forum’s
members and includes a collection of individually authored papers and commen-
tary. Sections of the workshop summary not specifically attributed to an individ-
ual reflect the views of the rapporteurs and not those of the Forum on Microbial
Threats, its sponsors, or the IOM. The contents of the unattributed sections are
based on the presentations and discussions at the workshop.

The workshop summary is organized into sections as a topic-by-topic
description of the presentations and discussions that took place at the workshop.
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Its purpose is to present lessons from relevant experience, to delineate a range of
pivotal issues and their respective problems, and to offer potential responses as
discussed and described by the workshop participants. Manuscripts and reprinted
articles submitted by some but not all of the workshop’s participants may be
found, in alphabetical order, in Appendix A.

Although this workshop summary provides a description of the individual
presentations, it also reflects an important aspect of the Forum’s philosophy. The
workshop functions as a dialogue among representatives from different sectors
and allows them to present their beliefs about which areas may merit further
attention. These proceedings only summarize the statements of participants in the
workshop. They are not intended to be an exhaustive exploration of the subject
matter or represent the findings, conclusions, or recommendations of a consensus
committee process.

Antimicrobial Drug Resistance in Context

The History of Medicine:

e 2000 B.C.—Here, eat this root.

* 1000 A.D.—That root is heathen. Here, say this prayer.

* 1850 A.D.—That prayer is superstition. Here, drink this potion.

* 1920 A.D.—That potion is snake oil. Here, swallow this pill.

e 1945 A.D.—That pill is ineffective. Here, take this penicillin.

* 1955 A.D.—Oops . . . bugs mutated. Here, take this tetracycline.

* 1960-1999 A.D.—39 more “oops.”. . . Here, take this more powerful
antibiotic.

* 2000 A.D.—The bugs have won! Here, eat this root.

—Anonymous, as cited by the World Health Organization (WHO, 2000a)

An Inevitable History

The use of antimicrobial drugs, no matter how well controlled, “inevitably
leads to the selection of drug-resistant pathogens,” according to workshop speaker
Julian Davies, of the University of British Columbia (Davies, 2009). (Dr. Davies’
contribution to the workshop summary report can be found in Appendix A, pages
149-160.) As may be seen in the following illustration (Figure WO-1), there is
no man-made defense that cannot be outmaneuvered by microbial evolution and
adaptation. As speaker Gerard Wright of McMaster University observed, “there
is no such thing as an irresistible antibiotic.” (Dr. Wright’s contribution to the
workshop summary report can be found in Appendix A, pages 401-419.)

This characteristic of antimicrobial drugs has been well-known since the
dawn of the antibiotic era over seven decades ago, and all too often has been either
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FIGURE WO-1 The relationship between antibiotic resistance development in Shigella
dysenteriae isolates in Japan and the introduction of antimicrobial therapy between 1950
and 1965. In 1955, the first case of plasmid determined resistance was characterized. MDR
= multidrug resistance. Transferable, multi-antibiotic, resistance was discovered five years
later in 1960.

SOURCES: Davies (2007, 2009). Reprinted by permission from Macmillan Publishers
Ltd.: EMBO Reports Davies, Copyright 2007.

underestimated or ignored. Hailed as a miracle drug when it was first introduced
in 1943, penicillin was eagerly purchased by consumers who initially obtained it
without a prescription following the conclusion of World War II (Stolberg, 1998).
In a 1945 interview with the New York Times, penicillin’s discoverer Alexander
Fleming anticipated the development of drug-resistant bacterial strains. Indeed,
penicillin-resistant strains were first isolated from patients in significant numbers
a year later, in 1946.

Over the next several decades, researchers discovered and developed a range
of antimicrobial agents and classes of compounds with antimicrobial properties,
as illustrated in Figure WO-2. Like penicillin, some antimicrobial drugs were
directly derived from soil microbes; others were synthesized or modified versions
of naturally occurring antimicrobial products (Salmond and Welch, 2008). Begin-
ning in the early 1950s, antimicrobials were also widely adopted for non-human
applications, most importantly as livestock feed additives (Davies, 2009).

Despite the warnings of Fleming and others to the contrary, in 1967, the Sur-
geon General of the United States, Dr. William H. Stewart, claimed that infectious
diseases had been conquered through the development and use of antibiotics and
vaccines and that therefore it was time to shift the U.S. government’s attention
and resources to the “War on Cancer” (Stewart, 1967; Stolberg, 1998).
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FIGURE WO-2 Major classes of antimicrobials and the year of their discovery.
SOURCE: Davies (2009), IOM (2009b).

The “Antibiotic Era” has been marked by a series of epidemics of resistant
organisms (see Box WO-4 [which appears on pages 58-63]), including

* penicillin-resistant Staphylococcus aureus,

e methicillin-resistant Staphylococcus aureus (MRSA),

* vancomycin-intermediate Staphylococcus aureus (VISA),

e multi-drug-resistant (MDR) Vibrio cholerae,

* multidrug-resistant (MDR) and extensively drug-resistant (XDR) Myco-
bacterium tuberculosis (hereinafter MDR- and XDR-TB),

o CTX-M? resistant Escherichia coli and Klebsiella pneumoniae,

* Clostridium difficile, and many others.

Reports of new outbreaks of these so-called “superbugs” in the popular press are
becoming increasingly commonplace events (Davies, 2009).
Numerous studies, reports, and review articles—several of which are cited

2 Cefotaximases are B-lactamase enzymes named for their greater activity against ce-
fotaxime than other oxyimino-beta-lactam substrates (e.g., ceftazidime, ceftriaxone, ce-
fepime). Rather than arising by mutation, cefotaximases represent examples of plasmid
acquisition of B-lactamase genes normally found on the chromosome of Kluyvera species,
a group of rarely pathogenic commensal organisms.
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throughout this workshop overview—have addressed the phenomenon of AMR
from a variety of perspectives. The Forum on Microbial Threats was created
in 1996 to provide an ongoing opportunity to explore and discuss a variety of
emerging and reemerging infectious disease challenges including the rise of AMR
and related issues that were highlighted in the 1992 IOM report, Emerging Infec-
tions: Microbial Threats to Health in the United States (I0M, 1992), and further
elaborated upon a decade later in the IOM report Microbial Threats to Health:
Emergence, Detection, and Response (I0M, 2003). Many Forum workshops have
also drawn attention to the significant contribution of AMR to the emergence
of infectious diseases as a global public health challenge and have explored the
proliferation and distribution of resistant microbes, hosts, vectors, and genes
through migration, travel, conflict, trade, and tourism (IOM, 2006, 2008a, 2009a,
2009b, 2010).

The Tragedy of the Commons

The phenomenon of AMR is ultimately both a global public health and
environmental catastrophe, a “classic” example of the “tragedy of the commons”
illustrated more than 40 years ago in a seminal article by the late ecologist Garrett
Hardin (1968). Hardin’s “tragedy of the commons” has proven to be a useful
metaphor for understanding how we have come to be at the brink of numerous
environmental catastrophes—whether land use, global climate change, access
to and availability of uncontaminated and abundant fresh water resources, or
antimicrobial resistance. Simply stated, we face a serious dilemma—an instance
where individual rational behavior, acting without restraint to maximize personal
short-term gain—can cause long-range harm to the environment, others and
ultimately to oneself.

Many of the planet’s natural resources are treated as a “commons,” wherein
individuals have the right to freely consume its resources and return their wastes
to the collective environment. The “logic of the commons” ultimately results in
its collapse with the concomitant demise of those who depend upon the com-
mons for survival (Diamond, 2005). Like climate change (IOM, 2008a) and the
global water crisis (IOM, 2009a), the emergence of drug-resistant microbes was
catalyzed by rational behavior: humans acting without restraint to maximize
personal short-term gain.

According to Baquero and Campos (2003), “antibiotics have been considered
to be an inexhaustible common, both for prescribers and the general public,”
and the resulting over-consumption has produced a “net increase in antibiotic
resistance and a likely reduction in the therapeutic efficacy of the drugs.” If one
person’s misuse of a drug speeds up the evolution of resistant strains, while simul-
taneously decreasing his or her chance of being cured, then antimicrobial efficacy
can be viewed as a scarce commodity in need of responsible management, on
a par with energy, safe food, clean water, and climate stability. As Walker and
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coauthors (2009) observed, these and other resources in crisis comprise a nexus
of “serious, intertwined global-scale challenges spawned by the accelerating scale
of human activity.” Addressing such challenges and their interactive effects, they
contend, demands “cooperation in situations where individuals and nations will
collectively gain if all cooperate, but each faces the temptation to take a free ride
on the cooperation of others.”

Parallels with Pesticides

The rise of AMR closely parallels that of pesticide resistance, as observed
by keynote speaker David Pimentel of Cornell University (National Research
Council, 2000; Pimentel et al., 1992). (Dr. Pimentel’s contribution to the work-
shop summary report can be found in Appendix A, pages 294-300.) According
to Pimentel, about 550 species of insects and mites are known to be resistant to
insecticides, as are 330 species of plant pathogens (fungi, bacteria, and viruses)
and 220 weed species in the United States today. Pesticide-resistant organisms
represent a serious global problem for agriculture, he observed, with an estimated
annual direct cost in the United States alone of $1.5 billion.

Pimentel went on to describe the pesticide “treadmill,” wherein the acqui-
sition of resistance by “pest” organisms through repeated exposures to these
toxic chemical compounds forces farmers to use ever-increasing amounts of a
given pesticide—or combination of pesticides—to achieve the same level of
pest control—until the next generation of effective pesticides becomes available
to eradicate the resistant agricultural pests (National Research Council, 2000;
Pimentel et al., 1992). This pesticide treadmill is doomed to repeat until either the
pest meets a resistance-proof pesticide or the supply of effective new pesticides
is exhausted.

Dichlorodiphenyltrichloroethane (DDT) was such a pesticide, Pimentel said,
and like penicillin, its introduction after the end of World War II dramatically
improved peoples’ lives. Originally used for malaria control, DDT was initially
applied only to the insides of houses and huts for vector control, exposing about
one mosquito in a million to the pesticide, he explained. Resistance to DDT did
not appear until it came into widespread, uncontrolled, agricultural uses, thereby
vastly increasing the numbers and types of insects directly or indirectly exposed
to the insecticide. As Anopheles mosquito populations became increasingly resis-
tant to DDT, he continued, malaria rates—which greatly declined following
DDT’s introduction in the 1940s—began to rise.

While the use of pesticides appear to improve U.S. crop yields by some $40
billion per year, Pimentel observed, these gains must be weighed against the
direct and indirect harmful effects associated with pesticide use and abuse to pub-
lic and environmental health, which he valued at a minimum of $12 billion per
year. He noted, moreover, that despite the application of some 6 billion pounds
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of pesticides worldwide, at a cost of approximately $40 billion, pests continue
to consume nearly half of the food produced annually.

Microbial Evolution and the Origins of Resistance

While it is self-evident that the use of antimicrobial drugs has imposed selec-
tive pressures on the emergence of resistant microbes, to attribute the development
of resistance entirely to imprudent antimicrobial use is, in the words of Spellberg
and coauthors, “a fallacy that reflects an alarming lack of respect for the incredible
power of microbes” (Spellberg et al., 2008a). In addition to the range of anthropo-
genic factors that encourage the development of antimicrobial resistance, workshop
participants also reflected on the natural systems into which synthetic and mass-
produced antibiotics were introduced in the post-World War 1II era.

Antibiotics in Nature

Humans did not invent antibiotics; we merely observed—often by accident—
that bacteria and other microorganisms produced biological compounds capa-
ble of killing or suppressing the growth and reproduction of other bacteria
(Martinez, 2009). There are a variety of explanations for why microoganisms
make antibiotics. A conventional ecological and evolutionary view holds that
they enable organisms to kill—or suppress the growth of—competitors and to
defend ecological niches (Salmond and Welch, 2008). It is also possible that
these products serve other functions, such as signaling or nutrient sequestration
(Martinez, 2009).

Some enzymes in the antibiotic biosynthetic pathways appear to have
evolved millions to billions of years ago, which suggests that antibiotic-resistance
genes and their cognate proteins are also ancient. For example, the bacterial meta-
bolic pathways that produce both B-lactam antibiotics and the enzyme that foils
them, B-lactamase, are thought to be more than 10 million years old (Spellberg et
al., 2008a). Synthetic antibiotics (most of which are based on naturally-occurring
bacterial products) target a variety of bacterial systems, as illustrated in Figure
WO-3, including those involved with cell wall synthesis, membrane integrity,
transcription, and translation (Salmond and Welch, 2008; Walsh, 2003).

In his workshop presentation, Davies placed antibiotics within the general
class of biologically active small molecules, which he referred to as the “par-
vome.” He observed that members of this “universe of bioactive natural products”
share several common attributes, including

3 Or slightly less than a pound of pesticide for every man, woman, and child on the
planet each year.
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e ancient evolutionary origins, including structural components found in
meteorites and “primordial soup” reactions;

* vast structural diversity;

* functions that involve many aspects of microbial physiology, behavior,
and morphology, including interactions between cells;

* mechanisms of action involving molecular or macromolecular ligands that
subsequently modulate transcription; and

* presence in all living organisms (best characterized in bacteria, fungi, and
plants).

The subset of molecules in the parvome that we have harnessed as antibiot-
ics did not evolve to serve that function, Davies continued. “I believe . . . that
in nature antibiotics are not antibiotics and in nature resistance genes are not
resistance genes,” he stated.

Davies noted that antibiotic molecules have been found to promote a great
variety of other activities, including recombination, horizontal gene transfer,
mutation, metabolism, gene regulation, and signaling, all of which are mediated
through cell receptors. Indeed, he added, most of the negative side-effects of anti-
biotic drugs stem from their interactions with a variety of human cell receptors.
Erythromycin and other macrolide drugs, for example, cause stomach upset due
to their ability to bind strongly to a receptor for motilin, a peptide that stimulates
smooth muscle contraction in the gut. Additional workshop presentations describ-
ing the ability of antibiotic compounds to function as mutagens and hormones are
discussed in the following section of this overview.

Antibiotics “have amazing effects on bacterial cell physiology,” Davies con-
cluded (Davies et al., 2006). If we knew more about the functions of antibiotic
compounds (and resistance genes) in their native environments, he said, “we
might get some better ideas on how to control antibiotic resistance and also how
to use antibiotics properly.” In particular, Davies suggested studying how small
molecules with antibiotic properties influence interactions between and among
soil bacteria and single cells.

The Nature of AMR

Soil microbes that produce antibiotics also have mechanisms of resistance, as
speaker Gerard Wright, of McMaster University, pointed out. If they did not, he
said, “they would produce their antibiotic once and immediately commit suicide.”
The variety of mechanisms that microbes use to protect themselves includes
altered membrane permeability or binding sites, efflux pumps that export incom-
ing antibiotics, and antibiotic-degrading enzymes, as illustrated in Figure WO-4
(Arias and Murray, 2009; Davies 2009; Salmond and Welch, 2008). Some soil
bacteria not only resist clinical antibiotics but can actually subsist on them as a
carbon source (Dantas et al., 2008).
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FIGURE WO-3 Principal targets for antibiotic action: a—f depict metabolic pathways in
the cell that have been, or are proposed to be, targets for antibiotic action. a | Cell wall
biosynthesis: the intracellular steps of murein (peptidoglycan) biosynthesis are catalysed
by the enzymes MurA-F and MurG (steps 1-4). Peptidoglycan is a polymer of two
hexoses (filled hexagons)—~N-acetylglucosamine (GlcNac) and N-acetyl-muramic acid
(MurNAc). Peptidoglycan units are transferred to a carrier lipid—bactoprenol-phosphate
(orange circles)—which transports precursor molecules across the cell membrane, gen-
erating Lipids I and II. Sugars and phosphates are added by transglycosylation and
pyrophosphorylation (steps 5 and 6), and finally, a peptide bond between the peptide
chains is formed (step 7). Antibiotics that inhibit cell-wall synthesis are indicated. b |
Protein biosynthesis: bacterial ribosomes comprise two subunits (30S and 50S) of rRNA
and protein. Structural studies have identified the sites at which antibiotics bind (Carter
et al., 2000; Hansen et al., 2002; Pioletti et al., 2001; Schlunzen et al., 2001). ¢ | DNA
and RNA replication: rifampin binds to RNA polymerase and prevents attachment of
the polymerase to DNA, thereby inhibiting transcription. Ciprofloxacin and novobiocin
bind to DNA gyrase, thereby preventing the introduction of supercoils in DNA. d |
Folate metabolism: folate is necessary for the synthesis of thymine, which, in turn, is
an essential component of DNA. The figure shows antibiotics that block steps in folate
metabolism and therefore block the synthesis of thymine. e | Cell-surface decoration:
during cell-wall synthesis in Gram-positive bacteria, surface proteins are cleaved by
sortases—enzymes that are anchored in the membrane by an amino-terminal membrane-
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spanning sequence. Sortases covalently attach the amino-terminal cleavage fragment of
the surface protein to the peptidoglycan (PG) layer of the cell wall (Pallen et al., 2001).
f | Isoprenoid biosynthesis: the enzymes of the non-classical isoprenoid pathway in
bacteria are not present in higher organisms (Rohdich et al., 2001), and should therefore
be good antibacterial targets. dTMP, thymidylate; dUMP, deoxyuridine monophosphate;
DXR, 1-deoxy-D-xylulose 5-phosphate (DX) reductoisomerase; DXS, DX synthase;
GepE, 1-hydroxy-2-methyl-2-(E)-butenyl- 4-diphosphate synthase; GTP, guanosine tri-
phosphate; LytB, Isoprenoid H protein; YchB, 4-diphospho-2C-2-methyl-D-erythritol
kinase; YgbB, 2C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; Y gbP, 4-diphos-
phocytidyl-2C-methylerythritol synthase.

SOURCE: Walsh (2003). Reprinted by permission from Macmillan Publishers Ltd.: Na-
ture Reviews Microbiology Walsh, Copyright 2003.

A wealth of antimicrobial-resistant soil bacteria and genes discovered in
pristine environments would suggest that a variety of antimicrobial resistance
mechanisms exist in nature (Allen et al., 2010; Davies, 2009). Wright described
a group of 480 isolates of soil bacteria from the group actinomycetes that his
group collected in diverse environments throughout Canada; their drug resistance
profiles are presented in Figure WO-5 (D’Costa et al., 2006). Every isolate proved
to be resistant to multiple antibiotic drugs.

Wright also reported similar levels of resistance to clinical antibiotics in bac-
terial samples collected from a Kentucky cave system that has been sealed from
the external environment for about 2 million years (Gerard Wright, McMaster
University, personal communication, April 6, 2010).

Antibiotic-resistance genes isolated from soil bacteria and those isolated
from clinical pathogens share similar structures and functions, Wright noted. He
presented a particularly impressive example of this resemblance that occurred
among approximately 1 percent of the previously described actinomycete isolates
(D’Costa et al., 2006). These microbes were found to possess a suite of genes
conferring resistance to vancomycin, once considered an “irresistible” antibiotic
because it targets a cell wall polymer rather than an easily mutated protein or
nucleic acid. However, not only have clinical cases of resistance to vancomycin
been reported, but these findings suggest that the five-gene cluster found to con-
fer resistance in clinical isolates of vancomycin-resistant enterococci (VRE) has
existed for thousands of years among bacteria that have never been exposed to
vancomycin, as may be seen in Figure WO-6.

AMR is also widespread among commensal organisms, Wright said,
referring to a recent study that employed complementary strategies to look for
antibiotic-resistance genes and antibiotic-resistant culturable organisms in the
microbial flora of healthy humans (Sommer et al., 2009). These investigators
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FIGURE WO-4 Common mechanisms of resistance in methicillin-resistant Staphylo-
cocccus aureus.

The top three panels depict a schematic magnification of the bacterial cell wall. In Panel A,
resistance to $-lactam antibiotics in methicillin-resistant Staphylococcus aureus is caused
by the production of a f-lactamase enzyme (penicillinase) and a low-affinity penicillin-
binding protein (PBP) 2a. In Panel B, high-level resistance to glycopeptides is caused by
the replacement of the last amino acid of peptidoglycan precursors (D-alanine [D-Ala] to
D-lactate [D-Lac]). In Panel C, low-level resistance to glycopeptides is associated with in-
creased synthesis of peptidoglycan, “trapping” the antibiotic in outer layers and preventing
its interaction with precursors exiting the cytoplasm through the cell membrane. In Panel
D, mechanisms of resistance involve mutations or modifications in either [other genomic
loci] or [in the] ribosomal RNA (rRNA). D-Glu denotes D-glutamate, L-Lys L-lysine, and
UDP-GIluNACc uridine diphosphate N-acetylglucosamine.

SOURCE: Arias and Murray (2009).
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FIGURE WO-5 Survey of 480 soil actinomycetes and their level of resistance to each
antibiotic of interest.

SOURCE: Adapted from D’Costa et al. (2006), Figure 1c. Reprinted with permission
from AAAS.
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discovered high levels of both resistant organisms and resistance genes among
human commensals. Wright noted that other studies had found a wealth of
antibiotic-resistant commensals in the guts of insects (Allen et al., 2009; Kadavy
et al., 2000), birds (Bonnedahl et al., 2009), and non-human mammals (Cloud-
Hansen et al. 2007; Gilliver et al., 1999; Poeta et al., 2007) that had not been
directly exposed to antibiotic drugs.

AMR Genes

Microbes have exchanged genes encoding resistance mechanisms for mil-
lennia. Genes conferring resistance to clinical antibiotics (but which also, pre-
sumably, provide other selective advantages to their hosts) exist in bacterial
populations that have never encountered these compounds (Allen et al., 2010;
IOM, 2009b; Salmond and Welch, 2008). The vast majority of antimicrobial
resistance genes reside on mobile genetic elements such as insertion sequences,*
integrons,’ transposons,® and plasmids,’ according to workshop speaker Henry
“Chip” Chambers of the University of California, San Francisco. (Dr. Chambers’
contribution to the workshop summary report can be found in Appendix A, pages
83-115.) Bacteria readily acquire these genetic elements from the environment,
exchange them through conjugation,® and receive them via infection by bacterial
viruses (bacteriophages, or phages) (Salmond and Welch, 2008). These processes
used to acquire “novel” genetic elements are collectively referred to as “horizontal
gene transfer.”” A mobile genetic element that confers selective advantages upon
its host—such as antibiotic resistance—can spread widely, and may be expressed
even when the antibiotic it deactivates is not present (O’Brien, 2002).

The collection of all genes that directly or indirectly result in antimicrobial
resistance is known as the “resistome.” It includes a subset of genes, dubbed
the “subsistome,” that permit microbes to degrade antibiotics and use them as
an energy source. Resistance genes are apparently ubiquitous among bacte-
rial genomes, as Davies and Wright noted. The resistome, moreover, includes

4 Mobile pieces of bacterial DNA (several hundred nucleotide pairs in length) that are capable of
inactivating a gene into which they insert small simple transposons (http://www.everythingbio.com/
glos/definition.php?word=insertion+sequence+(IS) [accessed June 14, 2010]).

> Mobile DNA elements that can capture and carry genes, particularly those responsible for antibi-
otic resistance. They do this by site-specific recombination (http://www.medterms.com/script/main/
art.asp?articlekey=32273 [accessed June 14, 2010]).

© Mobile pieces of DNA flanked by terminal repeat sequences that can insert into a chromosome,
exit, and relocate and typically bear genes coding for these functions (http://www.everythingbio.
com/glos/definition.php?word=transposon [accessed June 14, 2010]).

7 Small cellular inclusions consisting of a ring of DNA that are not in a chromosome but are ca-
pable of autonomous replication (http://wordnetweb.princeton.edu/perl/webwn?s=plasmid [accessed
June 14, 2010]).

8 A process whereby two cells come in contact and exchange genetic material (http://www.every-
thingbio.com/glos/definition.php?word=conjugation [accessed June 14, 2010]).
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“proto-resistance, quasi-resistance,” and “intrinsic resistance,”'” genes that,
under selective pressure, can evolve resistance functions through mutation and/or
increased expression (Liu et al., 2010; Tamae et al., 2008).

“We have resistance in clinical [and commensal] organisms . . . resistance in
animals . . . resistance in the soil, resistance in the water,” Wright observed. “Anti-
biotic resistance is absolutely everywhere.” This observation raises important
questions as to how resistance genes move from the environment into the clinic,
and whether barriers to horizontal gene transfer exist or could be created to slow
the development of resistance to antimicrobial drugs. To facilitate such research,
Wright and colleagues in the United Kingdom are developing a Comprehensive
Antibiotic Resistance Database to enable investigators to scan genomes and link
resistance gene sequences to molecular, clinical, and surveillance data (McArthur
et al., 2010).

Anthropogenic Influences on AMR

Microbial evolution has occurred in two distinct phases, punctuated by the
Industrial Revolution, Davies observed. He speculated that, during the current
“anthropogenic era,” the pharmaceutical industry has released more antibiotics
into the global environment than were ever produced by all the organisms that
have ever existed. The selective pressure exerted by manufactured antimicrobi-
als have been amplified by an equally massive onslaught of pesticides, fertiliz-
ers, antiseptics, and other industrial products, Davies said, resulting in “intense
chemical mutagenesis” that has vastly accelerated the emergence of resistant
pathogens.

Several workshop presentations explored the recent evolution of AMR from
the perspective of microbes under the selective pressure associated with con-
stant exposures to antibiotics. Others examined the actual and anticipated conse-
quences of AMR for host organisms, as demonstrated in hospital and food animal
production settings, and as disseminated locally via wastewater treatment systems
and globally through international trade, travel, and tourism.

Selection for Antibiotic Resistance

Selective pressures favoring AMR vary widely among environments, Davies
explained. As illustrated in Figure WO-7, he presented a model of three intercon-
nected ecosystems:

9 Genes that have the potential to develop into resistance elements (Wright and Morar, 2010).
10 Genes that code for traits that reduce an organism’s sensitivity to antibiotics, such as efflux
pumps, but are not specifically resistance genes.
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e the “natural” environment, where microbes encounter low concentra-
tions of antimicrobial compounds produced by other microbes, and resis-
tance is low;

* the “non-clinical” environment, where the presence of man-made anti-
microbials raises selective pressure for AMR; and

* the clinical environment, where the relative concentration of antimicro-
bials is highest and, consequently, so is AMR.

Individual microbes within each of these three generalized ecosystems also
encounter vastly different concentrations of specific antimicrobial compounds. As
speaker Patrice Courvalin of the Institut Pasteur pointed out, bacteria can mini-
mize the often considerable energy cost of maintaining AMR in one of two ways:
by having resistance genes on mobile genetic elements (since their acquisition
can be transient and antibiotic resistance is useful only transiently) and by having
antibiotic-inducible resistance mechanisms. (Dr. Courvalin’s contribution to the
workshop summary report can be found in Appendix A, pages 141-149.)

Chambers described how Staphylococcus aureus, which has no natural resis-
tance to most standard therapeutic agents, acquired methicillin resistance and
eventually emerged first as MRSA in hospitals, and then as community-acquired
MRSA (CA-MRSA) outside the healthcare environment (Chambers and DeLeo,
2009). Following some false starts in the form of MRSA clones that failed to
expand, successful resistant strains carried a readily transferable resistance ele-
ment. CA-MRSA strains contain a smaller version of this element that is even
easier to mobilize and transfer into a variety of genetic backgrounds, Chambers
observed. This characteristic has facilitated the spread of methicillin resistance
to S. aureus strains well beyond the healthcare environment.

Environmental

ecosystem: low
/ resistance
gene selection
(The “Resistome”)

Non-clinical
Clinical ecosystem: e.cosystem:.
High selection pressure medium selection
pressure

FIGURE WO-7 Three connected antimicrobial ecosystems.
SOURCE: Adapted from Martinez (2009).
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The emergence of trimethoprim or sulfamide resistance illustrates the 2-step
process through which antibiotic resistance develops, according to Courvalin. In
some cases, formerly sensitive strains become resistant following the acquisition
of a mobile genetic element; in others, acquisition of these resistance traits are
the result of chromosomal mutations. Whether or not a resistant strain persists
in a population depends on its fitness relative to other strains (Courvalin, 2008).
“Many studies have shown that dissemination of resistance is clearly associated
with selective pressure—in other words, the prescription of antibiotics,” Courvalin
said. There is nothing we can do to prevent the emergence of resistance, because
it occurs by chance, he continued. “The only hope we can have is to delay dis-
semination of resistance by lowering the selective pressure.”

Antibiotic-Induced Mutation and Transformation

At the lethal concentrations used to treat infections, antibiotics impose a
severe selective pressure that can be overcome by several types of resistant patho-
gens. As several workshop presenters pointed out, however, chronic exposures to
lower concentrations of antibiotics—present in growth-promoting animal feed,
sewer systems, and in contaminated microenvironments—elicit stress responses
in bacteria that induce mutation, thereby increasing opportunities for the evolu-
tion of resistance, as discussed below (Kohanski et al., 2010a, 2010b). Bacteria
exposed to sublethal concentrations of bactericidal antibiotics—such as the -lac-
tams, aminoglycosides, or fluoroquinolones—produce increased levels of reactive
oxygen species (ROS) that, in turn, cause mutations and increase recombination
efficiency in the affected bacterium (see Figure WO-8). ROS also induces the
so-called “SOS response,”’!! mediated by error-prone DNA polymerases, which
creates additional mutations.

Chambers and Courvalin emphasized that, when antibiotics act as mutagens,
they do so indiscriminately. Sublethal antibiotic exposures expand the repertoire
of genes that undergo selective pressures including, but not limited to, the specific
antibiotic causing the stress response. For example, “very low doses of ampicillin
will select for resistance to quinolones or to aminoglycosides, and the strain will
remain susceptible to the selective agent,” Courvalin reported (Kohanski et al.,
2010a). “This is really scary to think about,” Chambers observed, ‘“because now
we’re not talking just about antibiotics selecting for drug resistance; we’re talking
about antibiotics generating drug resistance and selecting for drug resistance—an
amplification, if you will.”

Sublethal antibiotic exposures have also been demonstrated to increase the
horizontal transmission of mobile genetic elements among bacteria via the SOS
response, Courvalin and Collins noted (Maiques et al., 2006; Ubeda et al., 2005).

' A postreplication DNA repair system using the RecA protein that allows DNA replication to
bypass lesions or errors in the DNA. It is an error-prone repair system.
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FIGURE WO-8 Antibiotic-induced increase in mutation rate.
SOURCE: Courvalin (2010).

Some bacteria also express mechanisms that increase the dissemination of chro-
mosomal mutations conferring antibiotic resistance, Courvalin explained. In some
organisms, low levels of bactericidal antibiotics have been shown to induce
competence for transformation,!? leading to increased transfer and distribution
of antibiotic resistance genes. The bacterial agent of pneumonia, Streptococcus
pneumoniae, which lacks an SOS response, readily integrates genes from other
organisms into its chromosome when exposed to sublethal concentrations of
bactericidal antibiotics (Prudhomme et al., 2006). As a result, Courvalin said,
when people vaccinated against certain S. pneumoniae serotypes are exposed
to sublethal levels of bactericidal antibiotics, resistant serotypes may—through
antibiotic-induced transformation—acquire the genetic machinery to produce a
variant external capsule that the vaccine does not recognize.

Low concentrations of antibiotics also favor the transfer of antibiotic resis-
tance genes (and virulence genes as well) borne on bacterial chromosomes in
the form of integrative conjugative elements (ICEs),'® as illustrated in Figure
WO-9.

These elements excise from the chromosome by site-specific recombination
and are transferred from one bacterium to another, Courvalin explained. Like
antibiotic-induced transformation, this is an infectious phenomenon. From one
copy of a resistance gene-bearing ICE, two are made: one is inherited vertically,
and the other transferred horizontally to another bacterium—perhaps of another

12 The modification of a genome by the external application of DNA from a cell of different
genotype (http://www.everythingbio.com/glos/definition.php?word=transformation [accessed June
16, 2010]).

13 Chromosomally located gene clusters that encode phage-linked integrases and conjugation pro-
teins as well as other genes associated with an observable phenotype, such as virulence or symbiosis.
They can be transferred between cells and have some phage-like genes, but they do not lyse the cell
or form extracellular particles (http://www.nature.com/nrmicro/journal/v3/n9/glossary/nrmicro1235_
glossary.html [accessed June 16, 2010]).
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FIGURE WO-9 Transfer of an integrative conjugative element. Integrative and conju-
gative elements (ICEs) are mobile genetic elements that carry one or several resistance
genes. They excise by site-specific recombination between their flanking attachment sites,
attR and attL, leading to the formation of an episomal ICE carrying an attl site and an
empty attB site in the chromosome. They replicate during their transfer by conjugation
and integrate in the chromosome of the recipient. Dissemination of resistance by ICEs is
thus infectious and exponential.

SOURCE: Courvalin (2010).

species or even genus—which integrates the resistance gene into its chromosome
and continues the process. In this system, Courvalin observed, antibiotics fit the
operational definition of hormones because they are synthesized by one cell (an
antibiotic-producing organism) and act on a distant cell at low concentration by
binding to a specific receptor.

Thus, the critical unit of AMR transmission is the resistance-associated gene
or gene cassette, and the “vector” could be viewed alternatively as the microbial
genome in which the gene or cassette is found, or the microbial community in
which the resistant microbe resides, or the host or broader ecosystem that carries
the community.

Hospital-Acquired Infections

Resistance poses a growing threat to the treatment and control of infectious
diseases, including those that have long been endemic in human populations

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

20 ANTIBIOTIC RESISTANCE

(like malaria) as well as those that have caused recent pandemics such as HIV/
AIDS and influenza (WHO, 2010). Resistance to one of the very first antibiotics,
penicillin, arose almost immediately upon its introduction to the clinic, as has
occurred for every antibiotic developed since. Considering the full spectrum of
known antibiotic effects on bacterial evolution, Chambers stated that they repre-
sented “the strongest—not the only, but by far the strongest—selective pressure
ever encountered by the human microbiome.”

Nowhere is this pressure more critical than in healthcare settings where, as a
result of the overuse and misuse of antibiotics, several commensal organisms—
otherwise benign bacteria that commonly exist on the skin, throughout the ali-
mentary tract, or in the vagina—have emerged as pathogens (Alekshun and Levy,
2006; Goossens et al., 2005; Riedel et al., 2007). The following six pathogens,
denoted by the acronym ESKAPE, cause the majority of hospital-acquired infec-
tions in the United States, and frequently prove resistant to antibacterial drugs
(Hidron et al., 2008; Rice, 2008):

o Enterococcus faecium

» Staphylococcus aureus

e Klebsiella pneumoniae

* Acinetobacter baumanii

* Pseudomonas aeruginosa
o Enterobacter spp.

It has been estimated that about half of all clinical antibiotics are used inap-
propriately to “treat” non-bacterial viral infections and other health problems
that cannot be cured with these drugs, or the wrong antibiotics are given, or the
course of treatment is either too short or too long (Center for Global Develop-
ment, 2010). The prevalence of AMR is more likely in those situations where
antimicrobial use is greatest and exposures to these drugs are highest (Goossens
et al., 2005; Riedel et al., 2007). The excessive use and misuse of antibiotics are
generally attributed to inappropriate prescribing by physicians, as well as the
lack of timely and specific microbiological diagnostic tests. However, the risk for
resistance increases when people can easily obtain antibiotics without a prescrip-
tion, or when they self-medicate with antibiotics left over from previous courses
of treatment (Plachouras et al., 2010).

Calculating disease burden Most analyses of the impact of AMR have focused
on the developed world, where resistant pathogens rank among the top infectious
disease public health threats (ECDC, 2007). Yet AMR in developing countries
undoubtedly adds to the already heavy burden of infectious diseases experi-
enced in these countries (Okeke et al., 2005). In the United States, hospital-
acquired resistant infections are associated with more than 63,000 deaths per

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

WORKSHOP OVERVIEW 21

year (Resources for the Future, 2009). In Europe, the death toll from multi-drug
resistant bacterial infections is believed to exceed 25,000 per year (ECDC and
EMEA, 2009). Speaker Dominique Monnet, of the European Centre for Dis-
ease Prevention and Control (ECDC), presented preliminary results of a recent
ECDC-led attempt to calculate the disease burden in Europe associated with the
frequently diagnosed types of multi-drug resistant infections (see Table WO-1).
(Dr. Monnet’s contribution to the workshop summary report can be found in
Appendix A, pages 287-293.)

Because these calculations only considered certain multi-drug resistant
infections, an average cost for a hospital day, and productivity losses that were
incurred only during hospital stay, the resulting economic burden is certainly an
underestimate. Since the calculations were based on parameters from surveillance
systems and the published literature, and since infection rates and healthcare costs
vary considerably among European countries, the researchers also constructed a
nomogram, shown in Figure WO-10, to compare the effect of various parameter
estimates on in-hospital costs.

Healthcare-acquired infections of all types (including antimicrobial-resistant
infections) increase hospital charges, lengths of stay, and mortality an average of
2-fold for patients in the United States, according to speaker Robert Weinstein of
Stroger (Cook County) Hospital and Rush Medical College. (Dr. Weinstein’s con-
tribution to the workshop summary report can be found in Appendix A, pages
379-400.) It is estimated that treatment of antibiotic resistant infections further
doubles these costs (Cosgrove, 2006). Weinstein emphasized the many uncer-
tainties inherent in calculating the costs of AMR. For example, he reported that,
while investigators can compare antibiotic-resistant hospital-acquired infections to
hospital-acquired infections that are non-resistant, some patients are more vulner-
able to contracting resistant infections in the first place. Statistical devices known as
propensity scores are used to reduce selection bias by equating groups based upon
their expression of certain traits within a given set of known conditions (Griswold

TABLE WO-1 Burden of Multidrug-Resistant (MDR) Bacteria in the
European Union, Iceland, and Norway, 2007

Human burden

Infections (6 most frequent MDR bacteria, 4 main types of infection) ~400,000/year
Attributable deaths ~25,000/year
Extra hospital days ~2.5 million/year
Economic burden

Extra in-hospital costs ~€900 million/year
Productivity losses ~€600 million/year

NOTE: Limitation: these are underestimates.
SOURCE: ECDC and EMEA (2009).
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FIGURE WO-10 Economic burden of multidrug-resistant (MDR) bacteria: nomogram
for in-hospital costs. This nomogram can be used to calculate yearly in-hospital costs
attributable to infections due to multidrug-resistant bacteria with various values for the
total number of infections, the average extra length of hospital stay per infection, and the
average cost per hospital day.

SOURCE: ECDC and EMEA (2009).

et al., 2010). To control for confounding factors among patient populations that can
be measured, researchers use regression or other statistical analyses of randomly
sampled populations. Weinstein added, however, that some potential confounding
factors cannot be measured.

In an attempt to more precisely estimate the AMR-associated burden of
disease, Weinstein and colleagues employed 3 different methods in a study of
nearly 1,400 high-risk patients at their Chicago-area teaching hospital (Roberts
et al., 2009). Among this group, 13.5 percent had antimicrobial-resistant infec-
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tions (ARIs) that resulted in a total cost (medical costs plus societal costs of lost
productivity due to death and disability) of more than $13 million.

Five factors accounted for nearly all the excess medical costs among patients
with healthcare-acquired infections including ARIs, Weinstein said: use of the
intensive care unit, laboratory tests, medications, blood transfusions, and radiol-
ogy tests. The vast majority of hospital-acquired ARIs are associated with the use
of such medical devices as catheters and ventilators, he said.

The rate of hospital-acquired resistant infections may be expected to grow
given the increasing numbers of elderly patients in the United States and other
developed countries as well as recent increases in the neonatal intensive care unit
population, coupled with the concomitant rise in demand for surgery, transplanta-
tion, and chemotherapy (Boucher et al., 2009). Weinstein hoped that the future
adoption and analysis of electronic medical records would not only provide better
estimates of hospital service costs of ARIs but also support efforts to monitor and
reduce those costs by controlling infections.

Indirect consequences of AMR for medical care Resistance among the
ESKAPE pathogens largely results from antibiotic prescribing practices by
hospital physicians, according to speaker Louis Rice from the Louis Stokes
Cleveland VA Medical Center and Case Western Reserve University School of
Medicine. (Dr. Rice’s contribution to the workshop summary report can be found
in Appendix A, pages 301-307.) In addition to the previously described health and
economic costs associated with resistance in hospital-acquired infections, Rice
noted that AMR negatively affects the ability of hospital physicians to care for
patients in the following ways:

* AMR has rendered formerly beneficial therapies, such as prophylactic
antibiotic treatment to reduce neutropenia'* in oncology patients, useless.

e Regional variations in AMR among various pathogens complicate the
interpretation of treatment guidelines for infectious diseases.

* Physicians use less-effective second-line antibiotics to treat resistant infec-
tions, for example, vancomycin or daptomycin for S-lactam-resistant Staph-
ylococcus aureus infections (Fowler et al., 2006; Kim et al., 2008).

* For severe cases of multidrug-resistant infections, physicians resort to
using agents such as polymixin B and colistin that are more toxic and less
well characterized than standard antimicrobial therapeutics, and to which
resistance can also develop (Antoniadou et al., 2007).

14 Neutropenia is the condition of having an abnormally low number of neutrophils, a type of white
blood cell that defends the body against bacterial infections.
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TABLE WO-2 Major Antimicrobial Agent Classes Approved for Non-
Therapeutic Use in Animals

Growth
Antimicrobial Class Species Prophylaxis Promotion
Aminoglycoside Beef cattle, goats, poultry, sheep, swine  Yes No
B-Lactam (penicillin) ~ Beef cattle, dairy cows, fowl, poultry, Yes Yes
sheep, swine
B-Lactam Beef cattle, dairy cows, poultry, sheep, Yes No
(cephalosporin) swine
Ionophore Beef cattle, fowl, goats, poultry, rabbits,  Yes Yes
sheep
Lincosamide Poultry, swine Yes Yes
Macrolide Beef cattle, poultry, swine Yes Yes
Polypeptide Fowl, poultry, swine Yes Yes
Streptogramin Beef cattle, poultry, swine Yes Yes
Sulfonamide Beef cattle, poultry, swine Yes Yes
Tetracycline Beef cattle, dairy cows, fowl, honey bees, Yes Yes
poultry, sheep, swine
Other
Bambermycins Beef cattle, poultry, swine Yes Yes
Carbadox Swine Yes Yes
Novobiocin Fowl, poultry Yes No
Spectinomycin Poultry, swine Yes No

SOURCE: GAO (1999).

Food Animal Production

Many classes of antimicrobial agents, originally developed to treat human
diseases, are also used in food animal production. As illustrated in Table WO-2,
the major antimicrobial agent classes approved for non-therapeutic uses in animal
agriculture include, but are not limited to, polypeptide antibiotics, ' tetracyclines,
macrolides, penicillins, quinolones, and sulfonamides.

The widespread use of these powerful and persistent chemical agents in
livestock production operations, aquaculture, and agriculture is associated with
the emergence of drug-resistant infections in these settings and has been linked
to the establishment and spread of drug-resistant infections in humans (Heuer
et al., 2009; IOM, 2003; Silbergeld et al., 2008). The largest non-human use of
antimicrobial agents is in food animal production,'® and most of this is in healthy

15 Examples include actinomycin, bacitracin, colistin, and polymyxin B.

16 Between 40 and 80 percent of the antimicrobial agents used in the United States each year
are used in food animals; many are identical or very similar to drugs used in humans. These non-
therapeutic uses contribute to resistance and create health dangers for humans (Shea, 2003).
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animals in order to increase growth or prevent diseases (Shea, 2003). Non-
therapeutic uses of antimicrobials are believed to promote weight gain, increase
the meat yield per pound of feed used, and prevent the spread of infections in
feedlots (OTA, 1979), which are a significant risk in the crowded conditions in
which livestock and poultry are typically raised (Silbergeld et al., 2008).

According to speaker Jgrgen Schlundt, former director of the World Health
Organization’s (WHO’s) Department of Food Safety and Zoonoses,!” three key
observations suggest that antimicrobial use in animals affects human health. (Dr.
Schlundt’s contribution to the workshop summary report can be found in Appen-
dix A, pages 308-326.)

1. Most foodborne diseases are zoonoses (infectious diseases that can be
transmitted from vertebrate animals to humans).

2. The use of antimicrobials in food animals selects for zoonotic bacteria
that can transfer resistance genes to human pathogens. This observa-
tion is based on several instances in which the rise in human infections
resistant to a specific antimicrobial compound followed its introduction or
expanded use in animals (Threlfall et al., 1997, 1998; Webster, 2009; Wulf
and Voss, 2008), and additional instances of decline in resistant human
infections following a ban or restriction in the use of an antimicrobial
(Dutil et al., 2010). While these consequences have been most directly
linked to foodborne diseases, Schlundt acknowledged that antimicrobial
use may have a significant indirect impact on human health by expanding
reservoirs of resistance (Serrano, 2005; Smith et al., 2009).

3. Foodborne diseases involving resistant bacteria have been associ-
ated with an increase in adverse human health consequences. These
include more frequent treatment failure, greater severity of infection,
prolonged duration of infection, more bloodstream infections, and,
as previously noted, longer hospitalizations and increased mortality,
Schlundt said.

While some workshop participants suggested that more spacious accommo-
dations for livestock and poultry could provide similar benefits to prophylactic
antibiotic treatment, others noted that crowding per se would not be a problem if
infection control measures were properly taken and consistently practiced. The
choice of foodstuff might also influence the development of AMR in livestock.
David Pimentel suggested, for example, that grass-fed cattle tended to be less
vulnerable to infection than grain-fed cattle.

17 Dr. Schlundt is presently Deputy Director, National Food Institute, Technical University of Den-
mark. He was Director of WHO’s Food Department of Safety and Zoonoses until 1 August 2010.
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Use of antimicrobials as animal growth promotants in the United States As
was previously noted in Table WO-2, at least 17 classes of antimicrobial agents
are approved for use as animal growth promotants in the United States (Angulo
and Nunnery, 2004), including tetracyclines, penicillins, macrolides, and analogs
of other antibiotics used to treat human infections. No public health reporting sys-
tem exists in the United States to track the use of antimicrobial drugs in livestock
production operations (Shea, 2003). Government food safety studies, however,
routinely detect antimicrobial-resistant bacteria in beef, chicken, and pork sold
in supermarkets in the United States and Europe (Mason and Mendoza, 2009;
Silbergeld et al., 2008).

Pimentel reported that more than 70 percent of antibiotics used in the United
States are consumed by livestock. He contended that the annual U.S. expenditure
of between $1.2 and $2.5 billion for these drugs—which on average increase an
animal’s weight by 2 to 5 percent—represents a mere fraction of the true cost of
their use. Accounting for deleterious effects on the environment and on human
health, Pimentel estimated that the use of growth-promoting antibiotics costs the
United States at least $20 billion per year.

Danish ban on growth-promoting antibiotics Livestock and poultry produc-
ers, feed manufacturers, and other interested parties assert that antimicrobials
reduce the cost of raising meat animals, and therefore the price of food, but an
impartial investigation and analysis of the true costs and benefits of using growth-
promoting antimicrobials has yet to be conducted (Graham et al., 2007). Work-
shop participants therefore considered an imperfect, but informative, substitute
for such a study: the results of a decade-long ban on the non-therapeutic use of
antimicrobials in food animals in Denmark. As depicted in Figure WO-11, this
phased ban began in 1994 and was completed in 1999.

Schlundt reported that after the ban took effect, Danish pork production
increased continuously as antimicrobial consumption per kilogram of pork pro-
duced declined (see Box WO-1).

This statistic belies some important details, however, as several workshop par-
ticipants pointed out. From 1992, the peak year of antibiotic use for the purpose of
growth promotion in swine, to 2008, overall antibiotic use declined substantially—
by over 50 percent—as a result of the ban in Denmark. Speaker Shelley Hearne,
of the Pew Charitable Trusts, pointed out that U.S. industry has expressed alarm
over increased treatment of diarrhea and a rise in mortality in piglets in the years
immediately following the ban. (Dr. Hearne’s contribution to the workshop sum-
mary report can be found in Appendix A, pages 174-190.) The WHO found that
diarrhea in young pigs did increase following the ban, creating a short-term need to
increase therapeutic antibiotic use. However, levels of diarrhea treatment began to
decline after 7 months and were back to the pre-ban levels after 1 year. Moreover,
piglet mortality has improved considerably in recent years. According to Danish
industry representatives, minor changes in animal husbandry, such as more frequent
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FIGURE WO-11 Danish experience after growth promoter ban. Antimicrobial con-
sumption per kilogram of pork produced. AGP = antimicrobial growth promoters.
SOURCE: Adadpted from Aarestrup et al. (2010); 71(7):726, Fig 2, p. 730) with
permission of the AVMA.
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BOX WO-1
Danish Experience Following Growth-Promoter Ban
(Non-Therapeutic Antimicrobials [NTA] Banned in 1997)

* Swine production has increased from

18.4 millions in 1992

to = 47% increase

27.1 millions in 2008

e Continuous productivity increases before and after NTA stop.
* Weaner daily weight gain decreased then increased after NTA stop.

SOURCE: Schiundt (2010).
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cleaning of housing, improved ventilation, later weaning, additional space for ani-
mal movement, as well as experimenting with feed quality and additives made up
for the lack of routine antibiotics on most farms. The United States has an effective
model in Denmark to draw upon when it comes to protecting public health.

The most significant impact of agricultural antimicrobial use may be the
expansion of reservoirs of resistance, through the transfer of resistance genes
within and across microbial communities (Smith et al., 2009). Ultimately, greater
quantities of antimicrobial compounds in the environment are likely to cause
greater harm. The extent of this harm remains to be determined, however, along
with other potential outcomes of the Danish experiment, such as whether this
attempt to reduce the non-therapeutic use of antimicrobials in food animals has
resulted in fewer resistant bacterial infections in humans.

Antimicrobial Treatment of Crop Plants

Fungi and viruses pose a greater threat to most crop plants than bacteria
(Vidaver, 2002). Selective breeding of plants for disease resistance has reduced,
but not eliminated, the economic impacts of several fungal and viral plant patho-
gens. However, fungicides are increasingly being used to “control” many crop
diseases, resulting in the development of fungicide resistance. Strategies for man-
aging fungicide resistance, as with antimicrobial resistance, are aimed at delaying
its development (Damicone and Smith, 2009).

Antimicrobials are primarily used for disease prevention in fruit trees, which
are typically sprayed with streptomycin or oxytetracycline (Vidaver, 2002). Wide-
spread resistance to streptomycin has been found among bacterial phytopathogens,
but no resistance among these bacteria has yet been reported for oxytetracycline.
Alternatives such as biocontrol agents, transgenic plants, and novel chemicals are
being developed to avoid the high costs and environmental concerns associated
with the use of antimicrobials on crop plants.

Antibiotics in Aquaculture

Antibiotics are used in the farming of fish and crustaceans much as they are
used for poultry, cattle, and pigs: to prevent disease (and thereby promote growth
and increase yield) and to treat infections (Serrano, 2005). No antibiotic has
been specifically designed for aquaculture applications. Instead, the fish farming
industry employs many of the same drugs used in livestock production (and in
veterinary and human medicine), typically combining them with feed.

Research suggests that more than 70 percent of the antibiotics used in aqua-
culture operations wind up in the environment (Serrano, 2005). Excess feed,
along with drug-containing excrement, accumulates in sediments below fish pens
in natural waterways and in the bottoms of man-made ponds, exposing bacte-
rial populations present in those hydrosoils to antibiotics. Data strongly suggest
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that horizontal transfer of resistance genes on plasmids has been demonstrated
between bacteria in the water of fishponds and in marine sediments. Farmed
salmon may be raised in open-ocean pens located in bays and fjords, into which
antibiotic-laden fish food is added,'® allowing resistant bacteria to flow freely out
of these permeable pens to the larger ocean environment.

Resistant bacteria present on live and uncooked fish and shellfish—and on
meat and poultry—can infect humans who touch or consume these products. In
vitro experiments have demonstrated that plasmids carrying resistance deter-
minants can be transferred from fish pathogens to human pathogens, includ-
ing Vibrio cholerae and Vibrio parahemolyticus (Angulo, 1999). During the
1991 cholera epidemic in Latin America, V. cholerae isolates from Peru, where
the epidemic began among shrimp farm workers, were found to be uniquely
multidrug-resistant. Multidrug resistance was also detected in noncholera Vibrio
pathogens infecting the shrimp. It has been hypothesized that these microbes
may have transferred resistance to the epidemic cholera strain (Serrano, 2005;
Weber et al., 1994).

Wastewater Treatment Plants: Resistance Reactors

The flow of water links ecosystems, providing myriad opportunities for the
exchange of resistance genes within and among microbial communities (Choi,
2007; Davies, 2009). Davies noted that wastewater treatment plants serve as par-
ticularly effective mixing vessels for bacteria and their associated plasmids. Sev-
eral recent reports described the isolation and sequencing of antibiotic multidrug
resistant plasmids from bacteria present in sewage sludges derived from waste-
water treatment facilities and in effluents released from the treatment plant into
the environment (Szczepanowski et al., 2004, 2005, 2008; Tennstedt et al., 2005).
Davies reported that bacterial isolates from a single wastewater treatment plant
in Germany contained 140 different antibiotic resistance genes (Szczepanowski
et al., 2009).

Figure WO-12 depicts a network of genetic “reactors”—including the
microbiota of individual animals, as well as larger ecosystems such as farms,
aquaculture facilities, and hospitals—that amplify and distribute antimicrobial
resistance genes. Davies observed that resistance genes recycle constantly among
these reactors, driven by varying selective pressures imposed by antimicrobials
in any given environment.

'8 In U.S. farmed salmon operations, antibiotics are applied at an average rate of 150 pounds per
acre (Serrano, 2005).
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FIGURE WO-12 Conceptualized view showing the possible fates of antibiotic residues
and mechanisms of antibiotic resistance gene acquisition and dissemination by bacteria,
beginning with land application of animal waste as the source of entry of drugs, bacte-
ria, and resistance genes into the soil environment. AB = antibiotic, ABR = antibiotic
resistance.

SOURCE: Reprinted from Chee-Stanford et al. (2009) with permission from the Journal
of Environmental Quality.

Population Mobility, Globalization, and AMR

While much of the workshop focused on the ways in which the discovery,
development, and widespread use of antimicrobial drugs has accelerated the emer-
gence of resistant pathogens, this trend has also been facilitated by a coincident
increase in human mobility coupled with increased globalization (MacPherson
et al., 2009). Today, international travel and commerce (most notably the explo-
sive growth of commercial air transportation over the past 50 years) drives the
heterogeneous global distribution of microbial pathogens and the organisms
that harbor them (IOM, 2003, 2010). Travel is increasingly rapid, more socially
widespread, and more ubiquitous, connecting once-remote areas (which serve as
both “sources” and “sinks” for emerging infectious diseases) to more developed
regions on the planet. International trade in food and other agricultural commodi-
ties, as well as in wildlife, has also markedly increased among an ever-widening
network of producers and markets.
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Concomitant increases in human mobility and AMR have elevated the risk
to patient care and public health associated with resistant infections, observed
speaker Douglas MacPherson of McMaster University. (Dr. MacPherson’s con-
tribution to the workshop summary report can be found in Appendix A, pages
257-287.) These risks are frequently viewed from the perspective of the pathogen
and addressed as specific diseases or syndromes, he said. In MacPherson’s view,
current circumstances call for a more integrated and harmonized approach to
the hazards to human and animal health presented by resistant pathogens (among
other microbial threats) in a world that presents few barriers to the movement
of resistant microorganisms. He and coauthors have advised that “a shift in the
existing paradigm of pathogen-focused policies and programs to address popula-
tion mobility, as a part of a multi-factorial approach to the determinants of glo-
balization of threats and risks, will contribute to a healthier future for everyone”
(MacPherson et al., 2009).

Future Trends in AMR

Having reviewed a wealth of evidence showing the inevitable development of
AMR from a range of perspectives, workshop participants examined the potential
impacts of AMR in the immediate future. Economist Ramanan Laxminarayan, of
Resources for the Future and Princeton University, observed that such predictions
are hampered by problems inherent in directly measuring AMR-associated health
and economic costs, as previously described by Weinstein. (Dr. Laxminarayan’s
contribution to the workshop summary report can be found in Appendix A, pages
190-221.) Laxminarayan added, however, that it is equally difficult to calculate the
direct health and economic benefits of antimicrobial drugs. If penicillin had never
been introduced, he mused, might improvements in infection control eventually
have reduced infectious disease mortality to current levels? “It’s easy to slack
off infection control if you think that the patient can be treated with an antibi-
otic,” he observed, echoing an argument that other workshop participants raised
in favor of limiting prescription access to generic antibiotics. On the other hand,
he acknowledged, the availability of antimicrobials largely makes possible medi-
cal interventions such as organ transplantation; between 1998 and 2007, 20,000
organ transplantations, on average, were performed per year (American Journal of
Transplantation, 2009).

Leaving aside the problems of quantification, Laxminarayan considered
several important trends in AMR development and impact, and what they imply
for the next 5 to 10 years. In the United States and other developed countries, he
predicted, increasing AMR is likely to raise healthcare costs, but not necessarily
mortality, as physicians substitute newer, more expensive drugs as first-line ther-
apy for resistant infections (often without evidence that it is needed). Meanwhile,
he said, combined increases in wealth and access to antimicrobials in developing
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countries will save lives in some places, but result in vastly increasing AMR
where antimicrobials are used inappropriately. Subsequent workshop presenta-
tions and discussions identified opportunities to shape the more distant future by
mitigating the health and economic consequences of AMR through the develop-
ment of novel therapeutics and by managing these and existing antimicrobials in
order to preserve their effectiveness.

Staying Ahead of AMR

Speaker Brad Spellberg of the University of California, Los Angeles, and
colleagues have observed that “we will never truly defeat microbial resistance; we
can only keep pace with it” (Spellberg et al., 2008a). (Dr. Spellberg’s contribution
to the workshop summary report can be found in Appendix A, pages 326-365.)
Their publication, along with many other analyses of AMR (American Academy
of Microbiology, 2009; Center for Global Development, 2010; Interagency Task
Force on Antimicrobial Resistance, 2001; OTA, 1979; Spellberg et al., 2008a;
Tenover and Hughes, 1996; WHO, 2001a), recommends preserving the effec-
tiveness of existing antimicrobials as long as possible while encouraging the
development of new classes of antimicrobials and alternative therapeutic strate-
gies to address infectious diseases. Strategies to accomplish these goals were dis-
cussed throughout the workshop and were the focus of a session entitled “Novel
approaches for drug discovery, development, and mitigation of resistance.”

Preserving Antimicrobial Effectiveness

Investigators and policy makers generally agree upon at least three key steps
that must be taken in order to prevent the development and spread of resistance to
existing and future antimicrobials: (1) limit their use, (2) discourage their misuse,
and (3) reduce the burden of infectious disease through preventive hygiene and
infection control practices (ICIUM, 2004a, 2004b; Weinstein, 2001). In 2001, the
European Union’s (EU’s) ministers of health adopted several measures specifi-
cally aimed at containing the spread of resistance by encouraging the prudent use
of antimicrobial agents (Monnet and Kristinsson, 2008). In recent years, a series
of published reports suggested that significant progress had been made toward
this goal through such efforts as:

* training physicians in good prescribing practice (Jindrak et al., 2008;
Molstad et al., 2008),

* public education campaigns (Goossens et al., 2008; Huttner et al., 2010;
Molstad et al., 2008; Prins et al., 2008), and

e improved infection control in the community and in hospitals (Anony-
mous, 2008; Goossens et al., 2008).
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In the United States, efforts to control antimicrobial resistance have been
primarily directed to the hospital environment. These efforts have included (1)
improvements in environmental and hand hygiene (Bleasdale et al., 2007; Hayden
et al., 2006; Munoz-Price and Weinstein, 2008; Weinstein, 2001), (2) screening
programs to identify incoming and outgoing cases of MRSA infection (Harbarth
et al.,, 2008; Robicsek et al., 2008), and (3) interventions to improve and/or
restrict antibiotic use, such as the use of computer-based order entry systems
to direct prescribing behavior (MacDougall and Polk, 2005; Weinstein, 2001).
Some of the strategies that were discussed to preserve the effectiveness of current
antimicrobial therapies included the following:

* developing evidence-based standards for prudent antimicrobial use;

* the use of susceptibility testing and the development of additional diag-
nostics to inform therapeutic choices; and

* prohibiting the non-therapeutic use of antimicrobials in animals and
reserving critical antimicrobials for human use.

Prudent use Antimicrobial stewardship—using these drugs to maximize their
efficiency while limiting opportunities for resistance to develop—is the best
short-term approach to mitigating the impact of AMR, Rice asserted. He went
on to suggest that efforts to support the prudent use of antimicrobials had been
hampered by the lack of data regarding the effectiveness of specific measures,
coupled with the general perception by physicians that antibiotics represent, at
worst, a “therapeutically neutral” treatment choice for infectious disease.

Rice dismissed the notion that narrow-spectrum antibiotics would reduce
selective pressure and thereby limit resistance, arguing that no existing antibi-
otic targets a truly narrow group of pathogens. Rather, “the only truly convinc-
ing streamlining [of antimicrobial treatment] is stopping [use],” he said, since
evidence does suggest that short therapeutic courses reduce the development of
resistance. A study comparing 8- and 15-day courses of antibiotic therapy for
patients being treated for ventilator-associated pneumonia, for example, found
not only no difference in efficacy of treatment, but fewer resistant pathogens in
the shorter treatment group among those who developed recurrent pulmonary
infections (Chastre et al., 2003). Another study of similar patients reported that
those who received a 3-day treatment course of ciprofloxacin were less than half
as likely to develop resistant infections, superinfections, or both when compared
to patients who received a standard course of therapy that lasted an average of 9
days with antibiotics chosen by their physicians (Singh et al., 2000).

“Let’s just establish a dose and treat for a short period of time,” Rice con-
cluded, “then we should be able to reduce the overall selective pressure that is
being exerted by antimicrobial therapy in the hospital by a lot.” Currently, there
are limited data upon which to base prescribing decisions regarding the “optimal”
length of antimicrobial treatment. Rice noted, however, that several such studies
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were recently funded by the National Institutes of Allergy and Infectious Diseases
(NIAID) to address this data gap.

Susceptibility testing and diagnostic development Physicians treating resistant
cases of infectious disease turn to antimicrobial susceptibility tests performed
in hospital laboratories to inform their choice of therapeutic agent (Holland et
al., 2009). Speaker Fred Tenover, of Cepheid, noted that hospital laboratories
also employ these tests to compile data on local patterns of AMR in individual
microbial species, typically on an annual basis. (Dr. Tenover’s contribution to the
workshop summary report can be found in Appendix A, pages 365-379.) Physi-
cians regularly consult these test results, known as antibiograms, ' to guide initial
treatment decisions for patients who exhibit symptoms of infection.

Tenover reported that a decade-long review of antimicrobial susceptibility
testing by the Centers for Disease Control and Prevention (CDC) concluded that
most laboratories produce accurate test results for antimicrobial agents against
common bacterial species (Chaitram et al., 2003; Tenover et al., 2001). Many
of these same laboratories, however, proved less proficient at identifying rap-
idly emerging organisms—such as vancomycin-resistant Staphylococcus aureus
(VRSA), extended-spectrum f-lactamase (ESBL) producers, and Klebsiellas that
produce carbapenemase (Steward et al., 2003; Tenover et al., 2004)—and he went
on to identify several factors that have contributed to this inaccuracy, including

* the presence of marginally resistant pathogens that, although difficult to
detect, prove clinically significant;

e the increasing emergence of multiply resistant organisms (e.g., ESBLs
containing several f3-lactamases); and

e lags of months to years in adapting standards and automated systems to
enable them to identify recently emerged resistant pathogens.

In the United States, guidelines for performing susceptibility testing are
established by the Clinical and Laboratory Standards Institute and are revised
periodically to reflect emerging resistance trends, Tenover said. He observed that
current susceptibility testing protocols generally work well, but they must be
updated to reflect every novel AMR strain as it emerges. Tenover also noted that,
while susceptibility testing could, in theory, be used to conduct surveillance for
the presence of AMR in potential animal reservoirs or in the environment, such
applications have been rare, and the data that have been generated appear to have
had little impact on medical practices or policy.

Several workshop participants observed that the development and use of
susceptibility testing and other diagnostics are crucial to addressing the rise and

19 The result of laboratory testing for the sensitivity of an isolated bacterial strain to different anti-
biotics. It is by definition an in vitro-sensitivity test.
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expansion of AMR, particularly as antibiotics become increasingly expensive—so
much so that it might be cost effective to use susceptibility testing to rule out
potential treatments, as well as rule them in. An audience member from Doc-
tors Without Borders suggested that his organization’s experience with treating
malaria in developing countries anticipates the benefits of improved diagnostics
for AMR pathogens. When susceptibility testing is used to individually tailor anti-
malarial treatment, he said, they also achieved greater precision, and therefore
efficacy, of the treatment.

Regulating antimicrobial use in animals Schlundt described a series of rec-
ommendations made by the WHO in response to mounting evidence that non-
therapeutic antimicrobial use in livestock encourages the development of AMR in
human pathogens. Following an initial call, in 1997, to monitor AMR in food ani-
mals and food of animal origin and to manage associated risks, the WHO devel-
oped principles for the containment of AMR in food animals (WHO, 2000b).
These principles included the termination or rapid phase-out of antimicrobial
growth promoters, active surveillance for AMR and antimicrobial use practices to
inform national policies on AMR containment, and monitoring bacteria isolated
from animals, food of animal origin, and humans for AMR.

An IOM report that looked broadly at microbial threats to health examined
the widespread use of antimicrobials in livestock production operations, aquacul-
ture, and agriculture; the emergence of drug-resistant infections in these settings;
and the spread of drug-resistant infections to humans (IOM, 2003). Among other
recommendations the committee, co-chaired by the late Joshua Lederberg and by
Margaret Hamburg, called for the Food and Drug Administration (FDA) to ban
the non-therapeutic uses of antimicrobials for animal growth promotion if those
classes of drugs were also used in human clinical medicine.

A recent WHO ranking of antimicrobials according to their importance in human
medicine could inform efforts to reserve critical classes of antimicrobial drugs exclu-
sively for human use (Collignon et al., 2009). While this strategy has been discussed
for some time and should, in theory, be effective, participants considered it impracti-
cal in the short term. Davies noted that daptomycin, an antibiotic used exclusively
in humans, has been in use for about a decade without the development of trans-
ferable drug resistance, despite the known existence of resistance genes.

Developing Novel Antimicrobials

Novel antimicrobial drugs are needed for a number of reasons, including
treating chronic infections. However, there has been a gap in the development of
new antimicrobials in the past several decades, leading to the search for alterna-
tives to antimicrobial drugs.
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FIGURE WO-13 Systemic (i.e., non-topical) antibacterial new molecular entities ap-
proved by the FDA, per 5-year period.

SOURCE: Reprinted from Clinical Infectious Diseases, Spellberg et al. (2008a), pub-
lished by The University of Chicago Press. © 2007 by the Infectious Diseases Society of
America. All rights reserved.

Arrested development Despite the rising need for new antimicrobial drugs, as
illustrated in Figure WO-13, there has been a several-decades-long gap in new
drug development (Boucher et al., 2009; Spellberg et al., 2008a). A recent EU
report (ECDC and EMEA, 2009) stated that the current pipeline for antibacterial
drugs with the potential to offer a benefit over existing medications consists of
just 15 candidates. Of these, only two drugs, both at an early stage of develop-
ment, feature new targets or mechanisms of action against multidrug-resistant,
Gram-negative bacteria.

In his workshop presentation, Spellberg noted several well-known factors
that make antimicrobials unattractive development prospects for pharmaceutical
companies:

* the high cost of drug development;

¢ the short duration of typical antimicrobial therapy as compared with treat-
ments for chronic conditions, such as high blood pressure; and

 difficulties with the FDA approval process specific to anti-infective drugs.

Spellberg’s remarks focused on the FDA approval process as, in his opin-
ion, the most significant obstacle to developing novel antimicrobial drugs in the
United States. While antibiotics once “sailed through” the FDA approval process,
he said, “six of the seven antibacterials that have come up before the FDA have
not been approved, which has to be the first time in the history of the agency that
that has ever been the case.”

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

WORKSHOP OVERVIEW 37

These approval failures reflect the near impossibility of evaluating antibacte-
rial drugs in trials that compare experimental drugs with agents that have previ-
ously proven superior to placebo in randomized, placebo-controlled trials since
several important antibiotics predate the advent of such trials (see Box WO-2).

Spellberg suggested, instead, that experimental antimicrobials be compared
with agents of known effectiveness on the basis of such clinical endpoints as the
resolution of the signs or symptoms of infection. The FDA is currently review-
ing this and other approaches for antibacterial drug trials, according to Ed Cox,
director of the Office of Antimicrobial Products in the FDA’s Center for Drug
Evaluation and Research.

Spellberg also raised the issue of antimicrobial classification by the FDA as
a possible roadblock to development. If the FDA approves antiretrovirals for the
treatment of HIV (not HIV in the lung or HIV in the skin) and antifungals for
the treatment of invasive organisms (such as candidiasis or aspergillosis), why
does the agency not apply the same logic to the approval of antibacterials for
the treatment of diseases such as pneumonia and skin infections??° This system
encourages pharmaceutical companies to pursue drugs for diseases such as skin
infections that already have plenty of treatment options, Spellberg argued, rather
than seek much-needed treatments for pathogens such as highly resistant Gram-
negative pathogens.

Chronic infections In addition to the mounting problem of AMR, novel anti-
microbials are needed to address the similar but distinct challenge of chronic
infections. In these paradoxical cases, exemplified by a range of diseases caused
by bacterial biofilms,?! antibiotics have only limited efficacy against susceptible
cells, according to speaker Kim Lewis of Northeastern University. (Dr. Lewis’
contribution to the workshop summary report can be found in Appendix A, pages
233-256.) Biofilm diseases include pediatric infections of the middle ear by Hae-
mophilus influenzae, dental diseases caused by Streptococcus and Actinomyces,
infection of medical devices such as catheters and prosthetic hips and knees by
Staphylococcus aureus and S. epidermidis, endocarditis, and infections in cystic
fibrosis caused by Pseudomonas aeruginosa. An estimated 65 percent of all infec-
tions in developed countries are caused by biofilms (Lewis, 2007).

When a biofilm is treated with low concentrations of an appropriate antibi-
otic, the vast majority of cells die, but a small fraction persist and repopulate the
biofilm, thereby sustaining infection, Lewis explained. These “persister” cells
are not mutants, but phenotypic variants that are dormant, and therefore immune
to antibiotic assault (Shah et al., 2006). Unlike resistant cells—which prevent
bactericidal antibiotics from binding to their targets—persisters are tolerant of

20 And not, for example, as treatments for infections caused by multi-resistant Acinetobacter.
2l Biofilms are bacterial communities that become established on surfaces and are encased by an
exopolymer matrix (Lewis, 2007).
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antibiotics because target molecules are inactive as a result of dormancy. “In order
to understand tolerance, we need to appreciate that bactericidal antibiotics kill not
by stopping functions, but by creating either corrupted products or toxic products
that then kill the cell,” Lewis observed. “If the target is inactive, there will be no
corrupted or toxic product, and no death” (Kohanski et al., 2010b; Lewis, 2007).
The small proportion of biofilm cells that are persisters, therefore, function as a
pathogen refuge in the presence of antibiotic.

What causes persisters to assume this protected but unproductive state?
Lewis’s group examined intracellular toxins known to induce dormancy, and
they found that these molecules also rendered cells highly tolerant to antibiotics

BOX WO-2
FDA Trials for Antimicrobial Drugs: Plugging the Pipeline?

The FDA currently uses a model known as noninferiority to evaluate virtually
all experimental drugs for indications for which treatments already exist.? In a non-
inferiority trial, patients are randomly assigned to one of two groups: one group
receives a standard comparator drug already on the market; the other group re-
ceives the experimental drug. There is no direct comparison to placebo. If the two
drugs prove similarly effective, there are two possible interpretations: either both
drugs are better than placebo or neither drug is better than placebo. However, if
the comparator drug has been demonstrated to be superior to placebo in previ-
ously conducted randomized, controlled studies, and the experimental drug is then
shown to be noninferior in efficacy to the comparator drug, then the experimental
drug can be inferred to be superior to placebo as well. For this reason, the FDA
has come to insist that comparator drugs used in noninferiority trials be previously
shown to be superior in efficacy to placebo.

This policy has far-reaching implications for the approval of novel antimicrobial
drugs, according to Spellberg. Since the first antibiotics predate the advent of
randomized, placebo-controlled studies by two decades (unlike most other drug
classes, which were subject to placebo-controlled studies from the outset), and
these antibiotics are unquestionably effective, it has never been ethical to test anti-
biotics against a placebo. Similar arguments complicate so-called superiority trials
for antibiotics, which determine whether an experimental drug performs better than
an approved comparator drug. A new antibiotic would most likely prove superior
in patients who are infected with bacteria resistant to the comparator drug, but it
would be unethical to enroll such patients in a trial in which some would receive a
useless treatment for a resistant infection. “That’s like taking a patient with methicil-
lin-resistant Staphylococcus aureus and giving them a 50 percent chance of being
treated with methicillin,” Spellberg said. “You can’t [ethically] do that study.”

These dilemmas could be overcome, Spellberg said, by using analyses per-
formed on early antibiotics in lieu of placebo-controlled randomized studies, so
that these drugs could serve as comparators in noninferiority trials of novel anti-
biotics. He stated that between 1936 and 1950 at least 15 studies of antibacterial
agents (sulfonamides or penicillin) were conducted on patients with community-
acquired pneumonia (primarily but not exclusively pneumococcal in etiology), then
a leading cause of mortality in the United States. Although neither randomized
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(Schumacher et al., 2009). One such toxin, called TisB, is activated by the bacte-
rial SOS response, which (as previously described) also increases mutation rates,
and, thereby, opportunities for antibiotic resistance to emerge (Dorr et al., 2009,
2010). Lewis observed that, when sublethal antibiotic exposures trigger the SOS
response, it can lead to the creation of persisters that are multidrug tolerant.

He and coworkers then analyzed pathogen isolates from patients with chronic
infections, whose exposure to periodic high doses of antibiotics would be expected
to select for comparatively high levels of persistence (Lafleur et al., 2010; Lewis,
2007; Mulcahy et al., 2010). This is indeed what the researchers found, Lewis
said, and these results clearly demonstrate that the ability to make persisters plays

in the modern sense nor placebo controlled, these studies were sufficiently con-
trolled to permit valid comparisons between patients who received antibiotics and
those who did not, Spellberg asserted. Every study showed a significant decline in
pneumonia mortality among patients given antibiotics (Spellberg et al., 2008b).

Another point of contention regarding the FDA approval process for antibiot-
ics involves the choice of trial endpoints. Spellberg observed that some consider
mortality to be the only acceptable endpoint for trials of potentially lifesaving drugs
for syndromes such as pneumonia, although such clinical trial endpoints may be
problematic. In theory, the clinical effects of antibiotics must be more significant
than their effects on mortality, because “dead people don’t clinically respond,” he
said. Practically, antibiotic trials using mortality as an endpoint for pneumonia
would require huge enroliments, because mortality rates for that disease are less
than 5 percent. “That means you’re going to need 5,000 patients in a study to
adequately power the study,” he continued. “You have to do 2 of those studies to
get an indication, so you need to enroll 10,000 patients into a Phase Ill program.
That will cost $500 million and will take 5 to 10 years to enroll”

“The critics believe that mortality is the most sensitive endpoint to detect a
relatively ineffective drug and that if you don’t use mortality, you increase the risk
of approving a relatively ineffective drug,” Spellberg observed. He contended, on
the contrary, that relatively ineffective drugs (such as sulfonamides) can have huge
mortality benefits, and that noninferiority studies using such clinical endpoints as
symptom resolution have demonstrated when drugs are ineffective, as is the case
with daptomycin, when partially inactivated by surfactant in the lung, or with tige-
cycline, when hypermetabolized in patients with ventilator-associated pneumonia.
“The FDA simply has to move past radical skeptics and use available data to enable
antibiotic noninferiority studies with clinical endpoints,” Spellberg asserted, even if
it requires a statutory change recognizing the uniqueness of antibiotics. “Antibiotics
are the only class of drugs that loses efficacy over time,” he concluded. “If you do
not continually replace them, you will end up not having effective drugs.”

SOURCE: Spellberg et al. (2008b).

2There is another mechanism. For diseases that are not typically fatal or are slowly progres-
sive, one can do placebo trials with early escape leading to receipt of active therapy at the
first sign of disease progression. This is rarely used and never for bacterial infections, because
they are not slowly progressive and often fatal if untreated.
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a key role in infection, and one distinct from resistance. “In acute infection, it is
very important for the pathogen to be able to have resistance, both intrinsic and
acquired,” Lewis explained. He went on to observe that chronic infections favor
persister cells and tolerance, both of which are reinforced by selective pressure
in the form of repeated high doses of antibiotic.

“Rescue drugs” and novel antibiotics Considerable discussion focused on the
question of whether the antibiotic “development gap”—as previously depicted
in Figure WO-13 (Boucher et al., 2009; Spellberg et al., 2008a)—represents a
natural, and thus insurmountable, barrier. Some workshop participants speculated
that the proverbial “low-hanging fruit” of drug-worthy compounds has already
been developed and is likely to fail due to AMR. Participants who adopted this
view found greater promise in alternatives to antimicrobial drugs, such as vac-
cines or antibody therapy (as discussed in a subsequent section), or in strategies
to rescue existing antibiotics from resistance, such as those described below by
speaker James Collins of Boston University. (Dr. Collins’ contribution to the
workshop summary report can be found in Appendix A, pages 116-140.) Other
participants expressed a more sanguine view of prospects for new antimicrobi-
als, including Michael Fischbach, of the University of California, San Francisco,
whose presentation (discussed below) mapped several routes to novel drugs.
(Dr. Fischbach’s contribution to the workshop summary report can be found in
Appendix A, pages 160-174.)

Turning resistance off Collins’s group was part of the team that deduced that
bactericidal antibiotics elicit the SOS response and stimulate oxidative damage
associated with programmed cell death at high concentrations (Dwyer et al., 2007)
and mutagenesis leading to resistance at sublethal concentrations (Kohanski et al.
2010a). Based on these observations, they screened compound libraries for mol-
ecules that might enhance bactericidal action by knocking out the SOS response.
One of their “hits,” when combined with gentamicin, increased an antibiotic’s
activity by 1,000-fold, Collins reported. Collins’s group also found small mol-
ecules that could increase the ability of bactericidal antibiotics to produce oxida-
tive damage in target cells, which also enhanced antibiotic effectiveness.

To deliver the SOS-inhibiting system in conjunction with bactericidal anti-
biotic, Collins and coworkers developed a lysogenic bacteriophage?? system that
proved quite efficient (Lu and Collins, 2009). His group, in collaboration with the
Walter Reed Medical Institute and the U.S. Army, is exploring the feasibility of

22 A lysogenic phage is a “temperate” bacteriophage (such as lambda phage) that integrates its genome
into the genome of the host without immediately transcribing and making new virus particles. However,
at a later time, the integrated genome can be excised and begin to be actively transcribed, producing
virus particles that eventually burst the cell. This is opposite of the “Iytic” variety of bacteriophage (T4
phage) that immediately transcribe and make new virus after infecting the host cell, causing rapid lysis
(http://wiki.answers.com/Q/What_is_a_lysogenic_bacteriophage [accessed on June 23, 2010]).
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using such adjuvant phage in combination with antibiotics to treat resistant Aci-
netobacter infections among U.S. soldiers returning from Iraq and Afghanistan.

Another version of this bacteriophage system offers promise for treating
biofilm infections, such as those previously described by Lewis. As illustrated
in Figure WO-14, these bacteriophage infect cells on the surface of the biofilm,
where they launch a two-pronged attack by multiplying and lysing cells in an
accelerating cascade, while an enzyme engineered on their surface breaks down
the biofilm’s polysaccharide matrix (Lu and Collins, 2007).

New scaffolds increase novelty Fischbach described several potential paths
that might lead to new antibiotics in the future (see Appendix A6). He observed
that not only are there too few antibiotics available today, but the ones that are
available are too similar to one another. Four major classes of antibiotics discov-
ered between 1930 and 1970—the penicillins; the cephalosporins; the quinolones;
and the macrolides—command about 80 percent of market share for these drugs.
The chemical entity that defines each class of antibiotics, known as a scaffold,
has been altered to produce several generations of drugs, each of which has fore-
stalled resistance for ever-shorter periods, as illustrated in Figure WO-15.

Finding or creating antibiotics based on new scaffolds bodes well for elud-
ing resistance for a longer time, Fischbach explained. “Look how important each
[existing] scaffold has been for the treatment of bacterial infections,” he said. This
approach to new drug discovery could also serve as a basis for generations of
improved derivatives. His presentation highlighted several examples of new anti-
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FIGURE WO-14 Modified bacteriophage enter and destroy the biofilm matrix.
SOURCE: Collins (2010).
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biotic scaffolds, some of which were discovered in nature and others in synthetic
small-molecule libraries amassed by pharmaceutical and chemical companies.

Lessons learned from previous antibiotic discovery efforts can inform the
search for new scaffolds, Fischbach observed. This approach is shown in Figure
WO-16.

The identification of novel targets, in the form of essential enzymes, from the
genomic sequences of pathogens initially appeared to be a promising strategy, he
said. High-throughput screening of synthetic compound libraries for inhibitors of
these enzymes, however, has yet to lead to the development of a new antibiotic. In
many cases, candidate compounds proved impossible to deliver to their intracel-
lular targets. Fischbach advocated solving the delivery problem first, by screening
compounds in whole-cell assays and then using genomic approaches?? to identify
the intracellular targets that enable candidate compounds to kill pathogen cells.
Taking this idea further, Lewis and coworkers have pioneered an automated
“whole-animal” system that uses the roundworm Caenorhabditis elegans to
screen libraries of compounds for antibiotic activity (Moy et al., 2006).

As to where to find compounds, Fischbach noted that current antibiotic
scaffolds did not originate in antibiotic discovery programs but were serendipi-
tously identified from various industrial synthetic chemical libraries. He advised
researchers to look for large, diverse, chemical libraries to screen for antibi-
otic activity, such as those libraries developed by pharmaceutical companies to
address a range of therapeutic areas.

Novel natural products The “low-hanging fruit” of natural antibiotics may
already have been harvested, Fischbach acknowledged. Switching metaphors, he
nevertheless asserted that the natural product well is far from dry and—employing the
tools of genomics—could be plumbed far deeper, as depicted in Figure WO-17.

Because genes that encode for natural products are clustered on chromosomes,
they are easy to find and, with the help of bioinformatics, their functions can often
be inferred. The microbe that is used to produce commercial erythromycin, for
example, contains many similar natural product gene clusters, but only one of them
makes erythromycin; the products of the other clusters remain unknown. Perhaps
under different growth conditions Fischbach speculated—echoing an earlier obser-
vation by Davies—the microbe will produce these mystery molecules. If so, new
antibiotic scaffolds may be coaxed from this and other bacteria that have already
been screened for antibiotic activity. “Maybe we don’t need to go to the corners of
the Earth to find new soils to find new natural products,” he mused. “We just need
to go to the backyard and then spend a little more time with each of the microbes
that we collect in order to tickle them to make what they can already make.”

Another cryptic but plentiful potential source of novel antibiotics is the

2 Including biosynthetic methods such as those used by Collins and coworkers to identify the
induction of the SOS pathway and ROS by bactericidal antibiotics.
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vast majority of species present in non-culturable bacterial communities, Lewis
said. His group has devised ways to grow some of these elusive microbes, and
in so doing has discovered that many are dependent on growth factors supplied
by other community members, without which the unculturable cells remain
dormant (D’Onofrio et al., 2010). Intrigued by this interesting parallel between
unculturable bacteria and persisters, the researchers have launched a collaboration
with a small biotech company capable of growing large numbers of previously
unculturable cells using their method, which they are screening for antibiotic
activity against Actinobacteria.”* “We get lots of very interesting compounds,
very distantly related to known antibiotics,” Lewis said, adding that he expects
that “from novel biology you will get novel chemistry.”

Indigenous bacterial communities must also produce antibiotics, Fischbach
suggested. He noted that genomic analysis from the Human Microbiome Project
has identified two bacterial species (one from the gut, the other on skin) with
natural product gene clusters similar to those known to express a venerable class
of antibiotics known as thiopeptides. “If microbes in our gut and microbes on
our skin are producing antibiotics that are almost as potent as vancomycin,” he
observed, “it could have a number of effects on the structure of the [microbiome]
and on how we think about the antibiotics we take.”

The ideal antibiotic If one could envision an ideal antibiotic, Lewis observed,
it would be a prodrug: a molecule that has no activity until it diffuses into a cell
and is modified by a specific enzyme into a reactive product—in this case, a prod-
uct that hits unrelated targets and causes cell death. Prodrug antibiotics would
resolve multiple problems, he noted: no persisters could evade prodrugs, no pen-
etration problems would occur with Gram-negative species, and the activity spec-
trum would be broad. Moreover, this mechanism of action has been tested and
found robust in the antimicrobial metronidazole, and in several anti-tuberculosis
drugs. Speaker Stuart Levy, of Tufts University and the Alliance for Prudent
Use of Antibiotics (APUA), added another feature to the antibiotic wish list: the
capacity for self-destruction. (Dr. Levy’s contribution to the workshop summary
report can be found in Appendix A, pages 222-232.) “Antibiotics that self-destruct
after they do their job in the body would be fantastic,” he said, “because, person-
ally, I think most if not a lot of resistance is occurring outside the body.”

Alternatives to Antimicrobials

To some investigators, the inevitability of AMR represents a fatal short-
coming of antimicrobial therapy as it has been practiced since the advent of
penicillin and is a reason to seek alternative approaches to treating infectious

24 Actinobacteria are a group of Gram-positive bacteria with high G+C ratio. They can be terrestrial
or aquatic.
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diseases (Casadevall, 1996). According to speaker Arturo Casadevall of the
Albert Einstein College of Medicine, “a fundamental decision that was made in
the mid-20th century is responsible for a lot of the problems that we have, and
that is the development of nonspecific therapies.” (Dr. Casadevall’s contribution
to the workshop summary report can be found in Appendix A, pages 75-82.) The
legacy of cheap, effective, well-tolerated, broad-spectrum antimicrobials is not
limited to AMR, he said, but also includes damage to indigenous microbial
communities, such as the human intestinal microbiota, and the phenomenon of
superinfection (a secondary infection that occurs during treatment for infection
by a different pathogen). Casadevall further observed that broad-spectrum anti-
microbials have created a culture of empiricism in medicine, in which treatment
choices are determined by guesswork rather than by diagnosis. He added that
this trend has accelerated the “vicious spiral” of treating ever-increasing AMR
with drugs of ever-decreasing specificity, which in turn has discouraged the
development of pathogen-specific therapy.

While he acknowledged that broad-spectrum antibiotics have undeniably
benefited individuals by providing rapid and effective life-saving therapy for
microbial diseases, Casadevall expressed skepticism about their overall benefit
to society. He wondered whether antibiotic-induced damage to the human micro-
biota might underlie four recent and detrimental health trends: increasing rates of
obesity, autism, asthma, and atopy, such as peanut allergy. He noted, moreover,
the associations between some types of cancer and prior antimicrobial therapy,
observing that the common denominator in these associations may be damage
to normal microbiota. “If one of those associations is established . . . society is
just not going to allow the use of broad-spectrum antibiotics, and drug discovery
is going to have to change,” he predicted. That will create a need for pathogen-
specific therapeutics (drugs that could, for example, target virulence factors, or
that are able to exploit physiological differences between target and non-target
pathogens) and, along with them, improved diagnostics.

Vaccines, which are both pathogen specific and protective, are considered by
many to be the best possible defense against infectious disease. Their potential
to alleviate the burden of AMR has been demonstrated in the development and
deployment of vaccines against Haemophilus influenzae (Hib) (WHO, 2009)
and Streptococcus pneumoniae (Kyaw et al., 2006), and also in aquaculture,
where vaccine use can reduce reservoirs of drug-resistant bacteria and transfer-
able resistance genes (Heuer et al., 2009). However, few vaccines have appeared
in recent decades (Spellberg et al., 2008a), and workshop participants were not
optimistic about prospects for a future upsurge. Furthermore, they noted, vaccines
will not end the need for antimicrobials to treat conditions such as opportunistic
infections.

Immunotherapy, which Casadevall studies, offers a near-term alternative
to vaccines as a replacement for antibiotics (Saylor et al., 2009). Therapeutic
antibodies are highly specific, do not select for resistance in non-targeted organ-
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isms, and can be modified to provide a variety of effects (Casadevall et al.,
2004). However, only one monoclonal antibody? is licensed for use against a
microbial disease—the disease caused by respiratory syncytial virus.?® Neverthe-
less, Casadevall reported, numerous monoclonal antibodies are in clinical trials.
His group is currently developing a monoclonal antibody-based therapy for
cryptococcal meningitis. Some antibodies can function as antimicrobials simply
by binding to target cells, as suggested by the recent finding that antibody bind-
ing alters pathogen gene expression and metabolism (McClelland et al., 2010).
Antibodies can also be “armed” by radiolabeling, enabling them to bind and kill
specific microbial targets (Dadachova and Casadevall, 2009; Dadachova et al.,
2006).

The downside to both vaccines and immunotherapy is the cost compared to
antimicrobial drugs. Antibiotics could be replaced with immunoglobulins, Casadevall
observed, but at a high price—one made even higher by the necessity for diagnostics.
Moreover, he said, data from the pre-antibiotic era reveal that the efficiency of anti-
body treatment declines after symptoms develop. Patients who are not diagnosed at
an early stage of infection are likely to need antimicrobial drug treatment(s).

Before the advent of antibiotics, phage therapy for bacterial infections was
widely employed in the West and is still used in Eastern Europe and the former
Soviet Union (Hanlon, 2007; Sulakvelidze and Morris, 2001; Sulakvelidze et al.,
2001). Had penicillin been invented a decade later, Casedevall speculated, bacte-
riophages might have achieved far greater prominence in antimicrobial therapy.
Promising results from recent animal studies using bacteriophage to treat bacte-
rial infections, including those described previously by Collins (Lu and Collins,
2007, 2009), have renewed interest in phage-based antimicrobials (Hanlon, 2007,
Sulakvelidze and Morris, 2001). Recombinant or engineered phage lysins—enzymes
used by phage to destroy the bacterial cell wall for release of phage progeny—are
also being explored as therapeutics (Daniel et al., 2010; Fischetti, 2008).

Investigators have also proposed various alternatives to classic targets for
antimicrobial therapeutics. Virulence factors—such as the adhesins, toxins, and
antibiotic-resistance determinants—are considered promising targets because
their elimination would disable but not kill the bacterium, keeping the selection
pressure for resistance relatively low (Alekshun and Levy, 2004). Strategies that
target quorum sensing, a process that regulates the expression of many virulence
factors, offer additional possibilities in the search for novel antimicrobial targets
(Alekshun and Levy, 2004; Salmond and Welch, 2008).

Casadevall also suggested that greater attention should be paid to host response

25 Monoclonal antibodies are raised against a single antigen in cells that are clones of a single
parent (germ) cell.

26 A respiratory virus that infects the lungs and breathing passages. Most otherwise healthy people
recover from a respiratory synctial virus infection in 1 to 2 weeks; however, infection can be severe
in some people, such as certain infants, young children, and older adults (http://www.cdc.gov/rsv/
[accessed June 18, 2010]).
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factors that influence whether the presence of a microbe constitutes colonization or
disease (Casadevall and Pirofski, 2003). Indeed, he observed, diagnostics should be
developed to distinguish whether tissue damage results from microbial action or the
host’s immune response. At the moment, he said, “we do not have the capacity to
distinguish between colonization and disease in the hospital.”

Focusing on the host may provide additional alternatives to antimicrobials, in
the form of infectious disease therapeutics targeting host genes that pathogens co-
opt in order to reproduce and spread (Cohen, 2009). Such host-oriented therapeu-
tics are expected to be less vulnerable to resistance than traditional antimicrobials,
but that remains to be determined. We may also have much to learn from insects,
whose response to invading pathogens differs markedly from that of mammals,
and whose immune defenses are rarely breached (Haine et al., 2008).

Policy Challenges and Opportunities

The policy challenges presented by AMR are plainly laid out in the title of
the seminal 1992 book, The Antibiotic Paradox: How Miracle Drugs Are Destroy-
ing the Miracle (Levy, 1992, 2002). Recognition of this growing threat has paral-
leled that of infectious disease emergence, along with the understanding that both
trends are driven by the global dissemination of microbes, hosts, vectors, and
genes (American Academy of Microbiology, 2009; IOM, 2003, 2008b, 2010).
The spread of resistance is directly or indirectly influenced by the “globalization”
of human migration, travel, trade, and tourism (IOM, 2010; MacPherson et al.,
2009); by agricultural practices and the food chain (IOM, 2006); and by water,
in its diverse forms and uses (IOM, 2009a).

As noted previously, AMR both resembles and intersects with a range of
global challenges, including energy, food safety, clean water, and climate stabil-
ity. In her presentation, which outlined efforts by the Pew Charitable Trusts to
support stewardship and development of antimicrobial drugs, Hearne asserted
that policy makers should view antimicrobials much as they view energy: a lim-
ited, valuable resource to be conserved, and for which new sources need to be
identified and exploited. She outlined four basic steps that she felt were needed
in order to achieve the interrelated goals of antimicrobial stewardship and
development—strategies that were discussed throughout the workshop—and
that have long been advocated to address the threat of AMR:

 limit the use of antimicrobials,

» discourage their misuse,

* reduce infection through disease prevention measures, and
e create incentives for improved treatment and innovation.
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The Global Challenge of Antibiotic Stewardship

“It’s the overwhelming culture in a lot of the world that antibiotics solve
everything,” an audience member observed. “Antibiotic abuse is worldwide.”
While over-the-counter access to antibiotics—illustrated in Figure WO-18—
doubtless contributes to this abuse, several participants urged attention to addi-
tional risks for AMR associated with the manufacture and agricultural use of
counterfeit antibiotics, a trend that appears to be increasing in the developing
world. What, they asked, can be done to convince people—indeed, societies—to
change these behaviors?

Addressing this challenge is central to the mission of APUA “to control infec-
tious diseases worldwide through appropriate access to, and use of, antimicrobials and
the containment of antimicrobial resistance,” according to Levy. This international
alliance, comprised of over 60 local chapters representing more than 100 countries,
supports both the gathering and the dissemination of scientific information on AMR,
in partnership with public health organizations such as the WHO and the Pan Ameri-
can Health Organization. APUA aims to make AMR a public health issue with gov-
ernment ownership and financial support, even in countries where health resources

FIGURE WO-18 Over-the-counter availability of antibiotics in the Cancun (Mexico)
airport.
SOURCE: Photo courtesy of David Relman, personal photo (2009).
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and expenditures are limited, Levy said. He noted that, by publishing all findings and
achievements of APUA-supported programs, no matter how small, the alliance has
raised public awareness of AMR and recognition of leaders in each country who are
tackling this issue.

Laxminarayan reminded workshop participants that much of the developing
world lacks access to antimicrobials, so it would be inappropriate to send a universal
message encouraging the world to use less of these drugs. “Many people whose
lives could be saved by antibiotics have never seen an effective antibiotic in their
life,” he asserted, and he offered instead as a model the Integrated Management
of Childhood Illness, a program that has successfully supported the rational use
of antibiotics (Black et al., 2003; Okeke et al., 2005).

In response to his own rhetorical question as to whether antibiotic effective-
ness can be managed as a global “good,” Laxminarayan went on to describe
the Global Fund to Fight AIDS, TB and Malaria?’ which he held up as a rare
example of an effective global program supported by a robust financing mecha-
nism. Thanks to this initiative, the private-sector price of artemisinin combination
therapy has declined from about 8 dollars to about 5 cents, with the remainder
paid by donors, wholesalers, and pharmaceutical companies, he reported. There
are few additional examples of such programs, Laxminarayan observed, but AMR
should be viewed as deserving similar support as malaria, since, in both cases,
subsidizing appropriate treatment is certain to save significant numbers of lives.

Opportunities for National Legislation and Regulatory Policies

Hearne identified three legislative proposals—two of which have been intro-
duced to the Congress of the United States (see Box WO-3) and a third more
comprehensive synthesis of these and other policy elements—that collectively
would advance the twin goals of antibiotic stewardship and development:

e The Strategies to Address Antimicrobial Resistance (STAAR) Act, aimed
at advancing federal plans for AMR research and surveillance.

e The Preservation of Antibiotics for Medical Treatment Act (PAMTA),
designed to withdraw the routine use of seven classes of antibiotics vitally
important to human health from food animal production unless animals or
herds are sick with disease or unless drug companies can prove that their
use does not harm human health.

27 The Global Fund to Fight AIDS, TB and Malaria (often referred to as the Global Fund or GFATM)
was established in January 2002 to dramatically increase global financing for interventions against
the two pandemics (malaria is actually endemic). It is the largest international funder of programs to
combat malaria and tuberculosis, providing two-thirds of all financing, and it provides 20 percent of all
international funding to combat HIV/AIDS. The Global Fund asserts that, as of June 2007, 1.9 million
lives have been saved thanks to efforts in 136 countries supported by the Global Fund.
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BOX WO-3
Legislation to Address AMR: The STAAR Act and PAMTA

In late 2005, legislation promoted by the Infectious Diseases Society of Amer-
ica to encourage investment by pharmaceutical companies in antimicrobial re-
search and development was introduced, but not enacted, in the 109th Congress
(Spellberg et al., 2008a). In September 2007, the 110th Congress passed the
Food and Drug Administration Amendments Act of 2007 (P.L. 110-85, 2007),
which included provisions for gathering data on the extent and spread of antibiotic
resistance among bacteria. On May 13, 2009, U.S. Representative Jim Matheson
introduced the Strategies to Address Antimicrobial Resistance (STAAR) Act (H.R.
2400), which proposes to build on the federal Action Plan (IDSA, 2009).

Specifically, the STAAR Act, if enacted, would create an Antimicrobial Resis-
tance Office within the office of the Assistant Secretary of Health in the Depart-
ment of Health and Human Services (HHS), establish an expert advisory board,
and strengthen research and surveillance efforts toward reducing the threat of
antimicrobial resistance.?

In a related development, on March 17, 2009, the Preservation of Antibiotics
for Medical Treatment Act (PAMTA) of 2009 (H.R. 1549/S. 619) was introduced
in the U.S. House of Representatives? and the U.S. Senate.® The passage of this
legislation would amend the Federal Food, Drug, and Cosmetic Act to require the
Secretary of HHS to deny applications for new animal drugs that fit the definition of
a “critical antimicrobial animal drug” unless the applicant demonstrates that there
is a reasonable certainty of no harm to human health due to the development of
antimicrobial resistance attributable to the non-therapeutic use of the drug. The
legislation defines a “critical antimicrobial animal drug” as a drug intended for use
in food-producing animals that contains specified antibiotics or other drugs used
in humans to treat or prevent disease or infection caused by microorganisms.

PAMTA further requires the Secretary to withdraw approval of a non-therapeutic
use of such drugs in food-producing animals 2 years after the date of enactment
of this Act unless certain safety requirements are met and it directs specified
congressional committees to hold hearings on the implementation of such a with-
drawal of approval (H.R. 1549/S. 619).

It is unlikely that either piece of legislation will be enacted into law by the close
of the 111th Congress in 2010.

2 See http://www.govtrack.us/congress/bill.xpd?bill=h111-1549 (accessed February 23,
2010).

b At this time, H.R. 1549 has been referred to, and hearings have been held before, the House
Energy and Commerce and the House Rules Subcommittee.

¢ S. 619 has been read twice and referred to the Senate Committee on Health, Educa-
tion, Labor, and Pensions. For more information, see http://www.govtrack.us/congress/bill.
xpd?bill=s111-619 (accessed March 24, 2010).

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

WORKSHOP OVERVIEW 53

* A comprehensive bill that could include incentives to the research commu-
nity and industry to embrace antimicrobial development as well as support
for antibiotic stewardship. This legislation could combine the STAAR Act
and PAMTA with lessons learned from European bans on the use of antimi-
crobials for growth-promotion in food animals, according to Hearne. It also
could draw upon incentives, such as those in the successful Orphan Drug
Act (P.L. 97-414, 1983), which both pushed and pulled the pharmaceutical
industry to develop therapeutics for disorders affecting fewer than 200,000
people in the United States.

Hearne stressed that it was imperative that Congress muster the political will
required to pass comprehensive legislation to preserve the existing antimicrobial
therapies while simultaneously stimulating research and development (R&D) inno-
vation to ensure a steady supply of replacement treatments as the old ones become
obsolete. To that end, Hearne said she was heartened by the growing interest among
policy makers to address antimicrobial resistance and by the number of supporters
in both the House and Senate for PAMTA. Returning to the workshop discussion on
the interpretation of the results of the Danish ban on the use of growth-promoting
antimicrobials in food animals, she said that a similar “dissection of data” should
be taking place on this issue at the U.S. national level. To this point, speaker Jeffrey
Levi, of Trust for America’s Health, suggested that, despite polarization on the issue
of antimicrobial growth promoters, “there is a consensus that this should be driven
by science and public health and not necessarily the interests of the industry . . .
[and] that is an argument for FDA regulation, because FDA knows how to insulate
itself from industry, with varying degrees of success.”

Levi focused on the existence of substantial administrative opportunities
to advance AMR stewardship and development, noting that the post-healthcare
reform climate does not favor the passage of more health-related legislation.
Nevertheless, he observed that “almost everything, if not everything, in the
STAAR Act can be implemented administratively,” much as plans for influenza
pandemic preparedness were. “There are many other issues in the federal govern-
ment without a legislative mandate where there is a coordinating mechanism and
a government-wide strategy and an implementation plan,” he said. “It didn’t take
an act of Congress to have a national strategy on pandemic flu or to have very
detailed implementation plans” after which it was possible to request appropriate
additional resources from Congress.

The passage of healthcare reform has created an important opportunity to
advance antimicrobial stewardship, in the form of significant funding ($15 billion
over the next 10 years) for preventative public health programs, Levi added. This
initiative could include efforts to educate the public and the medical community
about AMR, he said, given committed leadership and an actionable plan. Levi
offered one such proposal: a public health campaign intended to raise public
expectations of protection from AMR in healthcare settings while increasing
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public understanding of the prudent use of antimicrobials. “If we do this educa-
tion campaign right, it will get people to start asking the question, ‘Why are we
in this mess in the first place, and why isn’t science able to provide us the new
tools that we need?’” he speculated. “That will then generate support for the other
parts of the agenda, including developing new products.”

Ultimately, Hearne said, she believes the United States could have com-
prehensive reform that establishes a new drug category for antimicrobials (dis-
cussed below). In Hearne’s view, this would promote conservation of therapeutic
resources while encouraging innovation and development in the arena of new
drugs and treatments. However, she added, such legislation can only come about
with the support of the scientific community, which is viewed by the vast majority
of Americans—according to research conducted by the Pew Research Center—as
a trusted source of information for decision making (Pew Research Center for the
People & the Press, 2009). “The scientific community can speak with great cred-
ibility to the American people about the need for us to protect their health,” Levi
concurred. If the issue of AMR is framed in that way, he said, the FDA (among
other federal agencies) “can move forward wherever the science may take it.”

Promoting the Development of Novel Antimicrobials

Workshop participants discussed a range of regulatory reforms and economic
incentives to address AMR in both the near- and far-term by bringing more anti-
microbials to market and by refilling the developmental pipeline.

Bringing new drugs to market Spellberg stated that a statutory change might
be needed in order for the FDA to establish an approval process for antimicro-
bial drugs based on noninferiority studies with clinical endpoints. He and Levy,
among others, observed that such a change is justified given the uniqueness of
antimicrobials as a class of drugs, on the basis of the following factors:

e Antimicrobial use by individuals, through the subsequent shedding of
both active and resistant bacteria, affects every community from the
immediate family to the local environment to the global ecosystem.

* Unlike other drugs (but like pesticides), antimicrobials lose their effective-
ness over time as microbes inevitably develop resistance.

* Antimicrobial effectiveness permits the use and development of other
medical advances, such as transplantation and cancer chemotherapy, and
of surgery in general.?

28 This point was also raised by Rice as an existing, but overlooked, incentive to pharmaceutical
development:
How would the pharmaceutical companies’ bottom line be affected by a significantly reduced
use of cancer chemotherapy because it is perceived as too dangerous because of the resistant organ-
isms that you cannot treat? How about reduced transplants? How about reduced joint replacements?
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In addition to providing a framework for regulatory reform, establishing anti-
microbials as a unique drug category, Levy observed, would also permit special
considerations for these drugs as incentives for development, such as extended pat-
ent life and tax relief. Spellberg asserted that only a “Chinese menu” of incentives—
including but not limited to basic science and business grants, contracts, tax credits,
new funding through agencies such as the Biomedical Advanced Research and
Development Authority (BARDA),?® patent extensions, guaranteed markets, and
liability protection—would be sufficient to refill the antimicrobial pipeline. Levi
stated that many mechanisms already exist to create these incentives through such
agencies as BARDA and the FDA. Levi went on to note that, under the leadership
of the former Forum co-chair and current Commissioner of the FDA, Margaret A.
Hamburg, the FDA is increasingly guided by a public health standard, as evidenced
by the creation of the Center for Tobacco Products.

When public health standards underlie regulatory decision making, reform
can be achieved more efficiently through administrative channels than through
legislation, Levi asserted. Based on his lengthy prior experience with regulatory
reform to address HIV/AIDS, he assured advocates of antimicrobial stewardship
and development that, armed with scientific evidence and “good, compelling,
very emotional cases,” it is possible to reach the regulators and achieve more
flexibility in the drug approval process.

Reviving research and development While it is critical to bring new antimicro-
bials to the market in the near-term, there is an equal need to promote R&D of the
next generation of antimicrobials, Spellberg observed. However, he added, such
efforts may only be economically viable if conducted by a not-for-profit entity
charged with developing antimicrobial therapies for societal use. He noted that a
similar initiative has been undertaken to support the R&D of tuberculosis drugs
(Global Alliance for TB Drug Development, 2010).

Others suggested that the task of identifying new antimicrobial entities, such as
scaffolds, may be so great as to require not only the participation of the pharmaceu-

How about overall reduced elective surgery because physicians are afraid of being sued because of
a resistant organism that cannot be treated? All of these highly profitable ventures are made possible
by effective prophylactic and therapeutic antimicrobial therapy.

So my question to the pharmaceutical industry: Whatever happened to protecting the franchise?
‘When I mentioned this to someone who had 16 years of experience in the pharmaceutical industry,
he thought it was an interesting idea but said, “Never happen. Everybody is so siloed into their own
little area, but nobody cares about what the other area does.” And I think that’s a real shame.

I really think, if the pharmaceutical companies could look forward and say, “We need to protect
these really, really profitable areas, and one way to do that is to make sure we have therapy to treat
the complications that result from them,” I think the world would be a better place.

29 BARDA, within the Office of the Assistant Secretary for Preparedness and Response in the De-
partment of Health and Human Services, provides an integrated, systematic approach to the develop-
ment and purchase of the necessary vaccines, drugs, therapies, and diagnostic tools for public health
medical emergencies. See http://www.hhs.gov/aspr/barda/index.html (accessed August 3, 2010).
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tical industry but also unprecedented cooperation among individual firms. Forum
member Paul F. Miller, of Pfizer, Inc., observed that recent years have witnessed
significant coordination among companies in basic research areas that would mutu-
ally benefit the participants, such as developing tools for information technology,
drug safety, and pharmacokinetics. Beyond that, however, industry cooperation
poses significant problems, as several Forum members pointed out.

Forum member George Poste, of Arizona State University, noted that it
would be important to obtain a patent for a novel scaffold or molecule relatively
early in the development process; however, antitrust law is still an impediment to
companies working together. He instead suggested that jointly discovered enti-
ties be shepherded through proof-of-concept by a non-profit organization, which
could then sell the experimental compounds to individual companies interested
in developing them further.

Then again, Poste mused, from the perspective of a pharmaceutical company,
“unless you’ve got a clear way to have a return on your investment, [coupled
with] a transparent regulatory approval pathway, you would have to say you are
not fulfilling your fiduciary responsibility to your shareholders if you embarked
upon that latter journey [toward developing an antimicrobial], which is going to
cost you hundreds of millions of dollars.”

Paths Forward

In light of the polarized environment surrounding the issue of antimicrobial
use in food animals, workshop participants expressed skepticism that political will
can be marshaled anytime soon to address the full spectrum of AMR-associated
threats to health. Advocates for antimicrobial stewardship and development must
therefore turn popular opinion in their favor, which requires public understanding
of the issue. Until then, in the words of Forum member Fred Sparling, lobby-
ing will continue to trump evidence. Unfortunately, as many acknowledged, the
threat of AMR is subtle and complex, difficult to grasp and to convey, and lacks
a demonstrable connection between cause and effect—in short, it is a tragedy of
the commons.

Workshop participants appeared divided as to how best to adapt to this real-
ity. Some insisted that what is needed are more and better data, so as to char-
acterize relationships among patterns of antimicrobial use, the development of
(transferable) resistance, and human disease, and to assess the risks inherent in
each. Although a variety of statistics illustrate a range of medical and economic
impacts associated with AMR, the true scope of the problem remains to be
determined. Needed data would include not only the incidence and prevalence
of resistant infections, but also accurate measurements of the full spectrum of
resistance mechanisms contributing to the ongoing burden of infectious disease
and their far-reaching medical and socioeconomic effects (American Academy
of Microbiology, 2009).
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At an even more basic level, it is nearly impossible to estimate the total
amount of antimicrobial drugs used by humans and animals, according to Forum
member Michael Osterholm of the Center for Infectious Disease Research and
Policy. “We are far, far too confident in how much we know about this topic,” he
asserted. Other important unknowns include the relative importance of various
routes to AMR. “Where is the biggest impact on antibiotic resistance?” Levy
asked. “Is it in the individual getting the drug or is it in all the massive numbers
of bacteria outside who are being confronted by low doses of drugs in general?”
Without answers to such questions, it will be difficult to know how to address
AMR most effectively.

On the other hand, several workshop participants suggested that we have
sufficient knowledge in hand already to reduce AMR. The four-pronged strat-
egy outlined by Hearne at the workshop and by others before her provides a
framework for acting on that knowledge. If more evidence is needed to move
forward, Sparling suggested, it is mainly to push past obstacles created by
lobbyists and financial interests. Levy, who once made a study of recommen-
dations to address AMR from reports preceding the WHO Global Strategy for
Containment of Antimicrobial Resistance (WHO, 2001a), recalled that each
report committee “wanted to say something different, but it always comes down
to saying the same thing.”

Nevertheless, he said, he remains an optimist regarding the future of anti-
microbial therapy. “I think we can find new drugs, but we have to learn how
to use these drugs better,” Levy advised. “If we can use them less, that’s fine.
Less people affected, less effect on the environment, less effect on the innocent
bystanders: the other bacteria that are sharing that environment.”
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BOX WO-4
A Gallery of Antibiotic-Resistant Pathogens

Methicillin-resistant Staphylococcus aureus (MRSA; Figure WO-4-1), which
might be considered the “poster child” of drug-resistant microbes, is on the rise
almost everywhere (ECDC, 2007). MRSA causes approximately 20,000 deaths
per year in the United States, more than HIV/AIDS (Resources for the Future,
2009; Walsh and Fischbach, 2009). Nearly one in five persons who contract a
MRSA-associated disease dies from it, and an increasing number of its victims
are young and otherwise healthy (Walsh and Fischbach, 2009).

FIGURE WO-4-1 Methicillin-resistant Staphylococcus aureus.
SOURCE: CDC, Public Health Image Library (PHIL 10046).

First identified nearly 50 years ago, MRSA has undergone rapid evolutionary
changes and epidemiologic expansion (Deresinski, 2005). It has spread beyond
the confines of the hospital setting to emerge in the community, where community-
acquired MRSA (CA-MRSA) is rapidly becoming a dominant pathogen. In recent
years, previously healthy individuals without either direct or indirect contact with
healthcare facilities have become infected with CA-MRSA, and, in some commu-
nity settings, CA-MRSA strains have become the predominant form of S. aureus
isolated from skin infections, especially among children. CA-MRSA clusters and
outbreaks have occurred among diverse communities of Native Americans, prison
inmates, military recruits, children in child care centers, and competitive athletes,
among others. Most CA-MRSA infections have involved skin and skin structures,
but lethal invasive infections have also occurred.
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Coming full circle, CA-MRSA strains are now invading healthcare facilities,
where in some cases they are displacing the dominant hospital-associated strains
of S. aureus. Another cyclical pattern is emerging as companion animals and their
human handlers pass MRSA infections—mainly CA-MRSA—back and forth to one
another and others within their “communities” (Lloyd, 2007; Oehler et al., 2009;
Rutland et al., 2009).

Vancomycin-resistant Staphylococcus aureus (VRSA; Figure WO-4-2) began
emerging in hospitals in 2002 (Walsh and Fischbach, 2009).

FIGURE WO-4-2 Vancomycin-resistant Staphylococcus aureus.
SOURCE: http://www.foogle.biz/mrsa/ (accessed February 22, 2010). Copyright Dennis
Kunkel Microscopy, Inc.

VRSA arose when a MRSA strain acquired a five-gene plasmid “cassette”
conferring resistance to vancomycin which, up to this time, was long considered
the antibiotic of last resort for staph infections. VRSA cell walls are modified by
the actions of these genes in such a way that vancomycin cannot bind to them.
Because it is sensitive to few antibiotics in clinical use, VRSA infections have a
correspondingly high mortality rate. Thankfully, it has not spread widely.

Multidrug-resistant tuberculosis (MDR-TB; Figure WO-4-3) affects approxi-
mately 5 percent of all TB patients treated in 2006, or about 500,000 people
worldwide, according to the World Health Organization (WHO, 2008).

continued
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BOX WO-4 Continued

FIGURE WO-4-3 Multidrug-resistant tuberculosis.
SOURCE: CDC, Public Health Image Library (PHIL 9997).

Many consider this to be a substantial underestimate of the true prevalence
of MDR-TB (IOM, 2009c). There are also extensively drug-resistant strains of TB,
which defy second-line therapies, and newly emerged TB strains (Loddenkemper
and Hauer, 2010) that resist all available drugs.

Vancomycin-resistant enterococci (VRE; Figure WO-4-4) include members of two
species, Enterococcus faecalis and Enterococcus faecium, which are among the most
prevalent causes of hospital-acquired infections worldwide (Werner et al., 2008).

FIGURE WO-4-4 Vancomycin-resistant enterococci.
SOURCE: NIH, courtesy of USDA.
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VRE first appeared in a few European countries in the late 1980s. Currently,
six types of acquired vancomycin resistance in enterococci are recognized, of
which two are widespread. As with VRSA, VRE infections can be treated with a
very few recently introduced antibiotics, and even for those, resistant cases have
already been reported. VRE have caused hospital outbreaks worldwide, and the
vancomycin-resistance gene (vanA) has crossed genus boundaries to MRSA
(Willems et al., 2005).

Extended-spectrum B-lactamase (ESBL)-producing enterobacteria (Figure
WO-4-5) resist both -lactams and fluorogquinolones, the main therapeutic choices
to treat infections caused by these microorganisms (Alekshun and Levy, 2006;
Coque et al., 2008).

FIGURE WO-4-5 Detection of extended-spectrum B-lactamase production by the double disk
test on DSM-ES agar. Disks: center, amoxycillin + clavulanate 20 + 10 ug; right, cefepime 30
ug; left, ceftriaxone 30 ug; top, ceftazidime 30 ug; bottom, aztreonam 30 ug.

SOURCE: © 2003 Cagatay et al; licensee BioMed Central Ltd. From http://www.biomedcentral.
com/1471-2334/3/22/ (accessed February 22, 2010).

Enterobacteriaceae have become one of the most important causes of
hospital- and community-acquired infections. ESBL-producers have increasingly
been found in both hospital and community settings. They apparently colonize
some hosts asymptomatically, who then serve as carriers for these commensal-
like pathogens, inadvertently increasing its geographic and host range (Alekshun
and Levy, 2006).

Clostridium difficile (Figure WO-4-6) infections can cause severe, potentially
fatal cases of diarrhea when competing members of the intestinal microbiota are
killed during treatment with broad-spectrum antibiotics, such as clindamycin, semi-
synthetic penicillins, and cephalosporins (Alekshun and Levy, 2006).

continued

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

62 ANTIBIOTIC RESISTANCE

BOX WO-4 Continued

FIGURE WO-4-6 Clostridium difficile.
SOURCE: http://www.denniskunkel.com/product_info.php?products_id=9284 (accessed Feb-
ruary 22, 2010). Copyright Dennis Kunkel Microscopy, Inc.

A recently emerged hypervirulent strain of C. difficile, which has since become
epidemic, produces increased levels of several toxins. This hypervirulent strain of
C. difficile is resistant to the fluoroquinolone class of antibiotics, the use of which
is increasingly linked to outbreaks of C. difficile-associated diarrhea (Blossom and
McDonald, 2007).

Extensively drug-resistant and pandrug-resistant Gram-negative bacteria
include strains resistant to all but one or two classes of antibiotics (extensively
resistant) and to all available antibiotic classes (pandrug-resistant) (Souli et al.,
2008). Gram-negative bacteria possess a double cell membrane, which shields
them from many antibiotics (Walsh and Fischbach, 2009). Resistance to almost all
clinically used antibiotics has occurred among strains of Escherichia coli, its relative
Klebsiella pneumoniae (Figure WO-4-7), and in two pathogens associated with op-
portunistic infections, Pseudomonas aeruginosa and Acinetobacter baumannii.

During the past three decades, Acinetobacter has emerged as an infectious
agent of importance to hospitals worldwide, and it has demonstrated an alarm-
ing tendency to accumulate diverse mechanisms of resistance (Munoz-Price and
Weinstein, 2008). Several pandrug-resistant strains of Acinetobacter have been
noted to have infected members of the U.S. armed services stationed in Irag and
Afghanistan, leading to cases in DoD and VA medical facilities and to concerns
about the spread of disease caused by this organism to an ever larger community
(CDC, 2004).

Gonococci (Figure WO-4-8) are Gram-negative bacteria responsible for the
sexually transmitted disease gonorrhea. Rates of gonorrhea vary greatly among
countries in the developed and developing world, with South and Southeast Asia,
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FIGURE WO-4-7 Klebsiella pneumoniae.

SOURCE: http://www.ciriscience.org/ph_156-Klebsiella_pneumoniae_Copyright_
Dennis_Kunkel_Microscopy (accessed February 22, 2010). Copyright Dennis
Kunkel Microscopy, Inc.

sub-Saharan Africa, and Latin America—the most resource-poor settings—having
the highest rates. Antibiotic resistance increasingly compromises the effectiveness
of individual case management and disease-control programs; inexpensive treat-
ment regimens are often rendered ineffective and effective ones are often unaf-
fordable. In much of the world, gonococci are resistant to penicillin, tetracycline,
spectinomycin, and ciprofloxacin. Currently, the CDC sexually transmitted disease
treatment guidelines recommend that cephalosporin antibiotics be used to treat all
gonococcal infections in the United States (CDC, 2009; WHO, 2001b).

FIGURE WO-4-8 False-colored scanning electron micrograph of a human phagocyte and
gonococci (green).
SOURCE: © Rockefeller University Press, 2004. Originally published in J. Exp. Med.
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THE CASE FOR PATHOGEN-SPECIFIC THERAPY!

Arturo Casadevall’
Albert Einstein College of Medicine

At the beginning of the twenty-first century, the treatment of microbial
diseases is increasingly complicated by drug resistance, the emergence of new
pathogenic microbes, the relatively inefficacy of antimicrobial therapy in immu-
nocompromised hosts, and the reemergence of older diseases, often with drug-
resistant microbes. Some of these problems can be traced to the switch between
pathogen-specific antibacterial therapy and the nonspecific antibacterial therapy
that followed the transition from serum therapy to modern antimicrobial chemo-
therapy. The widespread availability of cheap, effective, nontoxic wide-spectrum
antibacterial therapy for almost 75 years fostered a culture of therapeutic empiri-
cism that neglected diagnostic technologies. Despite unquestioned lifesaving
efficacy for individuals with microbial diseases, the use of broad-spectrum anti-
microbials was associated with fungal superinfections and antibiotic-associated

! Reprinted from Casadevall, A. 2009. The case for pathogen-specific therapy. Expert Opinion in
Pharmacotherapy 10(11):1699-1703 with permission from Taylor & Francis Ltd.

2 Affiliation: Arturo Casadevall, Albert Einstein College of Medicine, Division of Infectious Dis-
eases of the Department of Medicine, Department of Microbiology and Immunology, 1300 Morris
Park Avenue, Bronx, NY 10461, USATel: +1 781 430 3665; Fax: +1 718 430 8741
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colitis, helped to catalyze the emergence of resistance, and is now tentatively asso-
ciated in the pathogenesis of certain chronic diseases, including atopy, asthma and
— perhaps — certain forms of cancer. This article briefly reviews these trends and
suggests that the current strategy of nonspecific therapy is fundamentally unsound
because it damages the microflora and — consequently — the human symbiont.
The essay argues for the development of immunotherapy and pathogen-specific
therapies, especially with regard to bacterial and fungal diseases, and suggests
possible routes to that future.

1. The Problematic Status Quo

Current antimicrobial therapy is largely pathogen-specific for viral diseases
and nonpathogen-specific for bacterial, fungal, and parasitic diseases (Casadevall,
1996). Although some of the latter diseases are sometimes treated with pathogen-
specific drugs, such as the use of isoniazid for tuberculosis, the overwhelming
majority of compounds targeting bacteria, fungi, and parasitic diseases have
activity against multiple microbes. Furthermore, these compounds target both
pathogenic and nonpathogenic microbes. This current antimicrobial paradigm
is currently in use at a time of significant upheaval in the therapy of microbial
diseases, which is the only field of medicine in which one can argue that thera-
peutic options have declined over time. For example, in the 1950s Jawetz noted
that the then currently available antimicrobial drugs were satisfactory for the
treatment of bacterial diseases (Jawetz, 1956). However, in recent years the field
of infectious diseases has seen dramatic increases in antimicrobial resistance, an
increasing prevalence of bacterial and fungal superinfections in treated individu-
als, a relatively low therapeutic efficacy of antimicrobial therapy in individuals
with impaired immunity, the emergence of new infectious diseases, and the
reemergence of older microbial diseases, often with highly resistant microbes
such as XDR-Tb. Given this status quo, it behooves us to ask the questions: How
did we get here? What are the consequences of the choices made then and now?
Can we do better and how do we get there?

2. How Did We Get Here?

Effective antimicrobial therapy can be dated to the introduction of serum
therapy in the 1890s, which, for the first time, provided physicians with the abil-
ity to intervene and cause a favorable outcome for an infectious disease. Serum
therapy was developed against numerous bacterial and viral diseases, including
pneumococcal pneumonia, meningococcal meningitis, erysipelas, anthrax, and
measles (for reviews, see refs Casadevall and Scharff, 1994; Casadevall and
Scharff, 1995; Buchwald and Pirofski, 2003). The heyday of serum therapy was
the 1930s, but the modality was rapidly abandoned because serum could not
compete with small-molecule antimicrobial therapy, such as sulfonamides and
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penicillin, with regard to price, stability, ease of use, and (low) toxicity. For some
diseases such as meningococcal meningitis, small-molecule antimicrobial therapy
was clearly more effective than serum therapy; however, for pneumococcal pneu-
monia the difference in efficacy was less clear. In addition to serum therapy, the
few other therapies available (e.g., quinine for malaria, salvarsan for syphilis,
optochin for pneumococcus, and phage therapy) were all pathogen specific. In a
prior essay (Casadevall, 2006), I argued that the time of serum therapy and the
subsequent era of therapy with small molecules constituted the two first ages of
antimicrobial therapy. When viewed through the prism of microbial specificity,
the greatest difference in the therapeutic approach between the first and second
ages of antimicrobial therapy was a switch from pathogen-specific to nonspecific
therapy with regard to antibacterial therapeutics. In this essay, I argue that this
change was to have enormous implications, which are root causes for some of
the problems we face today.

In evaluating the therapeutic paradigm for microbial diseases, it is worth-
while contrasting it with the therapy of cancer. Like therapy for infectious dis-
eases, the treatment of tumors has relieved [sic] heavily on antibiotics made by
microorganisms; adryamicin, actinomycin D, bleomycin etc. are all microbial
products. Like antimicrobial antibiotics, these antimetabolite antibiotics are each
nonspecific in the sense that they are cytotoxic to multiple tumors. However,
unlike most antimicrobial antibiotics, these agents have tremendous toxicity for
the host and, consequently, are never used empirically. Hence, oncology practice
has placed great emphasis on diagnosis and in exploiting subtle pharmacological
differences between these agents to enhance their therapeutic index.

In fairness to infectious diseases, it noteworthy that the temporal kinetics
of microbial infections and tumorogenesis favored a more deliberate approach
to diagnosis as tumors, which unlike microbes, seldom killed the host rapidly.
Nevertheless, the analogy is relevant because it provides an inkling of how the
practice of infectious diseases might have developed if early antimicrobials had
more significant toxicity, as evidenced by the hesitant empiric use of amphoteri-
cin b and Ara-C for fungal and herpetic diseases, respectively, Consistent with
this notion, the development of the relatively nontoxic antiherpetic drug acyclo-
vir as a replacement for Ara-C was followed with significantly greater empiric
use, especially in neonates and cases of encephalitis. Similarly, the introduction
of low-toxicity azoles and echinochandins as replacements for the highly toxic
amphotericin b has promoted the empirical use of antifungal therapy. Hence,
the advantage of low toxicity has the perverse effect of promoting empirical and
inappropriate use.

In comparing the ages of antimicrobial therapy, it is clear that the change
in the specificity of therapeutic agents did not affect all types of antimicrobial
therapy equally. Serum therapy for viral diseases was specific and current antivi-
ral drugs remain largely pathogen-specific, with the caveat that some drugs like
acyclovir have activity against multiple herperviruses [sic]. For mycobacterial
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diseases, there was no effective therapy in the preantibiotic era and most drugs
that were subsequently developed (isoniazid, ethambutol, and others) were used
primarily for the therapy of tuberculosis. For fungal diseases, there was no effec-
tive therapy prior to the late 1950s when amphotericin B was introduced; a com-
pound active against most fungal pathogens and antifungal therapy has always
relied on nonpathogen-specific agents. For bacterial diseases, the change from
serum to small-molecule therapeutics was a revolution, as therapeutic specificity
was abandoned in favor of agents with increasingly greater spectrum of antimi-
crobial activity. However, what made the switch from pathogen-specific to non-
pathogen-specific therapy so significant with regard to antibacterial therapy is that
the human host is a symbiont, with microflora consisting mostly of desired com-
mensal bacteria. By contrast, there are no known desirable commensal viruses
and the known fungal flora is limited to a few fungal species where Candida spp
predominate. Unlike bacteria, a beneficial function has not been demonstrated
for the host-associated fungal microflora. Hence, the use of nonspecific bacterial
therapy carried an inherent potentially detrimental effect in damaging the associ-
ated bacterial microflora, and thus the human symbiont.

3. The Consequences of Nonspecific Antimicrobial Therapy

The nonspecificity of antibacterial, and to a lesser extent antifungal, thera-
pies was to have profound consequences on the practice and outcome of infec-
tious diseases that reverberate to current times. The availability of nonspecific
antibacterial therapies with broad spectrum and low toxicity allowed physicians
to rapidly treat many infectious diseases without a need for a microbial diagno-
sis. For individuals with bacterial diseases, such therapy was often lifesaving.
However, the ability to effectively treat many diseases safely without making a
diagnosis deemphasized diagnostic clinical microbiology and fostered a culture
of empiricism. For example, the diagnosis of pneumococcal pneumonia with
the identification of the offending serotype took approximately 6 — 8 h in the
1930s and used the mouse peritoneal infection assay followed by typing with
rabbit type-specific serum. This methodology was developed to rapidly ascertain
the presence and serotype of pneumococcus in sputum because the efficacy of
serum therapy depended on matching the bacterial serotype with the specificity
of the antiserum. Despite the problems in unequivocally diagnosing pneumonia
from sputum, this approach was successful for selecting therapeutic sera and sup-
ported the use of serum therapy. However, the introduction of penicillin and later
antimicrobial drugs made the test much less relevant and it was abandoned as a
diagnostic tool. Currently, a definitive diagnosis of pneumococcal pneumonia is
possible only when accompanied by bacteremia, information that requires 48 h.
For fungal diseases, a full embrace of empiric therapy was checked by the toxicity
of amphotericin b, but by the late 1990s, the availability of relatively nontoxic
azole and echinocandin-type drugs had ushered greater empiric use. By contrast,
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for conditions that required specific therapy, such as viral and mycobacterial
diseases, the practice ethos supported continued emphasis on diagnostic identifi-
cation of the causative microbe.

For bacterial and later fungal diseases, the availability of relatively nontoxic
broad-spectrum therapy contributed to the emergence of resistance among both
targeted and nontargeted microbes. Although specific therapy can also elicit
resistance, as witnessed by the emergence of isoniazid-resistant Mycobacterium
tuberculosis, only nonspecific therapy can elicit resistance among nontargeted
microbes such as common inhabitants of the microflora. Furthermore, only non-
specific therapy can damage the microflora to create alterations that foster the
emergence of usually commensal microbes such as Candida and Enteroccocus
spp, first as major pathogenic microbes and then as drug-resistant pathogenic
microbes. Consequently, the discipline of infectious diseases may be the only
specialty of medicine where previously effective therapeutic options have to be
abandoned because of drug resistance creates [sic] obsolescence.

Another consequence of nonspecific antibacterial and antifungal therapy
was damage to the human symbiont. There is rapidly accumulating evidence that
the human microflora is established early in life through complex steps and that
there are individual differences in microbial species composition, a fact that could
reflect differences in the timing of acquisition or modulation by the host immune
system. The microbial flora is essential for development of the immune system,
helps digestion, provides numerous nutrients including vitamins, and protects the
human host by niche-denial to more pathogenic microbes. There is conclusive
evidence that damage to the microflora by nonspecific antibacterial therapy can
translate into antibiotic-associated colitis and fungal diseases such as oral thrush
and candidal vaginitis. However, there are ominous signs that nonspecific anti-
microbial use might translate into certain chronic diseases such as atopy (Kusel
et al., 2008), asthma (Kozyrskyj et al., 2007), and even some types of cancer
(Velicer et al., 2004), possibly by altering the development of the immune system
in childhood and/or affecting metabolites produced by the microflora. In this
regard, it is noteworthy that there is a temporal association between widespread
antimicrobial use and the increase in immunoreactive diseases such as allergies
and asthma, although it is premature to conclude causality as there may be con-
founding variables (Wickens et al., 2008). Nevertheless, the available evidence
does provide reason for concern.

In summary, the development of effective, nontoxic, nonspecific antibacte-
rial and antifungal therapy has had great consequences, some positive and some
negative. Positive consequences include a significantly enhanced capacity to
treat bacterial and fungal diseases early and effectively, which has translated
to reduced mortality. Furthermore, the ability to treat early, safely, and without
knowledge of the causative microbe has created a permissive environment for
the development of complex surgeries, aggressive chemotherapy for tumors, and
organ transplantation, procedures that would have unacceptable mortality without
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such drugs. However, the same approach has also created a culture of empiricism
that promoted antibiotic use, which in turn selected for resistance in targeted and
nontargeted microbes, promoted the phenomenon of superinfection and damaged
the symbiont with consequences that are only now beginning to be understood.
In this regard, empiricism was a practice largely dictated by clinical findings and
historical probability that essentially rejected causality in favor of associations.

4. Can We Do Better and How to Get There?

Of course we can do better. Even for the short historical time that effec-
tive antimicrobial therapy has been available it is clear that the effectiveness of
therapy and diagnosis has fluctuated with time. In a previous essay (Casadevall,
2006), I argued that we are in the throes of a major paradigm shift that will usher
in the third age of antimicrobial therapy. This age can be envisioned as an equi-
lateral triangle with pathogen-specific therapy, greatly improved diagnostics, and
immunotherapy at each apex. Nonspecific therapy will always have a role for the
treatment of polymicrobial diseases and to insure proper coverage in individuals
with fulminant disease but its use could be limited by the combination of rapid
diagnostics and pathogen-specific drugs. Even for such polymicrobial diseases as
abdominal sepsis originating from a ruptured viscus there is evidence that damage
is caused by only a few microbial species and their identification would permit
employment of pathogen-specific drugs. In this age, immunotherapy, whether
with large molecules, such as antibodies or small-molecular-weight immuno-
modulators, would have co-equal status with therapies designed to directly kill or
inhibit the microbe. Although this author believes that third-age therapeutics will
arrive in the twenty-first century, significant scientific, economic, and behavioral
hurdles must be overcome for the realization of this vision.

On the scientific front, drug discovery would have to move from trying to
identify common therapeutic pathways among phylogenetically distant bacteria
to exploiting differences in physiology and virulence mechanisms and/or to aug-
menting host mechanisms that promote microbial clearance, which, interestingly,
are nonspecific. This formidable task is made even more difficult by the econom-
ics of antimicrobial drug discovery. As for other diseases, the economics of drug
development is a function of the prevalence of the disease, which dictates market
size. However, in antimicrobial drug discovery this formula is further modified
by the fact that the market size is directly proportional to the width of the drug
antimicrobial spectrum. Given the cost of drug development, the economics are
stacked against pathogen-specific drugs in favor of broad-spectrum drugs. One
caveat in this analysis is that drug resistance can disproportionately shorten the
useful life of broad-spectrum drugs and that the emergence of resistant microbes
can in itself create new market opportunities. For example, the emergence and
spread of methicillin-resistant Staphylococcus aureus (MRSA) creates a niche
such that a new staphylococcal-specific drug active against methicillin- and
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possibly vancomycin-resistant isolates would probably be developed clinically
if available. The use of pathogen-specific drugs would necessitate advances in
diagnostics to provide rapid and accurate information to support their use, and
this would require new investments in research and laboratory assays. Finally,
physicians would have to change their approach to patients with presumed infec-
tious diseases, emphasizing the need for diagnosis to select appropriate therapy
in an echo to the practices of physicians in the age of serum therapy.

Perhaps the hurdles are so high that pathogen-specific therapy is only in the
far horizon. If that is the case, there are concrete actions that can be taken in the
present to slow the spread of drug resistance and damage to the human microbial
flora. For example, educational campaigns aimed at physicians and the general
public can promote more prudent use of antimicrobial drugs. At a political level,
policy makers should be made aware of the economic and regulatory hurdles that
slow the development of rapid diagnostic tests and pathogen-specific drugs. How-
ever, perhaps things can change more rapidly that one can anticipate. Certainly, if
future research was to associate disturbances in the microflora with such chronic
diseases as asthma, atopy, and cancer, this would create tremendous medical and
legal disincentives in the use of nonspecific microbial therapy. Another powerful
force could be the categorization of such complications of broad-spectrum therapy
as C. difficile colitis and candidiasis as medical errors, which would be followed
by aversion of third-party payers for hospital and physician reimbursements. At the
same time, economic incentives for the development of pathogen-specific therapy
by industry could be created by linking the patent protection time of antimicrobial
drugs to the width of the antimicrobial spectrum and inclusion of narrow-spectrum
drugs as orphan drugs. For example, patent policy could be amended such that
narrow-spectrum drugs with small markets enjoy much longer patent protection
than broad-spectrum drugs. Although in 2009 a revolution in the antimicrobial
therapeutic paradigm seems distant, it is worth noting that only a generation ago
smoking was widely permitted and accepted in most public places. For smoking,
it was the realization that second-hand smoke was dangerous that catalyzed the
creation of smoke-free environments in most public places. Perhaps increased
awareness of the consequences of long-term damage to the human flora will have
a similar catalytic effect in promoting pathogen-specific antimicrobial therapies.

The re-introduction of pathogen-specific therapy for bacterial diseases, and
its extension to fungal diseases, would require a concerted effort and collaboration
between intellectual leaders in the field, industry, and government to find mecha-
nisms that would promote and encourage the development of such drugs. There
are indications of movement in this direction. A recent report by the Institute of
Medicine recommended ‘development of strategies that will selectively target
pathogenic organisms while avoiding targeting the host and beneficial or benign
organisms’, which in other words is pathogen-specific therapy.? Several therapies

3 Available from http://www.nap.edu/catalog/11471.html.
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narrow-spectrum are currently in development, for example, the renewed interest
in phage therapy, monoclonal antibody therapies, and drugs aimed primarily at
targeting highly resistant bacteria. However, the task of refocusing anti-bacterial
and antifungal therapy to pathogen specificity is too great for any individual party
and cooperation from industry, government, and the medical community will be
needed to effect change. There is an acute need for an economic model that would
allow the development and use of pathogen-specific drugs. Despite these hurdles,
it is clear that pathogen-specific therapy makes sense and, given that the current
nonspecific strategies are increasingly bankrupt, it behooves all parties to begin
a dialogue on how to get there, and get there sooner than later.
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A2

WAVES OF RESISTANCE:
STAPHYLOCOCCUS AUREUS IN THE ANTIBIOTIC ERA*

Henry F. Chambers’® and Frank R. DeLeo®

Abstract

Staphylococcus aureus is notorious for its ability to become resistant to
antibiotics. Infections that are caused by antibiotic-resistant strains often
occur in epidemic waves that are initiated by one or a few successful clones.
Methicillin-resistant S. aureus (MRSA) features prominently in these epi-
demics. Historically associated with hospitals and other health care settings,
MRSA has now emerged as a widespread cause of community infections.
Community or community-associated MRSA (CA-MRSA) can spread rap-
idly among healthy individuals. Outbreaks of CA-MRSA infections have
been reported worldwide, and CA-MRSA strains are now epidemic in the
United States. Here, we review the molecular epidemiology of the epidemic
waves of penicillin- and methicillin-resistant strains of S. aureus that have
occurred since 1940, with a focus on the clinical and molecular epidemiology
of CA-MRSA.

Staphylococcus aureus is naturally susceptible to virtually every antibiotic
that has ever been developed. Resistance to antibiotics is often acquired by the
horizontal transfer of genes from outside sources, although chromosomal muta-
tion and antibiotic selection are also important. This exquisite susceptibility of
S. aureus led to Alexander Fleming’s discovery of penicillin, which ushered in
the ‘antibiotic era’. Penicillin was truly a miracle drug: uniformly fatal infections
could now be cured. However, by the mid 1940s, only a few years after its intro-
duction into clinical practice, penicillin resistance was encountered in hospitals,
and within a decade it had become a notable problem in the community.

A fundamental biological property of S. aureus is its ability to asymptomati-
cally colonize healthy individuals. Approximately 30% of humans are asymptom-
atic nasal carriers of S. aureus (Kluytmans and Verbaugh, 1997; Gorwitz et al.,
2008) such that in these individuals S. aureus is part of the normal flora. S. aureus

4 Reprinted with permission from Nature Reviews Microbiology 7, 629-641 (September 2009).
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carriers are at higher risk of infection and they are presumed to be an important
source of the S. aureus strains that spread among individuals. The primary mode
of transmission of S. aureus is by direct contact, usually skin-to-skin contact with
a colonized or infected individual, although contact with contaminated objects
and surfaces might also have a role (Miller and Diep, 2008; Kazakova et al., 2005;
Lowy, 1998; Muto et al., 2003). Various host factors can predispose individuals to
infection, including the loss of the normal skin barrier, the presence of underlying
diseases such as diabetes or AIDS and defects in neutrophil function.

Infections that are caused by antibiotic-resistant strains of S. aureus have
reached epidemic proportions globally (Tiemersma, 2006). The overall burden
of staphylococcal disease, particularly disease caused by methicillin-resistant
S. aureus (MRSA) strains, is increasing in many countries in both health care
and community settings (Kaplan et al., 2005; Hersh et al., 2008; Klevens et al.,
2007; Hope et al., 2008; Laupland et al., 2008; European Antimicrobial resistance
Surveillance System, 2008). In the United States, the emergence of community
associated MRSA (CA-MRSA) strains accounts for much of this increase, as it
is a major cause of skin and soft-tissue infections (Moran et al., 2006; Fridkin
et al., 2005). The rapidity and extent of the spread of CA-MRSA strains has
been remarkable. In addition to the United States, CA-MRSA strains have been
reported in Canada, Asia, South America and Australia as well as throughout
Europe, including in countries that historically have a low prevalence of MRSA,
such as Norway, the Netherlands, Denmark and Finland (Laupland et al., 2008;
Larsen et al., 2007; Larsen et al., 2008; Wannet et al., 2005; Deurenberg et al.,
2009; Vandenesch et al., 2003; Stam-Bolink et al., 2007; Huang et al., 2007,
Nimmo and Coombs, 2008; Kanerva et al., 2009; Park et al., 2009; Gardella et
al., 2008; Francois et al., 2008; Fang et al., 2008; Conly and Johnston, 2003).
Globally, CA-MRSA strains have shown considerable diversity in the number of
different clones that have been identified.

In addition to their increasing prevalence and incidence, CA-MRSA strains
seem to be particularly virulent. Overwhelming and tissue-destructive infections,
such as necrotizing fasciitis and fulminant, necrotizing pneumonia (Francis et
al., 2005; Gonzalez et al., 2005; Kallen et al., 2009), were rarely seen before
the emergence of CA-MRSA strains. The factor (or factors) that is responsible
for this hypervirulent behaviour is not known, but Panton—Valentine leukocidin
(PVL), which has been epidemiologically associated with severe skin infections
and pneumonia that are caused by methicillin-susceptible S. aureus (MSSA)
strains (Lina et al., 1999), is a leading candidate.

Antibiotics arguably constitute the most concentrated selective pressure on
S. aureus in its long coevolutionary history with mankind. The consequences of
this selective pressure, in conjunction with horizontal and vertical gene trans-
fer, are discussed in this Review. Given their crucial importance as therapeutic
agents, we focus on resistance to penicillins and the structurally related §-lactam
antibiotics.
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Epidemic Waves of Resistance

The emergence of antibiotic resistance in S. aureus can be visualized as a
series of waves (Figure A2-1). The first wave began in the mid 1940s as the pro-
portion of infections caused by penicillin-resistant strains of S. aureus increased
in hospitals (Kirby, 1944; Barber and Rozwadowska-Dowzenko, 1948). These
strains produced a plasmid-encoded penicillinase, which hydrolyses the §-lactam
ring of penicillin that is essential for its antimicrobial activity. Penicillin-resistant
strains soon began to cause community infections, and by the early 1950s they
had become pandemic (Roundtree and Freeman, 1956). These infections, both
in hospitals and in the community, were frequently caused by an S. aureus clone
known as phage type 80/81 (Roundtree and Freeman, 1956; Blair and Carr, 1960;
Bynoe et al., 1956; Roundtree and Beard, 1958). Pandemic phage type 80/81 S.
aureus infections largely disappeared after the introduction of methicillin (Jevons
and Parker, 1964), but the prevalence of penicillinase-producing strains from
other S. aureus lineages has remained high.

The introduction of methicillin marks the onset of the second wave of resis-
tance (Figure A2-1). The first reports of a S. aureus strain that was resistant to
methicillin were published in 1961 (Barber, 1961; Jevons, 1961). Although the
specific gene responsible for methicillin resistance (mecA, which encodes the
low-affinity penicillin-binding protein PbP2a (also known as PbP2’)) was not
identified until over 20 years later, it was appreciated early on that the resistance
mechanism involved was different from penicillinase-mediated resistance because
drug inactivation did not occur. Unlike penicillinase-mediated resistance, which
is narrow in its spectrum of activity, methicillin resistance is broad, conferring
resistance to the entire -lactam class of antibiotics, which include penicillins,
cephalosporins and carbapenems. Among the earliest MRSA clinical isolates was
the archetypal MRSA strain COL, a member of the ‘archaic’ clone of MRSA
and perhaps the most studied MRSA strain, which was isolated from a patient in
Colindale, UK, in 1960 (Jevons, 1961). COL is a member of the most successful
MRSA lineage, which includes both hospital and community-associated strains.

Archaic MRSA strains circulated in hospitals throughout Europe until the
1970s (Crisostomo et al., 2001). There were also isolated reports of MRSA in
hospitals in the United States (Barrett et al., 1968; Bran et al., 1972), but the rest
of the world was largely unaffected, and these early MRSA strains never gained
a foothold in the community. By the 1980s, for reasons that remain unclear, the
archaic MRSA clone had largely disappeared from European hospitals, marking
the end of the second and the beginning of the third wave of antibiotic resistance.
Descendants of the archaic MRSA clone (for example, the Iberian and Rome
clones (Mato et al., 2004) and other, highly successful MRSA lineages emerged
(Enright et al., 2002; Robinson and Enright, 2003; Deurenberg and Stobberingh,
2008) (Table A2-1). Outbreaks of infections caused by MRSA strains were
reported in hospitals in the United States in the late 1970s, and by the mid 1980s
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FIGURE A2-1 The four waves of antibiotic resistance in Staphylococcus aureus. Wave 1
(indicated above the graph), which continues today, began shortly after the introduction of
penicillin into clinical practice in the 1940s. The first pandemic antibiotic-resistant strains,
from the lineage known as phage type 80/81, were penicillin-resistant and produced Panton-
Valentine leukocidin (PVL). Wave 2 began almost immediately following the introduction
of methicillin into clinical practice with the isolation of the first MRSA strain (an archaic
clone), which contained staphylococcal chromosome cassette mecl (SCCmecl) (indicated
on the graph as MRSA-I); this wave extended into the 1970s in the form of the Iberian
clone. Wave 3 began in the mid to late 1970s with the new emergence of MRSA strains that
contained the new SCCmec allotypes, SCCmecll and SCCmeclll (MRSA-II and MRSA-III),
marking the ongoing worldwide pandemic of MRSA in hospitals and health care facili-
ties. The increase in vancomycin use for the treatment of MRSA infections eventually led
to the emergence of vancomycin-intermediate S. auereus (VISA) strains. Wave 4, which
began in the mid to late 1990s, marks the emergence of MRSA strains in the community.
Community-associated MRSA (CA-MRSA) strains were susceptible to most antibiotics
other than f-lactams, were unrelated to hospital strains and contained a new, smaller, more
mobile SCCmec allotype, SCCmeclV (MRSA-IV) and various virulence factors, including
PVL. Vancomycin-resistant S. aureus (VRSA) strains, ten or so of which have been isolated
exclusively in health care settings, were first identified in 2002.
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TABLE A2-1 Lineages of Common Nosocomial MRSA Strains

Clonal complex Sequence type

Common name(s)

Comment and SCCmec
allotypes

CCs ST5

ST5
ST5

ST5

CC8 ST250

ST247

ST239

ST239

ST239

ST8

ST8

CC22 ST22

CC30 ST36

CC45 ST45
ST45

USA100, New York or
Japan clone

EMRSA-3
USAS8O00 or paediatric
clone

HDE288 or paediatric
clone (in Portugal)
Archaic

Iberian clone or
EMRSA-5

Brazilian or Hungarian
clone

EMRSA-1

AUS-2 and AUS-3

Trish-1

USA500, EMRSA-2
or EMRSA-6
EMRSA-15

USA200 or EMRSA-16

USA600
Berlin clone

The most common
health care-associated
MRSA strain in the
United States; SCCmecll
SCCmecl

Prevalent in Argentina,
Colombia and the United
States; SCCmeclV
SCCmecVI

The first MRSA

clone to be identified,
includes the COL strain;
SCCmecl

A descendant of COL-
type strains; SCCmecl
SCCmeclll

An Eastern Australian
epidemic clone of the
1980s; SCCmeclll
Common Australian
multidrug-resistant
clones of the early
2000s; SCCmeclll
Common hospital-
acquired isolate in the
1990s in Europe and the
United States; SCCmecll
SCCmeclV

An international clone
that is prominent in
Europe and Australia;
SCCmeclV

The single most
abundant cause of
MRSA infections in UK
hospitals and the second
most common cause

of MRSA infections in
US hospitals in 2003;
SCCmecll

SCCmecll

SCCmeclV

CC, clonal complex; MRSA, methicillin-resistant Staphylococcus aureus; SCCmec, staphylococcal

chromosome cassette mec, ST, sequence type.
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these strains were endemic (Crossley et al., 1979; Peacock et al., 1980), leading
to the worldwide pandemic of MRSA in hospitals that continues to the present
time. Although global in its distribution and impact, MRSA was still confined
mainly to hospitals and other institutional health care settings, such as long-term
care facilities. The ever-increasing burden of MRSA infections in hospitals led to
the increased use of vancomycin, the last remaining antibiotic to which MRSA
strains were reliably susceptible. This intensive selective pressure resulted in the
emergence of vancomycin-intermediate S. aureus (VISA) strains, which are not
inhibited in vitro at vancomycin concentrations below 4—8 ug ml~!' (Hiramatsu et
al., 1997), and vancomcyin-resistant S. aureus (VRSA) strains, which are inhib-
ited only at concentrations of 16 ug ml~' or more (Weigel et al., 2003).

The MRSA invasion of the community constitutes the fourth and most recent
wave of antibiotic resistance (Figure A2-1). Some of the earliest cases of CA-
MRSA infection occurred in indigenous populations in Western Australia in the
early 1990s (O’Brien et al., 2004; Coombs et al., 2004; Udo et al., 1993). These
MRSA strains were distinguishable from the contemporary clones or genotypes
that were circulating in Australian hospitals by their pulsed-field gel electropho-
resis patterns and their susceptibility to most antibiotics other than B-lactams,
suggesting that they were either remote, ‘feral’ descendants of hospital strains
or community strains that had acquired mecA by horizontal gene transfer. In the
United States, the first well-documented cases of MRSA infection that were truly
community associated occurred in otherwise healthy children from 1997 to 1999
(CDC, 1999). These children had no risk factors for developing MRSA and all
died with overwhelming infection, suggesting that these CA-MRSA strains were
especially virulent. Like their Australian counterparts, these CA-MRSA isolates
were unrelated to hospital associated clones and were susceptible to most anti-
biotics. The CA-MRSA epidemic in the United States can be traced back to the
early 1990s on the basis of retrospective data from 1993 to 1995, which show a
dramatic increase in MRSA infections in Chicago among children who lacked
risk factors for hospital-associated MRSA exposure (Herold et al., 1998). CA-
MRSA has since been reported in numerous populations, including American
Indians and Alaskan natives (Baggett et al., 2004), Pacific Islanders (CDC, 2004),
athletes (Kazakova et al., 2005), jail and prison inmates (Aiello et al., 2006), men
who have sex with men (Diep et al., 2008), contacts of patients with CA-MRSA
infection (Johansson et al., 2007), military personnel (Aiello et al., 2006), adult
emergency room patients (Moran et al., 2006) and children in day care centres
(Adcock et al., 1998). CA-MRSA clones have also gained a foothold in hospitals
and are increasingly being identified as a cause of hospital-onset and heath care-
associated infections (Klevens et al., 2007; Laupland et al., 2008; Park et al.,
2009; Liu et al., 2008; Seybold et al., 2006).

The epidemic wave of CA-MRSA in the United States and Canada (Gilbert
et al., 2006; Mulvey et al., 2005) is actually two overlapping epidemics. The
USA400 clone, which was isolated from the paediatric cases described above,
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was most prevalent before 2001 (Lowy, 1998; CDC, 1999; Stemper et al., 2004)
and remains a common cause of community-onset disease among indigenous
populations in Alaska and the Pacific Northwest (David et al., 2008). A second
epidemic clone, MRSA strain USA300, which is unrelated to USA400 and has
largely displaced it in most other locations, emerged between 1999 and 2001 and
now causes most of the CA-MRSA infections in the United States (Lowy, 1998;
Kazakova et al., 2005; Pan et al., 2003; Pannaraj et al., 2006; Diep et al., 2004,
Chavez-Bueno et al., 2005).

Outbreaks and epidemics of CA-MRSA now occur worldwide and have a
similar epidemiology, although the specific clones that have emerged vary with
geographical location. CA-MRSA strains are not merely escapees from health
care facilities; their genotypes indicate that they are not closely related to endemic
hospital clones and they are susceptible to numerous antibiotics to which hospital
strains are routinely resistant. Two molecular markers that are not found in typical
hospital MRSA strains are strongly associated with the emergence of CA-MRSA
regardless of geographical origin: a specific cassette element encoding mecA and
genes encoding PVL. These markers are discussed in detail below.

Molecular Epidemiology of S. aureus

S. aureus Clonal Complexes

Robust, sequence-based molecular methods for genotyping strains of S.
aureus, and multilocus sequence typing (MLST) (Enright et al., 2000) in particu-
lar, have made it possible to study the evolutionary history of this pathogen (Box
A2-1). MLST is carried out by sequence analysis of ~450 bp internal fragments
of seven housekeeping genes (Figure A2-2). Isolates that have identical sequences
at all seven loci are considered to be a clone and are assigned a unique sequence
type (ST). STs that differ by single nucleotide polymorphisms (SNPs) at fewer
than three loci are thought to be closely related and are grouped into clonal com-
plexes (CCs). This grouping is accomplished by the eBURST algorithm, which
uses MLST data to group closely related strains into a CC. It also predicts the
probable founding clone, or ST, of each group and the recent evolutionary descent
of all other strains in the CC from the founder (Feil et al., 2004; Turner et al.,
2007). The analysis can be further refined to identify specific subclones by the
addition of other methods, such as spa typing (Shopsin et al., 1999) or pulsed-
field gel electrophoresis of genomic DNA (Box A2-1), or by the presence of other
genetic markers (for example, toxin genes or specific plasmids).

Studies of MSSA strains, carriage isolates and hospital and community iso-
lates causing disease that were collected worldwide between 1961 and 2004 show
that 88% of the collected strains can be assigned to one of 11 clonal complexes
(CC1, CC5, CC8, CC9, CC12, CC15, CC22, CC25, CC30, CC45 and CC51/121)
(Enright et al., 2002, 2000; Feil et al., 2004, 2003; Tenover et al., 2008; Goering
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BOX A2-1
Staphylococcus aureus Genotyping

Multilocus sequence typing

Multilocus sequence typing (MLST) is a sequence-based genotyping method
based on single nucleotide varioations (each variant is termed an allele) of seven
housekeeping genes in Staphylococcus aureus, providing a discriminatory allelic
profile known as a sequence type (ST) (Enright et al., 2000) for each bacterial
isolate. Because it indexes variations that accumulate slowly over time, MLST can
be used to measure long periods of evolution among S. aureus lineages, and the
results obtained are highly reproducible. S. aureus isolates that have identity at
five or more of the seven housekeeping genes as determined by MLST are known
as a clonal complex (CC) (Feil et al., 2004, 2003).

Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) has a more rapid clock speed than MLST
and is suitable for the evaluation of more recent evolution among groups of strains.
The method relies on the separation of Smal-digested S. aureus genomic DNA
fragments in an agarose gel according to size. Related strains are clustered ac-
cording to an 80% similarity coefficient (McDougal et al., 2003). The CDC has
developed a national PFGE database for S. aureus, which uses the ‘USA’ designa-
tion; for example, USA300 refers to an ST8, Panton-Valentine leukocidin-positive
community-associated MRSA strain (McDougal et al., 2003).

spa typing

spa typing (Shopsin et al., 1999) is based on the sequence analysis of variable-
number tandem repeats in the gene that encodes protein A (spa). spa typing takes
into account point mutations in the repeat region as well as the number of repeat
variations. This method is suitable for the investigation of local or global S. aureus
outbreaks. This sequence-based analysis of a single target locus is an inexpensive
way of acquiring robust data that can be used to determine both epidemiological
and phylogenetic relationships.

et al., 2008; Hallin et al., 2007; Feng et al., 2008; Feil and Enright, 2004; Lindsay
et al., 2006) (Figure A2-3a). For ten of these CCs, the percentage of isolates in
each complex ranges from 2% to 9%; CC30 is an outlier, accounting for 21%
of isolates.

The CCs for contemporary isolates are almost certainly the same as those
of strains that were circulating before 1940. For example, the ST5 lineage (the
founder of CC5) is estimated to have existed for over 2,000 years (Nubel et al.,
2008). Gomes and colleagues (Gomes et al., 2006) genotyped 22 penicillin-
susceptible and 67 penicillin-resistant MSSA blood culture isolates that were
collected between 1957 and 1973 by the Statens Serum Institute in Copenhagen,
which has collected and maintained every blood culture isolate from patients in
Denmark from 1957 to the present. They found that 86% of the isolates fell into
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seven CCs, the most common being CC8 and CC30, which together accounted for
46% of the isolates (Figure A2-3b). The distributions of penicillin-sensitive and
penicillin-resistant isolates were similar. In this analysis, only a few isolates were
tested and they all originated from a single country, which probably accounts for
the absence of isolates from CC9, CC12, CC15 and CC22.

CC8 and CC30 have given rise to epidemics during each of the four waves of
antibiotic resistance. The first well-characterized pandemic of antibiotic-resistant
S. aureus that is attributable to a single clone was caused by phage type 80/81
strains, which belong to CC30 (Robinson et al., 2005). Phage type 80/81 strains
were originally isolated in Australia in 1953 (Roundtree and Beard, 1958). They
are penicillin resistant and have caused both hospital and community outbreaks
on a global scale (Robinson et al., 2005). These strains are prevalent in collections
that date back to 1927; they were thought to be highly transmissible and particu-
larly virulent and were also among the first to be identified as penicillin resistant
(Blair and Carr, 1960). Almost all of the phage type 80/81 isolates in a collection
dating to the 1950s and 1960s encode PVL88, which is reminiscent of the asso-
ciation between PVL and resistance to methicillin in the contemporary epidemic
CA-MRSA strains. For unknown reasons, phage type 80/81 strains virtually dis-
appeared in the early 1960s, and this coincided with the first use of semisynthetic
penicillins, which are resistant to penicillinase. Modern descendents of the CC30
lineage include the PVL-positive southwest Pacific (SWP) clone of CA-MRSA in
Australia and the hospital-associated ST36 EMRSA-16 clone, a major cause of
nosocomial infections and bacteraemia in both Australia and the United Kingdom
(Robinson et al., 2005; Cox et al., 1995; Johnson et al., 2001).

MRSA CCs

The first MRSA clinical isolates, of which COL is an example, were ST250
and members of CC8. ST250 MRSA strains circulated in the United Kingdom
and the rest of Europe before the 1970s but did not become established in the
United States and had largely disappeared by the 1980s. However, other highly
successful clones emerged, including the ST247 Iberian or EMRSA-5 clone,
which is closely related to ST250. No fewer than nine other endemic nosocomial
clones are descendants of the ST8 founder of this lineage. The CA-MRSA strain
USA300 (which is PVL positive) that is prevalent in the United States is also
ST8 (McDougal et al., 2003). MRSA strains have generally been found to be
members of a subset of S. aureus CCs, including CC1, CC5, CC8, CC22, CC30
and CC45, although CA-MRSA strains have exhibited some diversity (discussed
below). These CCs were widespread before the emergence of methicillin resis-
tance (Crisostomo et al., 2001; Gomes et al., 2006), indicating that superior epi-
demicity preceded the acquisition of drug resistance and that the adaptations and
innovations that make S. aureus clones successful can also favour their adaptation
to antibiotic selective pressures.
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FIGURE A2-2 An example of a multilocus sequence typing scheme and the desig-
nation of clonal complexes. Multilocus sequence typing in Staphylococcus aureus
involves PCR amplification and sequencing of approximately 450 nucleotides of seven
chromosomal “housekeeping” genes that were selected for their presumed absence of
selective pressure and their moderately stable nucleotide sequences (carbamate kinase
(arc), shikimate dehydrogenase (aroE), glycerol kinase (glpF), guanylate kinase (gmk),
phosphate acetyltransferase (pta), triose phosphate isomerase (fpiA) and acetyl-CoA
acetyl-transferase (ygiL)). Each unique sequence within a gene locus is assigned a
number. The numbers are concatenated left-to-right in the order shown to provide a
seven-integer series of numbers, which is then assigned a sequence type (ST). Strains
that are identical at all seven loci are classified as the same ST. Strains differing at one
or two loci are related but, as they are not identical, they are assigned different STs.
Closely related STs are grouped into a clonal complex (CC). In the example shown,
ST1, ST5, and ST8 differ at most loci and so are not closely related; ST250 and ST247
differ from each other at one locus (gmk) and from ST8 at one (ygiL) and two loci (gmk,
yqiL), respectively. Therefore, ST8, ST250 and ST247 are closely related and form CCS,
so designated because the analysis of sequence identities and differences in a large col-
lection of strains indicates that ST8 is the founder of this CC and the ancestor of both
ST247 and ST250, and that ST247 is a descendant of ST250.
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Staphylococcal Chromosome Cassette mec

The discovery by Hiramatsu and colleagues (Ito et al., 2001) that mecA is
always found in a mobile cassette element was a great advance for our understand-
ing of the biology of methicillin resistance and provided an additional tool for
determining the evolutionary relationships among MRSA strains. Staphylococcal
chromosome cassette mec (SCCmec) is integrated into orfX, an S. aureus gene of
unknown function (Figure A2-4). To date, eight SCCmec allotypes, designated
SCCmecl-SCCmecVIII (Deurenberg and Stobberingh, 2008; Ito et al., 2001;
Ma et al., 2002; Oliveira et al., 2006; Higuchi et al., 2008; Zhang et al., 2009),
have been described (Table A2-2), along with numerous subtypes, and more will
probably be identified as sequence data become available for more MRSA strains
(see the SCCmec website for additional descriptions and information). Similar
elements are present in coagulase-negative staphylococci, which are commensal
organisms that are part of the normal skin flora of humans and other mammals
(Ruppe et al., 2009). Two gene complexes, mec and ccr (the recombination and
excision locus encoding the gene or genes that mediate the integration and exci-
sion of the whole cassette into and out of orfX), are used to classify the SCC-
mec allotypes (Table A2-2). There are also other differences among the various
SCCmec allotypes, particularly in terms of insertion sequences and antimicrobial
resistance genes. However, as these are themselves mobile elements, they have
not proved useful for the classification of the main allotypes, although they are
useful for defining subtypes.

The class A mec gene complex is the prototype complex and is found in
SCCmecll (Figure A2-4a), SCCmeclll and SCCmecVIIL. It contains mecA, the
complete mecR1 and mecl regulatory genes upstream of mecA, and the hyper-
variable region (HVR) and insertion sequence 431 (IS431) downstream of mecA.
The class b mec gene complex is found in SCCmecl, SCCmeclV (Figure A2-4b)
and SCCmecVI and is composed of mecA, a truncated mecR1 (resulting from the
insertion of IS7/272) upstream of mecA, and the HVR and IS43/ downstream of
mecA. There are two distinct class C mec gene complexes, both of which contain
mecA, a truncated mecR1 (resulting from the insertion of IS437) upstream of
mecA, and the HVR and IS43] downstream of mecA. In the class C1 mec gene
complex, the IS431 elements upstream and downstream of mecA are in the same
orientation, whereas in the class C2 mec gene complex, which is found in SCC-
mecV and SCCmecVII, the orientation of the IS43 1 upstream of mecA is reversed.
C1 and C2 are regarded as different mec gene complexes, as they have probably
evolved independently. The mecA, mecRI and mecl sequences are highly con-
served, with >99% nucleotide sequence identity.

The ccr gene complex consists of two adjacent genes, ccrA and ccrB, in
SCCmecl-SCCmeclV, SCCmecVI and SCCmecVIII and one gene, ccrC, in SCC-
mecV and SCCmecVII. MRSA strains that were isolated before 1990, which
were all nosocomial isolates, contained predominantly SCCmecI-SCCmeclIl.
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FIGURE A2-4 Comparison of the methicillin resistance cassettes that are typical of
hospital- or community-acquired methicillin-resistant Staphylococcus aureus. Staphylo-
coccal chromosome cassette mecll (SCCmecll) is most abundant in hospitals, whereas
SCCmeclV is present in the most abundant community-acquired methicillin-resistant
Staphylococcus aureus strains. The mecR1 gene (R1) in SCCmeclV is truncated, whereas
the copy in SCCmecll is full-length. Transposon Tn554, which is present in SCCmecll
but not in SCCmeclV, encodes resistance to macrolide-lincosomide-streptogramin B an-
tibiotics and spectinmycin. pUB110 is an integrated plasmid that encodes a tobramycin
resistance gene. SCCmecll therefore encodes resistance to multiple antibiotics, whereas
SCCmeclV encodes resistance to methicillin alone. A, mecA; 1 mecl; 1S431, insertion
sequence 431.

CA-MRSA isolates most frequently contain variants of the SCCmecIV or SCC-
meclV allotypes; less commonly, they contain SCCmecV (Francois et al., 2008;
Okuma et al., 2002). SCCmeclV is also increasingly identified in contemporary
hospital MRSA strains.

The three epidemic waves of MRSA correspond to evolutionary changes in
SCCmec. The early MRSA strains (COL and other CCS strains that circulated in
the United Kingdom and Denmark in the early 1960s) all carried SCCmecl. They
were replaced in the 1980s by new and arguably more successful lineages that
eventually became established in hospitals throughout the world. These clones,
which were predominantly CC5 and CC8, carried SCCmecll or SCCmeclll (for
example, New York/Japan EMRSA, EMRSA-16 in Australia and the United
Kingdom, the Brazilian clone and the Hungarian clone), or the type IA variant of
the archaic SCCmecl (the Iberian clone). Why SCCmecll and SCCmeclll were
more successful than SCCmecl is not known, but it could be that the recombi-
nase genes, which are defective in SCCmecl but functional in SCCmecll and
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TABLE A2-2 Comparison of Staphylococcal Chromosome Cassette mec

Allotypes

SCCmec allotype
Feature* 1 1T 111 v \% VI VI VI
Size (kb) 34 53 67 21-24 28 24 41-49 32
mec B A A B Cc2 B ClorC2 A
complex
cer Aland A2and A3and A2and C Adand C2and A4 and
complex Bl B2 B3 B2 B4 C8 B4
1S431(n) 1 2 4 1 2 1 1 1
Tn554(n) O 1 2 0 0 0 0 1
pUB110 - + - - - - -
pT181 - - + - - - - -
P1258 - - + - - - - -
Other None erm, spc, erm, tet, None None None None erm and
resistance and tobra and Hg++ spc
genes

*mec complex A has intact regulatory genes, mecR1 and mecl, upstream of mecA; mec complex B has
regulatory gene deletions resulting from the insertion sequence 1272 (IS1272) insertion; mec com-
plexes C1 and C2 have regulatory gene deletions resulting from the IS431 insertion; the ccr complex
is the recombinase locus; pUB110, pT181 and pl258 are plasmids integrated at insertion sequences.
erm, erythromycin resistance gene; Hg++, mercury resistance gene; IS43/, insertion sequence 431;
n, number of copies; spc, spectinomycin resistance gene, fet, tetracycline resistance gene; Tn554,
transposon 554; fobra, tobramycin resistance gene.

SCCmeclll92, limited the potential for horizontal gene transfer of SCCmecl into
new genomes.

SCCmeclV, which seems to have evolved from SCCmecl (although it has the
ccrA and ccrB genes of SCCmecll (Lina et al., 2006)), gave rise to the most recent
worldwide epidemic wave of CA-MRSA. Originally identified in the community-
associated USA400 strain, MRSA strain MW?2, the first occurrence of SCCmeclV
in S. aureus might have been in the STS ‘paediatric’ clone that was circulating
in hospitals in the late 1980s and the 1990s (Oliveira et al., 2001). The ultimate
origins of mecA and SCCmec elements might never be known, but there is good
evidence suggesting that coagulase negative staphylococci are the sources (Hans-
sen et al., 2004; Hanssen and Ericson Sollid, 2006; Wu et al., 1996).

The success of SCCmeclV is borne out by two observations. First, it is the
most widely distributed SCCmec among S. aureus isolates. It has been found in
nine distinct MRSA CCs or STs, whereas there are only two such lineages for
SCCmecl, three for SCCmecll and two for SCCmeclll (Lina et al., 2006). Second,
CA-MRSA strains containing SCCmeclIV have faster growth rates than hospital
MRSA strains carrying other SCCmec allotypes, and these growth rates are no
different from MSSA isolates. In a rabbit bacteraemia model the fitness and viru-
lence of USA300, which carries SCCmecIVA, were indistinguishable from those
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of its isogenic MSSA variant (Diep et al., 2008). Thus, the SCCmeclV seems to
confer little or no cost in fitness on the organism.

The Epidemiology of CA-MRSA

As mentioned above, the earliest reported cases of CA-MRSA infection in
the United States were caused by a USA400 strain, MW2 (CDC, 1999). MW2
is closely related to the PVL-negative clone WA-1, which is an important CA-
MRSA clone in Australia, and to the MSSA476 strain in the United Kingdom
(Coombs et al., 2004). USA400 has been supplanted by USA300, which is
currently by far the most frequent cause of CA-MRSA infections in the United
States (Kennedy et al., 2008). The USA300 clone seems to be well adapted
to the community, and there are reports of CA-MRSA infections caused by
USA300 or its close relatives in Australia, Denmark and Colombia (Bartels
et al., 2007; Gottlieb et al., 2008; Arias et al., 2008). USA300 strains can also
cause health care-associated infections (Liu et al., 2008; Seybold et al., 2006;
Maree et al., 2007; Gonzalez et al., 2006). Although there is evidence for the
international spread of USA300 and USA400 (Wannet et al., 2005; Nimmo and
Coombs, 2008; Tristan et al., 2007; Larsen et al., 2009), CA-MRSA strains that
are not related to either USA300 or USA400 have been responsible for infec-
tions outside of the United States. ST80 is the predominant clone circulating
in Europe, ST59 is the main clone in Taiwan and ST30 is the most frequent
in Eastern Australia, demonstrating that CA-MRSA strains have evolved in
separate geographical regions (Stam-Bolink et al., 2007; Huang et al., 2007,
Nimmo and Coombs, 2008). There can also be considerable diversity in CA-
MRSA strains from country to country. For example, in Australia 45 distinct
clones of CA-MRSA have been identified; many of these are related to well-
known MRSA lineages, but others seem to be new. The diversity of CA-MRSA
isolates has also been noted by other studies (Wannet et al., 2005; Francois et
al., 2008; Bartels et al., 2007; Tristan et al., 2007; Larsen et al., 2009). In the
United Kingdom, most CA-MRSA infections are caused by EMRSA-15 (ST22)
and EMRSA-16 (ST36), which are also important hospital-acquired clones
(Rollason et al., 2008); ST80 is also present, but accounts for only a small pro-
portion of isolates (Holmes et al., 2005). A CA-MRSA strain of swine origin
that is transmissible to humans, ST398, has also been described (Huijsdens et
al., 2006; Loeffler et al., 2009).

The epidemiology of CA-MRSA is similar regardless of the country of ori-
gin. Isolates tend not to be resistant to multiple drugs, SCCmeclV or SCCmecV is
typically present, and infections of skin and soft tissue are the most common. The
presence of PVL among CA-MRSA isolates is more variable. For example, in
Australia and the United Kingdom most CA-MRSA clones do not produce PVL
(Nimmo and Coombs, 2008; Rollason et al., 2008), and the prevalence of PVL
among the more common CA-MRSA isolates from Denmark ranges from 17%
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to 100% (Larsen et al., 2009). Conversely, isolates of clones that typically do not
carry PVL genes (for example EMRSA-15 and EMRSA-16) have occasionally
been found to be PVL-positive.

Nasal carriage of MRSA has increased in parallel with the emergence of
MRSA as a community pathogen, which is not unexpected given that approxi-
mately 30% of individuals are asymptomatic nasal carriers of S. aureus. Between
2001 and 2004, carriage of MRSA strains in a US population-based study approx-
imately doubled from 0.8% to 1.5% (Gorwitz et al., 2008), and the percentage
of CA-MRSA genotypes increased from 7% to 24.2% (Tenover et al., 2008).
Although the sites of carriage (for example, nares versus groin versus other sites)
and the relationship between the carriage of CA-MRSA strains and disease are
not entirely clear, CA-MRSA strains, especially USA300, seem to be more easily
transmitted than other strains (Crum et al., 2006), which could account for the
increasing carriage rates in the community. Thus, no individual or group can be
considered not to be at risk for CA-MRSA infection.

The Virulence of CA-MRSA

CA-MRSA infections have been associated with fulminant and lethal infec-
tions and worse clinical outcomes than are seen with infections caused by health
care-associated MRSA strains and community MSSA (Francis et al., 2005;
Turner et al., 2007; Davis et al., 2007), giving rise to the impression that CA-
MRSA strains, especially USA300, are more virulent than other strains. Much of
our understanding of the unique virulence properties of CA-MRSA is based on
studies of USA300 strains, the most extensively investigated clone. The USA300
core genome (the chromosome, excluding any mobile genetic elements) is similar
to that of the early MRSA strain COL (Diep et al., 2006). However, studies in
animal models indicate that USA300 is more virulent than COL (Voyich et al.,
2005; Li et al., 2009). The expression of virulence factors by USA300 is high,
and this and other closely related strains are more lethal than their more distant
relatives and cause more extensive disease in animal models of infection (Li
et al., 2009; Montgomery et al., 2008; Wang et al., 2007). The main difference
between the COL and USA300 genomes is in their mobile genetic elements,
which include prophages, plasmids, pathogenicity islands and transposons that
have been acquired through horizontal gene transfer. These elements encode fac-
tors that can affect transmission, antibiotic resistance and virulence. Prophages
OSA2 and ®SA3, which are present in USA300 strains but not in COL, could
contribute to the noted differences in virulence between these two lineages.
Prophage ®SA?2 contains ukS—PV and lukF—PV, which encode PVL. Prophage
®SA3 is present in strains other than CA-MRSA and encodes staphylokinase,
staphylococcal complement inhibitor (SCIN) and S. aureus chemotaxis inhibi-
tory protein (CHIPS), all of which are modulators of the innate immune system
(Rooijakkers et al., 2006; van Wamel et al., 2006). In addition, USA300 contains
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the pathogenicity island SaPIS, which is similar to the island that is present in
COL. SaPI5 encodes two superantigens that are not present in COL, staphylo-
coccal enterotoxin Q (SEQ) and staphylococcal enterotoxin K (SEK), which are
also found in other MRSA and MSSA lineages. S. aureus produces many other
molecules that promote host colonization, facilitate evasion of the innate immune
system and alter immune responses (Wang et al., 2007; Deleo et al., 2009; Li et
al., 2007) (see Supplementary information S1 [Table A2-S1]). Most of these mol-
ecules are not unique to CA-MRSA. The virulence factors that are found more
commonly in CA-MRSA than in other strains, that are linked by epidemiology to
CA-MRSA infections or that have been studied in animal models of CA-MRSA
infection are discussed below.

PVL

PVL has been studied extensively since its discovery by Panton and Valentine
70 years ago (Wright, 1936). The role of PVL in the marked epidemicity and
enhanced virulence of CA-MRSA is a subject of debate. PVL is composed of
two subunits, LukS-PV and LukF-PV (Woodin, 1960), which are encoded by
the horizontally acquired prophage ®SA2 (Kaneko et al., 1998) and are secreted
by the bacterium. These subunits bind to specific membrane receptors, which
have yet to be identified, and associate to form pores in the membrane of host
leukocytes (Meyer et al., 2009; Colin et al., 1994). At high concentrations (for
example, 200 nM) PVL causes lytic cell death, but at sublytic concentrations (for
example, 5 nM) it seems to partially activate neutrophils in a phenomenon known
as priming, as they secrete potent mediators of inflammation, such as leukotriene
b4 and interleukin 8, and also cause the release of neutrophil granule contents
through exocytosis (Konig et al., 1995; Woodin and Wieneke, 1964; Genestier et
al., 2005). In addition, PVL primes neutrophils for the enhanced production of
reactive oxygen species on stimulation with the widely used neutrophil agonist
fMLP (N-formyl-methionylleucyl-phenylalanine) (Colin and Monteil, 2003).
Therefore, PVL could contribute to pathogenesis by causing an exaggerated
inflammatory response and injury to the host. Several lines of evidence that are
largely circumstantial indicate that PVL is associated with severe skin infec-
tions and severe necrotic haemorrhagic pneumonia (Lima et al., 1999; Gillet
et al., 2002, 2007). Both USA300, which is now the leading cause of skin and
soft tissue infections in the United States and a cause of extremely severe infec-
tions, and the penicillin-resistant phage type 80/81 strains that were associated
with numerous outbreaks and severe disease in the 1950s produce PVL. The
epidemiological association between PVL and the emergence of genetically
unrelated CA-MRSA strains (that is, different and unrelated STs) that are geo-
graphically dispersed is striking.

There are other observations that call into question the presumption that
PVL is driving the CA-MRSA epidemic. First, PVL is found infrequently in
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other common, successful community strains. For example, the genes encoding
PVL are present in only ~1-10% of MSSA clinical isolates (Goering et al., 2008;
Kuehnert et al., 2006; Ellington et al., 2007). Second, although both USA300 and
USA400 express PVL, USA300 has become the predominant CA-MRSA clone
in the United States. This suggests that factors other than PVL are important for
the recent emergence of CA-MRSA.

The experimental evidence does not provide a clear picture either. Voyich et
al. (2006) found that USA300 and USA400 wild-type and isogenic PVL-deficient
(Apvl) strains caused virtually identical courses of infection in mouse abscess and
sepsis models. Furthermore, there was no difference in neutrophil phagocytosis
or lysis after uptake of the bacteria. However, because these experiments were
carried out using culture supernatants, the results could reflect the action of
multiple lytic factors. Similar results from a rat pneumonia model were reported
by Montgomery and Daum (2009). Bubeck Wardenburg et al. (2007, 2008) also
showed that USA300 and USA400 wild-type and isogenic Apvl strains were
equally virulent in mouse abscess and pneumonia models. Diep et al. (2008)
used two rabbit bacteraemia models to compare the haematogenous dissemina-
tion of wild-type and Apvl CA-MRSA strains to major organs: although PVL
did not promote seeding of lungs, spleen or blood by USA300, there was a mod-
est, transient contribution of PVL to colonization of the kidneys. In a series of
experiments that used the same USA300 wild-type and mutant (Apvl) strain pair
as Voyich et al. (2006), Brown et al. (2008) found that the parent strain was more
virulent than the Apvl mutant in mouse pneumonia and abscess models and that
the disease caused by the wild-type strain was attenuated by immunization with
recombinant LukF-PV or LukS-PV. In addition, Labandeira-Rey et al. (2007)
found evidence to suggest that PVL might have a role in disease development in
a mouse model of staphylococcal pneumonia: direct instillation of high doses of
purified toxin provoked an inflammatory response in the lung and reduced sur-
vival. The authors used a laboratory strain of S. aureus that had been transduced
with PVL-encoding bacteriophage to establish infection, and reported more severe
disease in mice infected with this PVL-producing variant than in those infected
with the PVL-negative parent. However, in addition to the presence of PVL, this
transduced laboratory strain has substantial alterations in global gene expression
that confounded the interpretation of the data. As PVL has no impact on protein
or gene expression in USA300 or USA400 (Diep et al., 2008), it is possible that
factors other than PVL accounted for the experimental results. Taken together,
the data suggest that the contribution of PVL to CA-MRSA pathogenesis could
be minor or perhaps dependent on an as-yet-unidentified bacterial factor or host
susceptibility component.
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o-Haemolysin

The pore-forming toxin a-haemolysin (also known as Hla or a-toxin) causes
the destruction of a wide range of host cells, including epithelial cells, erythro-
cytes, fibroblasts and monocytes, and is lethal in animal models when injected
in purified form (Bhakdi and Tranum-Jensen, 1991). a--haemolysin is ubiquitous
among clinical isolates, although some strains lack an active o-toxin. Recent
studies by Bubeck Wardenburg et al. (2007) showed that o-haemolysin is essen-
tial for USA300 and USA400 to cause lethal pneumonia in a mouse model of the
disease. The amount of this toxin that is produced by these strains in vitro cor-
relates with the severity of the resultant lung disease (Montgomery et al., 2008;
Bubeck Wardenburg et al., 2007; Burlak et al., 2007).

a-Type Phenol-Soluble Modulins

a-type phenol-soluble modulins (PSMas) are a newly discovered group
of peptides in S. aureus that are similar to the PSMs of Staphylococcus epi-
dermidis (Wang et al., 2007). High expression of PSMas might contribute to
the enhanced virulence of CA-MRSA; PSMs are produced at higher levels in
vitro by prominent CA-MRSA strains, including USA300 and USA400, than
by hospital-acquired MRSA strains (Wang et al., 2007). PSMo peptides recruit,
activate and ultimately lyse human neutrophils, thereby promoting S. aureus
pathogenesis, and greatly contribute to the virulence of USA300 and USA400 in
mouse abscess and sepsis models. The study by Wang et al. (2007) was the first
to identify molecules from CA-MRSA that could account at least in part for the
enhanced virulence of USA300 and USA400.

Arginine Catabolic Mobile Element

The arginine catabolic mobile element (ACME) is a 30.9 kb segment of DNA
that seems to be unique to USA300 (Diep et al., 2008). This element is adjacent to
SCCmeclV and is mobilized by the recombinases that are encoded by SCCmec.
It contains two potential virulence factors, a cluster of arginine catabolism (arc)
genes that encode an arginine deiminase pathway and opp3, which encodes an
oligopeptide permease (Coulter et al., 1998; Degnan et al., 1998). Deletion of
ACME but not SCCmec has been shown to decrease the fitness of USA300 in a
rabbit bacteraemia model (Diep et al., 2008). Therefore, ACME might contribute
to the fitness and epidemic spread of USA300.

Although mobile genetic elements such as ACME are likely to play a part
in the transmission of CA-MRSA, there are differences in virulence potential
and human disease manifestation even among similar USA300 isolates. For
example, Kennedy et al. (2008) used comparative whole-genome sequenc-
ing to determine whether USA300 arose by convergent evolution towards a
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hypervirulent phenotype or from a recent common ancestor of high virulence
potential. Ten USA300 isolates, including some from a wide range of clinical
syndromes and from different geographical locations in the United States, were
examined. The strains differed from the USA300 reference strain FPR3757
genome by only a few SNPs, ranging from 11 to 408 in number. Phylogenetic
analysis indicated that 8 of the strains, differing on average by 32 SNPs from
the reference strain and 50 SNPs from each other, clustered with the reference
strain and had descended from a recent common ancestor. These nine closely
related isolates constitute the epidemic USA300 clone. Eight of the nine strains
were ACME positive and all nine contained the same SCCmecIVA subtype. The
two other strains were outliers, both lacking ACME and carrying a different
SCCmec subtype, type IVB. Unexpectedly, the virulence of the more closely
related isolates was variable in animal infection models. Some of these isolates
had caused dramatically different disease syndromes in humans (for example,
necrotizing pneumonia versus abscesses were caused by isolates that differed
by only 23 SNPs), which serves to highlight the importance of host factors in
disease presentation and severity.

Treatment in the Era of CA-MRSA

CA-MRSA has had a marked impact on empirical therapy of suspected
staphylococcal infection. Most 3-lactam antibiotics, including all orally available
agents, can no longer be assumed to be effective for a range of common staphy-
lococcal infections, in particular for skin and soft-tissue infections. In regions
where CA-MRSA is prevalent, antimicrobial therapy should be active against
MRSA strains. However, there are few clinical data to support the use of agents
other than vancomycin, daptomycin or linezolid. Despite a lack of rigorous clini-
cal studies, the oral agents that are recommended for the treatment of CA-MRSA
skin and soft-tissue infections include clindamycin, long-acting tetracyclines
(doxycycline and minocycline) and trimethoprim—sulphamethoxazole, as well as
rifampin and fusidic acid as adjunctive agents to be used in combination (Gorwitz
et al., 2006; Barton et al., 2006; Nathwani et al., 2008).

Surgical incision and drainage is the treatment of choice for cutaneous
abscesses; adjunctive antimicrobial therapy is of little or no benefit in most of
these cases (Moran et al., 2006; Fridkin et al., 2005; Llera and Levy, 1985; Lee
et al., 2004). Antibiotic therapy after drainage of CA-MRSA abscesses is not rou-
tinely recommended unless the patient has severe or extensive disease, has rapid
progression in the presence of associated cellulitis, has symptoms of systemic
illness, is very old or very young, has another illness or immune suppression (for
example, type I diabetes, HIV infection or neoplastic disease), has an abscess in
an area that is difficult to drain or has an abscess that is associated with septic
phlebitis (Gorwitz et al., 2006).
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Vancomycin is still the preferred drug for the treatment of serious MRSA
infections. However, its effectiveness is limited by prolonged, persistent or recur-
rent bacteraemia during therapy (Khatib et al., 2009; Hawkins et al., 2007),
high rates of microbiological and clinical failures (Dombrowski and Winston,
2008), nephrotoxicity (Lodise et al., 2008) and the increasing prevalence of
non-susceptible strains (Steimkraus et al., 2007; Wang et al., 2006). Randomized
clinical trials of alternative agents, such as linezolid and daptomycin, show that
they are comparable or, more precisely, neither inferior nor superior to standard
therapy (Arbeit et al., 2004; Shorr et al., 2005; Wunderink et al., 2003; Weigelt et
al., 2005; Kaplan et al., 2003; Fowler et al., 2006). Resistance and drug toxicity
will remain concerns regardless of the choice of agent.

One or more new compounds that are currently being developed are likely to
become available for the treatment of MRS A infections in the near future (Lentino
et al., 2008; Pan et al., 2008). Telavancin, dalbavancin and oritavancin are vanco-
mycin derivatives that rapidly kill S. aureus in a concentration-dependent manner
in vitro. Whether more rapid killing will translate into an improved efficacy over
vancomycin for more serious infections, such as endocarditis or bacteraemia,
remains to be determined. Carbapenems and cephalosporins that bind PBP2a, the
penicillin-binding protein that mediates methicillin resistance, with much higher
affinity than the currently available -lactams have been developed (Koga et al.,
2005). Two cephalosporins, ceftobiprole and ceftaroline, were shown to be clini-
cally effective for the treatment of MRSA skin and soft-tissue infections (Parish
and Scheinfeld, 2008; Anderson and Gums, 2008). One drawback with these
and the other anti-MRSA f-lactams under development is that they are broad-
spectrum antibiotics and are therefore not narrowly targeted treatments of MRSA
infection. Further studies are needed to define their eventual role in the therapy
of MRSA infections. Moreover, the vancomycin derivatives and anti-MRSA [3-
lactams, which can only be administered intravenously, do not address the need
for orally administered agents. Orally bioavailable oxazolidinones that are active
against MRSA are in the early stages of development (Shaw et al., 2008).

Several non-traditional approaches to the treatment and prevention of MRSA
infections have been or are still being investigated. These include lysostaphin
(Dajcs et al., 2001), antimicrobial peptides (Lawton et al., 2007) and other natu-
ral products (for example, tea tree oil) (Stapleton et al., 2007), as well as anti-
staphylococcal vaccines (Bubeck Wardenburg and Schneewind, 2008). There are
considerable challenges to be faced in the development of these agents, including
prohibitively expensive costs, the potential for patient hypersensitivity (caused by
the repeated administration of protein products), the short half-lives that are asso-
ciated with systemic administration and the short-lived or only partially protec-
tive immunity that is gained from vaccines, as was the case with an anti-capsular
vaccine that proved to be ineffective (Shinefield et al., 2002). These approaches
are years away from being available in the clinic, if they make it at all. Prudent
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use of the agents that are now available is essential to avoid further erosion of the
antimicrobial armamentarium.

Concluding Remarks

S. aureus is an extraordinarily adaptable pathogen with a proven ability to
develop resistance. The steady erosion of the effectiveness of -lactam antibiot-
ics since their first use only 60 years ago is particularly worrying. As we have
described, there have been four waves of resistance over the past 60 years.
Although the details vary, the basic themes of each successive wave of anti-
biotic resistance are similar. Often occurring as a consequence of horizontal
gene transfer, resistance is initially encountered in hospitals and health care
institutions, where the selective pressures for resistance are greatest. Resistant
strains are temporarily contained in hospitals but eventually, through a series of
modifications and adjustments, they find their way into or arise from within the
community to emerge as fully fit and virulent pathogens. Our understanding of
the forces that direct the evolution of virulent and drug-resistant organisms is not
perfect, but the overuse and misuse of antibiotics is clearly a contributing fac-
tor. The discovery and development of new antimicrobials, although necessary,
is unlikely to solve the problem of drug resistance for long. New technologies
that lead to improved and more rapid diagnostics, a better understanding of the
pathogenesis of staphylococcal disease and non-antimicrobial approaches to the
prevention and treatment of infection will also be needed to forestall the coming
of the post-antibiotic era.
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Supplementary Information

TABLE A2-S1 Virulence Factors of Staphylococcus aureus

Target cell, Putative function or
host factor effect on immune
or response Gene(s) Protein or molecule system

Factors that interfere with bacterial killing

Antimicrobial peptides — aur Zinc metalloproteinase  Degrades LL-37
aureolysin, Aur
dlIt operon DIt operon, DtABCD  Promotes resistance to

cationic antimicrobial
peptides and group ITA
phospholipase A,

continued
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Target cell,
host factor

Putative function or
effect on immune

or response Gene(s) Protein or molecule system
icaA, icaD, icaB, Polysaccharide Resistance to cationic
icaC, icaR intercellular adhesion,  antimicrobial peptides
PIA
isdA, isdB Iron-regulated surface ~ Resistance to
determinants of S. antimicrobial peptides,
aureus, IsdA and IsdB  skin fatty acids, and
neutrophil reactive
oxygen species
mprF Multiple peptide Promotes resistance to
resistance factor, MprF  cationic antimicrobial
peptides
sak Staphylokinase Inhibits host
o-defensins
Oxygen-mediating ahpC, ahpF Alkylhydroperoxide Promotes resistance to
bacterial killing reductase subunits C and ROS
F, AhpC and AhpF
crtM, crtN Carotenoid pigment, Promotes resistance to
staphyloxanthin (S. reactive oxygen species
aureus golden pigment)
isdA, isdB Iron-regulated surface ~ Resistance to neutrophil
determinants of S. reactive oxygen species
aureus, IsdA and IsdB
sodA, sodM Superoxide dismutase, ~ Promotes resistance to

Hemolysins and anti-platelet factors

Erythrocytes

Platelets

hla, hly

hid
higA, higB, higC

clfA

fibA, fubB

katA

sodA, sodM

Leucocidins and anti-phagocytic factors

Polymorphonuclear

leukocytes

cap$5 or cap8 genes

clfA

SodA, SodM

Alpha-hemolysin
(o-hemolysin), Hla

Delta-hemolysin, Hld
Gamma-hemolysin
subunits A, B, and C;
HigA, HlgB, HlgC; two-
component leukocidin
Clumping factor A CIfA

Fibronectin-binding
proteins A and B, FnbA

and FnbB
Catalase, KatA

Superoxide dismutase,
SodA, SodM

Capsular polysaccharide

reactive oxygen species

Causes cell lysis
(also affect epithelial
cells, fibroblasts, and
monocytes)

Causes cell lysis

Causes cell lysis

Causes platelet
activation
Causes platelet
activation

Detoxifies hydrogen

peroxide
Promotes resistance to

reactive oxygen species

Inhibits phagocytosis

Clumping factor A, CIfA Inhibits phagocytosis
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Target cell,
host factor
or response

Gene(s)

Protein or molecule

Putative function or
effect on immune
system

Chemotaxis

Superantigens

T-cells

eap

hlgA, higB, higC

lukD, lukE

lukS-PV, lukF-PV

psm

sbi
scn

ssl5

chp

ecb

efb

sbi
scn

ssl7

sea, seb, sec,, sed,
see, seg, she, sei, sej,
sek, sel, sep

tst

Extracellular adherence
protein, Eap
Gamma-hemolysin
subunits A, B, and C;
HigA, HlgB; HlgC; two-
component leukocidin
Leukocidin D and E;
LukD and LukE; two-
component leukocidins
Leukocidin S-PV and
F-PV subunits; two-
component leukocidin,
PVL

Phenol-soluble modulin-
like peptides, PSMs
IgG-binding protein, Sbi
Staphylococcal inhibitor
of complement, SCIN
Staphylococcal
superantigen-like 5,
SSL5

Chemotaxis inhibitory
protein of S. aureus,

CHIPS
Extracellular

complement-binding

protein, Ecb
Extracellular fibrinogen-
binding protein, Efb
IgG-binding protein, Sbi
Staphylococcal inhibitor
of complement, SCIN
Staphylococcal
superantigen-like 7,
SSL7

Staphylococcal
enterotoxins; SEA, SEB,
SEC,, SED, SEE, SEG,
SEH, SEI, SEJ, SEK,
SEL, and SEP

Toxic shock syndrome
toxin-1, TSST-1

Inhibits leukocyte

adhesion
Causes cell lysis

Causes leukocyte lysis

Causes leukocyte lysis

Cause leukocyte lysis

Sequesters host IgG
Inhibits complement

Binds P-selectin
glycoprotein ligand-1
and inhibits neutrophil

rolling
Inhibits chemotaxis

Inhibits C5a generation

Inhibits C5a generation

Sequesters host IgG
Inhibits complement

Binds to C5a and IgA

Activate T-cells
(superantigen)

Activate T-cells
(superantigen)
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A3

SUBLETHAL ANTIBIOTIC TREATMENT LEADS TO MULTIDRUG
RESISTANCE VIA RADICAL-INDUCED MUTAGENESIS’

Michael A. Kohanski, 39101112 Mark A. DePristo,%10.11:13
and James J. Collins®%10.11.12.14,*

Summary

Antibiotic resistance arises through mechanisms such as selection of natu-
rally occurring resistant mutants and horizontal gene transfer. Recently, oxidative
stress has been implicated as one of the mechanisms whereby bactericidal antibi-
otics kill bacteria. Here, we show that sublethal levels of bactericidal antibiotics
induce mutagenesis, resulting in heterogeneous increases in the minimum inhibi-
tory concentration for a range of antibiotics, irrespective of the drug target. This
increase in mutagenesis correlates with an increase in ROS and is prevented by
the ROS scavenger thiourea and by anaerobic conditions, indicating that sublethal
concentrations of antibiotics induce mutagenesis by stimulating the production
of ROS. We demonstrate that these effects can lead to mutant strains that are
sensitive to the applied antibiotic but resistant to other antibiotics. This work
establishes a radical-based molecular mechanism whereby sublethal levels of
antibiotics can lead to multidrug resistance, which has important implications for
the widespread use and misuse of antibiotics.

Introduction

There are a number of mechanisms whereby bacteria can develop antibi-
otic resistance (Dwyer et al., 2009; Hegreness et al., 2008; Livermore, 2003;
McKenzie and Rosenberg, 2001), including horizontal transfer of resistance
genes (Davies, 1994), drug-specific selection of naturally occurring resistant

7 Reprinted from Molecular Cell 37(3), Kohanski, M. A., M. A. DePristo, and J. J. Collins, Sub-
lethal antibiotic treatment leads to multidrug resistance via radical-induced mutagenesis, pages 311-
320, with permission from Elsevier. Copyright (2010).
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variants within a population, and increased mutagenesis in hypermutator strains
(Andersson, 2003; Chopra et al., 2003). Quinolones, which are DNA-damaging
antibiotics, can stimulate the emergence of drug resistance via SOS-independent
recombination (Lépez et al., 2007) and through the induction of RecA-mediated
processes, including homologous recombination (Drlica and Zhao, 1997) and
SOS-regulated error-prone polymerases (Cirz et al., 2005). B-lactams can also
induce the SOS response via RecA (Kohanski et al., 2007) and the DpiAB two-
component system (Miller et al., 2004), and these drugs have been shown to
induce DinB in an SOS-independent fashion, resulting in increased frameshift
mutations (Pérez-Capilla et al., 2005).

Antibiotic treatment can also result in multidrug resistance (Cohen et al.,
1989), which has been associated with mutations in multidrug efflux pumps,
such as AcrAB (Ma et al., 1993). These drug efflux pumps can be regulated by
a number of transcription factors, including the superoxide-responsive SoxRS
system (Greenberg et al., 1990). In addition, there is evidence that low level anti-
biotic treatment can lead to mutations that cause resistance (Girgis et al., 2009);
however, the mechanisms underlying this effect are not well understood.

Bactericidal antibiotics, including B-lactams, quinolones, and aminoglyco-
sides, can stimulate bacteria to produce reactive oxygen species (ROS) (Dwyer et
al., 2007; Kohanski et al., 2007, 2008), which are highly deleterious molecules that
can interfere with the normal functions of oxygen-respiring organisms (Brumaghim
et al., 2003; Fridovich, 1978; Imlay, 2006). Certain ROS, such as hydroxyl radicals,
can directly damage DNA and lead to an accumulation of mutations (Demple and
Harrison, 1994; Friedberg et al., 2006; Imlay et al., 1988). Oxidative DNA damage
also activates the error-prone SOS response (Carlsson and Carpenter, 1980; Imlay
and Linn, 1986, 1987) and error-correcting repair systems such as the “GO” repair
system (Michaels and Miller, 1992; Miller, 1996). In this study, we hypothesized
that ROS formation due to treatment with low levels of bactericidal antibiotics leads
to an increase in mutation rates, which can result in the emergence of multidrug
resistance. We thus consider a possible molecular mechanism whereby bactericidal
antibiotics act as active, reactive mutagens.

Results

To test the above hypothesis, we examined mutation rates in E. coli strain
MG1655 following treatment with low levels of the bactericidal antibiotics nor-
floxacin (quinolone), ampicillin (B-lactam), and kanamycin (aminoglycoside),
respectively. Mutation rates were determined by plating aliquots of treated cul-
tures onto rifampicin plates, counting rifampicin-resistant colonies, and using
the MSS maximum likelihood method (Rosche and Foster, 2000) to estimate
the number of mutation events per culture (see Experimental Procedures for
additional details). The mutation rate for untreated wild-type E. coli was approxi-
mately 1.5 x 10® mutations/cell/generation.
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Treatment with 1 pg/ml ampicillin, 3 pg/ml kanamycin, 15 ng/ml norfloxa-
cin, or 50 ng/ml norfloxacin resulted in significant increases in the mutation rate
relative to an untreated control (Figure A3-1). Treatment with 1 pg/ml kanamy-
cin resulted in a modest increase in mutation rate (Figure A3-1). The largest
increases in mutation rate were seen following treatment with ampicillin or 50
ng/ml norfloxacin (Figure A3-1A). These changes were on par with the increase
in mutation rate observed following treatment with ImM hydrogen peroxide
(Figure A3-1A), a concentration of hydrogen peroxide known to induce hydroxyl
radical formation via Fenton chemistry (Imlay et al., 1988). To determine if there
is a correlation between these changes in mutation rate and ROS formation, we
examined radical levels using the radical-sensitive dye 3’-(p-hydroxyphenyl)
fluorescein (HPF) (Setsukinai et al., 2003) (see Experimental Procedures for
more details). We found a significant correlation (R? = 0.8455) between the fold
change in mutation rate and peak HPF signal for the treatments described above
(Figure A3-1B).

The strong correlation between ROS formation and fold change in mutation
rate following treatment with bactericidal antibiotics suggests that ROS actively
contribute to bactericidal drug-induced mutagenesis. To test if this is indeed the
case, we added 100 mM thiourea to wild-type E. coli treated with antibiotics or
hydrogen peroxide at the concentrations noted above (Figure A3-1C). Thiourea is
a potent hydroxyl radical scavenger that mitigates the effects of hydroxyl radical
damage in both prokaryotes and eukaryotes (Novogrodsky et al., 1982; Repine
et al., 1981; Touati et al., 1995). We have previously shown that thiourea reduces
hydroxyl radical formation and cell killing following treatment with bactericidal
antibiotics (Kohanski et al., 2007).

The addition of thiourea significantly reduced the mutation rate to near
untreated levels following the addition of 1 mM hydrogen peroxide, norfloxa-
cin, or ampicillin (Figure A3-1). Interestingly, we were unable to detect any
rifampicin-resistant colonies after plating up to 10° cells following treatment with
both 3 pg/ml kanamycin and thiourea (Figure A3-1C). However, we were able to
detect rifampicin-resistant colonies after scaling up the system to 1 L flasks and
plating up to 10'° cells following treatment with both 3 ug/ml kanamycin and
thiourea (data not shown). These results suggest a role for kanamycin-mediated
interference with ribosome function and translation, in the absence of oxidative
stress, on significantly lowering mutation rate.

To further demonstrate that antibiotic-mediated ROS formation has a muta-
genic component, we examined mutation rates under anaerobic growth conditions
(see Experimental Procedures for additional details) following treatment of wild-
type E. coli with antibiotics or hydrogen peroxide as described above (Figure
A3-1D). We observed mutation rates near untreated levels for all antibiotic treat-
ments tested (Figure A3-1D). Treatment with 1 mM hydrogen peroxide, which
results in direct addition of an oxidant, led to an increase in mutation rate relative
to the no drug control under anaerobic growth conditions (Figure A3-1D), but
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FIGURE A3-1 Low levels of bactericidal antibiotics increase mutation rate due to reac-
tive oxygen species formation. (A) Fold change in mutation rate (mean +95% confidence
interval [CI]) relative to an untreated control (no drug) for wild-type E. coli (MG1655)
following an overnight treatment with 1 pg/ml ampicillin, 1 ug/ml kanamycin, 3 pg/ml ka-
namycin, 15 ng/ml norfloxacin, 50 ng/ml norfloxacin, or I mM hydrogen peroxide (H,0,).
(B) Correlation between oxidative stress levels (HPF fluorescence) and fold change in
mutation rate for wild-type E. coli for the treatments described in (A). (C and D) Fold
change in mutation rate (mean +95% CI) relative to an untreated control (no drug) for
wild-type E. coli following an overnight treatment with 100 mM thiourea and no drug, 1
pg/ml ampicillin, 1 pg/ml kanamycin, 3 pg/ml kanamycin, 15 ng/ml norfloxacin, 50 ng/ml
norfloxacin, or I mM hydrogen peroxide (H,O,) under aerobic growth conditions with 100
mM thiourea (C) or anaerobic growth conditions (D). See also Figure A3-S2.
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this increase was considerably smaller than that exhibited under aerobic growth
conditions (Figure A3-1A).

Antibiotic-resistant strains can arise via drug-mediated selection of pre-
existing antibiotic-resistant variants that occur naturally within a population
(Livermore, 2003). Antibiotic-induced oxidative stress may be an additional
mechanism that allows for the accumulation of mutations that increase resistance
to drugs, irrespective of the drug target of the applied antibiotic. To test this, we
measured changes in the minimum inhibitory concentration (MIC) of wild-type
E. coli over a period of 5 days of selective growth for the following antibiotics:
norfloxacin, kanamycin, ampicillin, tetracycline, and chloramphenicol. During
the growth period, the cultures were exposed to no drug, norfloxacin, ampicillin,
or kanamycin (see Experimental Procedures for more details). In all cases, growth
in the absence of antibiotics did not change the MIC for any of the drugs tested
(data not shown).

Treatment with 25 ng/ml norfloxacin led to an increase in the MIC for
norfloxacin and kanamycin (Figure A3-S1A). The observed increases in MIC
following treatment with norfloxacin were concentration dependent (see Supple-
mental Information for more details). Treatment of wild-type E. coli with 3 ug/ml
kanamycin led to an increase in the MIC for kanamycin and minimal increases in
the MIC for norfloxacin and ampicillin, respectively (Figure A3-S1C). The MIC
for tetracycline and chloramphenicol did not change (Figure A3-S1C), indicating
that kanamycin treatment may not lead to mutants resistant to other classes of
ribosome inhibitors.

Treatment of wild-type E. coli with 1 pg/ml ampicillin for 5 days led to an
increase in the MIC to different levels for ampicillin, norfloxacin, kanamycin,
tetracycline, and chloramphenicol (Figure A3-2A). These results show that treat-
ment with a B-lactam can stimulate formation of mutants that are potentially
resistant to a wide range of antibiotics. Cultures that had been grown for 5 days
in the presence of low levels of ampicillin were shifted to a drug-free environment
and grown without any ampicillin for 2 additional days. The MICs, which were
increased after 5 days of ampicillin treatment (Figure A3-2A), remained elevated
and did not change significantly following 2 days of growth in the absence
of ampicillin (Figure A3-S1D). These findings demonstrate that the observed
increases in MIC are stable and not due to a transient adaptation to growth in the
presence of ampicillin.

To determine if the observed increases in MIC were related to antibiotic-
mediated ROS formation, we measured the MIC for ampicillin, norfloxacin,
kanamycin, tetracycline, and chloramphenicol, respectively, following treatment
with no drug or 1 pg/ml ampicillin under anaerobic growth conditions. Untreated
anaerobic growth had no effect on MIC relative to untreated aerobic growth
(data not shown). Following treatment with 1 pug/ml ampicillin under anaerobic
conditions, we observed almost no increase in MIC for ampicillin, kanamycin,
tetracycline, or chloramphenicol (Figure A3-2B). The MIC for norfloxacin exhib-

Copyright © National Academy of Sciences. All rights reserved.



Antibiotic Resistance: Implications for Global Health and Novel Intervention Strategies: Workshop Summary

APPENDIX A 121

1 pg/ml ampicillin

| aerobic
4 o~
[
—i
=
)
n
c
M
e
[
O
£ 0 '
0 1 2 3 4 5
B
4 1 anaerobic
&
—
= 3
W
on
=
m
=
[
L=
=
Y
0

days treatment

—e—ampicillin  —#—kanamycin
—#—norfloxacin —#—tetracycline
—a—chloramphenicol

FIGURE A3-2 Low levels of bactericidal antibiotics can lead to broad-spectrum increases
in MIC due to ROS-mediated mutagenesis. (A and B) Fold change in MIC relative to an
aerobic no-drug control for ampicillin, norfloxacin, kanamycin, tetracycline, and chloram-
phenicol, following 5 days of growth in the presence of 1 ug/ml ampicillin under aerobic
(A) or anaerobic (B) growth conditions. See also Figure A3-S1.
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ited a small increase by day 5 (Figure A3-2B); however, this change in MIC
was much smaller than the increase in MIC for norfloxacin following ampicillin
treatment under aerobic growth conditions (Figure A3-2A). These results suggest
that ROS formation due to treatment with low levels of bactericidal antibiotics
can lead to mutagenesis and the emergence of bacteria resistant to a wide range
of antibiotics.

Drug resistance may not always be uniform throughout a population. Some
cells within a population may remain susceptible to the antibiotic, whereas other
cells display varying degrees of drug resistance (de Lencastre et al., 1993), a
phenomenon referred to as heteroresistance. Antibiotic-stimulated, ROS medi-
ated mutagenesis could be a mechanism that stimulates the formation of a range
of mutations that result in varying MICs within a population of cells. We sought
to determine if the observed increases in population-level MIC for ampicillin
following 5 days of treatment with 1 ug/ml ampicillin (Figure A3-2A) exhibited
heterogeneity in MIC at the single-colony level.

We isolated individual colonies following ampicillin treatment and measured
the MIC of each clone to ampicillin. We found that these isolates exhibited a
range of resistance to ampicillin (>2.5-12.5 ug/ml), with some isolates remaining
completely susceptible (<2.5 ug/ml) to treatment with this drug (Figure A3-3A).
We also found that the MICs for these isolates to norfloxacin ranged from <100
ng/ml (completely susceptible) to 21000 ng/ml (Figure A3-3B). Although levels
of resistance from clinical isolates are typically quite high (with MICs in the
range of 10-1000 pg/ml for norfloxacin [Becnel Boyd et al., 2009]), the upper
ranges of the MICs for ampicillin or norfloxacin observed here (Figure A3-3)
are near the peak serum concentrations for these drugs (Bryskier, 2005), indicat-
ing that these MICs might be near the limit for the amount of drug a human can
tolerate. These data show that heterogeneous increases in MIC to ampicillin arise
in E. coli following treatment with low levels of ampicillin, and treatment with
one drug class can lead to heterogeneous increases in MIC against other classes
of antibiotics.

Resistance to multiple antibiotics has been linked to mutations in drug-efflux
systems such as the AcrAB multidrug (MDR) efflux pump (George and Levy,
1983; Ma et al., 1993) as well as mutations in transcription factors controlling
these systems, such as MarA (Alekshun and Levy, 1997), Rob (Ariza et al.,
1995), and SoxS (Greenberg et al., 1990). Our results suggest that ROS-mediated
DNA damage induced by low levels of bactericidal antibiotics can result in
mutations in a wider range of genes, potentially in some unrelated to the applied
antibiotic and drug efflux systems. This implies that treatment with ampicillin, for
example, may generate mutants that are not ampicillin resistant but are resistant
to other antibiotics.

To determine if these types of resistant strains arise, we examined multidrug
resistance following 5 days of treatment with 1 pg/ml ampicillin or no treatment.
Mutants from ampicillin treated or untreated cultures were selected on plates
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FIGURE A3-3 Ampicillin treatment of E. coli results in heterogeneous increases in MIC
for ampicillin and norfloxacin. (A and B) Shown are the distributions of ampicillin (A) or
norfloxacin (B) MICs for 44 ampicillin-treated isolates. The maximum growth-inhibitory
concentration tested for norfloxacin was 1000 ng/ml, and the MICs for these isolates may
be 21000 ng/ml.
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containing norfloxacin, ampicillin, kanamycin, tetracycline, and chlorampheni-
col, respectively. From this primary selection, we determined cross-resistance
to the other four antibiotics via replica plating (see Experimental Procedures
for additional details). We found substantially more primary resistant colonies
and higher rates of cross-resistance following ampicillin treatment as compared
to no treatment (Table A3-1). Ampicillin-selected mutants displayed a range of
cross-resistance to the other classes of antibiotics and showed a strong correla-
tion (89% cross-resistance) with norfloxacin resistance (Table A3-1). We also
found that ampicillin-treated cells selected originally on the basis of norfloxacin
or kanamycin resistance were only 75% and 63% cross-resistant to ampicillin,
respectively (Table A3-1). Interestingly, primary resistance selection with the
static drugs tetracycline and chloramphenicol yielded isolates that were always

TABLE A3-1 Cross-Resistance Following Ampicillin Treatment and Primary
Resistance Selection with Five Different Classes of Antibiotics

E. coli Control
Strain Percent Cross-Resistant Following Ampicillin Treatment

Norfloxacin ~ Ampicillin ~ Kanamycin  Tetracycline  Chloramphenicol

Primary Selection

Norfloxacin 100% (40/40) 75% (30/40) 25% (10/40) 23% (9/40)  23% (9/40)

Ampicillin 89% (77/87) 100% 20% (17/87) 54% (47/87) 21% (18/87)
(87/87)

Kanamycin 20% (17/83)  63% (52/383) 100% 7% (6/83) 0% (0/83)

(83/83)

Tetracycline 79% (63/80) 100% 14% (11/80) 100% (80/80) 78% (62/80)
(80/80)

Chloramphenicol ~ 87% (67/77) 100% 35% (27/77) 100% (77/77) 100% (77/77)
(77/77)

Percent Cross-Resistant Following No-Drug Treatment

Norfloxacin ~ Ampicillin ~ Kanamycin  Tetracycline  Chloramphenicol

Primary Selection

Norfloxacin 100% (10/10) 0% (0/10) 0% (0/10) 0% (0/10) 0% (0/10)
Ampicillin 0% (0/10)  100% 0% (0/10) 0% (0/10) 0% (0/10)
(10/10)
Kanamycin 0% (0/15) 0% (0/15)  100% 0% (0/15) 0% (0/15)
(15/15)
Tetracycline 100% (1/1) 0% (0/1) 0% (/1) 100% (1/1) 0% (O/1)
Chloramphenicol ~ 100% (1/1) 0% (O/1) 0% (0/1) 0% (0/1) 100% (1/1)

Wild-type E. coli were treated with 1 mg/ml ampicillin or no drug for 5 days. These ampicillin-
treated or untreated cells were spread on plates containing norfloxacin, ampicillin, kanamycin, tetra-
cycline, or chloramphenicol, and mutants resistant to the individual drugs were isolated. Resistance
to the other four classes of antibiotics was determined by replica plating of the primary-selected
strains onto plates containing the respective antibiotic. Shown is percent resistance (resistant colo-
nies/total primary resistant colonies). Note: Double the volume of no-drug control cells were plated
for primary resistance selection for E. coli as compared to the ampicillin-treated cells.
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(100%) cross-resistant to ampicillin (Table A3-1); this effect deserves further
study. Also of note, ampicillin-treated, kanamycin-resistant strains were found to
have very low cross-resistance to tetracycline (7%) and no cross-resistance with
chloramphenicol (Table A3-1). This is consistent with previous work showing
a lack of cross-resistance to tetracycline or chloramphenicol following selec-
tive treatment with aminoglycosides (Grassi, 1979). While the majority of these
multidrug cross-resistant strains exhibit resistance against the treatment drug,
ampicillin, our results demonstrate that treatment with ampicillin can also gener-
ate mutants that are not resistant to ampicillin yet are resistant to other classes
of antibiotics.

We sought to determine if some of the ampicillin-treated, cross-resistant
isolates had acquired mutations in specific antibiotic targets or in genes making
up the common oxidative damage cell death pathway induced by bactericidal
antibiotics (Kohanski et al., 2007, 2008), or if the observed cross-resistance
(Table A3-1) was solely a function of altered drug efflux. We examined six
norfloxacin-resistant isolates, six kanamycin-resistant isolates, and the untreated
control strain. We sequenced the following genes where mutations could poten-
tially lead to an increase in drug resistance: gyrA, gyrB, rpsL, ampC, icdA, arcA,
cpxA, sdhB, iscR, tolC, marRA and its promoter region, and acrA and its promoter
region. gyrA and gyrB code for the subunits of DNA Gyrase; the known target of
quinolones, rpsL, encodes a component of the 30S subunit of the ribosome and
has been associated with aminoglycoside resistance; ampC has been associated
with ampicillin resistance; icdA, arcA, cpxA, sdhB, and iscR are genes involved in
the common mechanism of cell death; and t0l/C, marRA and its promoter region,
and acrA and its promoter region are involved in multidrug efflux.

We found that 3 of the 6 norfloxacin-resistant isolates contained point muta-
tions in gyrA that resulted in a substitution of glycine for aspartic acid at amino acid
82 in one isolate and a substitution of tyrosine for aspartic acid at amino acid 87
in two other isolates (Figure A3-4A). We also found that 1 of these 6 norfloxacin-
resistant isolates, which did not have a mutation in gyrA, had a point mutation
resulting in the conversion of serine to phenylalanine at residue 464 of GyrB (Fig-
ure A3-4B). Interestingly, the point mutations we found in gyrA and gyrB are all in
the quinolone resistance-determining regions of GyrA and GyrB, respectively, and
these mutations have been observed in clinical isolates of Bacteroides fragilis (Oh
etal., 2001), Salmonella enterica (Weill et al., 2006), and Pseudomonas aeruginosa
(Mouneimné et al., 1999).

As noted above, mutations in rpsL have been associated with aminoglycoside
resistance. We found that 2 of the 6 kanamycin-resistant isolates had point muta-
tions in rpsL. These mutations led to a frameshift and truncated form of RpsL
in both isolates (Figure A3-4D). It is possible that these mutations contribute to
kanamycin resistance in these isolates.

Among the ampicillin-treated, drug-resistant mutants, we did not find any
mutations in ampC (data not shown), a gene associated with ampicillin resistance.
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FIGURE A3-4 Ampicillin treatment leads to the formation of norfloxacin-resistant iso-
lates with mutations in gyrA, gyrB, or the acrAB promoter (P, . ) and kanamycin-resistant
isolates with mutations in rpsL or arcA. (A and B) Isolates with point mutation resulting
in a D82G or D87Y substitution in GyrA (A) or a S464F substitution in GyrB (B). (C) T-
to-A DNA base pair mutation in the AcrR/ EnvR binding site of the -35 region of P, ...
P, . 18 partially annotated to show the -10 and -35 regions (bold), the transcription start
site (capitalized A), and the AcrR/EnvR binding site (underlined). (D) Isolates with inser-
tion between base pair 92 and 93 (K58) and between base pair 78 and 79 (K62) resulting
in truncation of RpsL. (E) Isolate with a single base pair insertion between base pair 211
and 212 resulting in a truncated ArcA protein missing the majority of the helix-turn-helix
(HTH) DNA binding domain. See also Table A3-S1.
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We also did not find any mutations in icdA, cpxA, sdhB, or iscR (data not shown).
Interestingly, we did find a single insertion mutation in arcA in one of the drug-
resistant isolates. ArcA is a two-component system transcription factor containing
a sensor domain and a DNA-binding domain, and the mutation we found results
in a truncated ArcA protein that is missing the DNA-binding element of the
protein (Figure A3-4E). We have previously shown that two-component systems
are important elements in the common mechanism of cell death, and a knockout
of arcA is more tolerant to treatment with ampicillin and kanamycin compared
to norfloxacin (Kohanski et al., 2008). This isolate is resistant to ampicillin and
kanamycin, but not to norfloxacin. This result suggests that mutations leading to
low-level antibiotic resistance can occur in genes that are involved in the common
mechanism of cell death.

We did not find any mutations in t0lC, marRA, the marRA promoter, or
acrA (data not shown); however, we did find a T-to-A conversion in the promoter
upstream of acrA (Figure A3-4C) in one of the norfloxacin-resistant isolates that
also had a mutation in gyrA (Figure A3-4A). This promoter mutation occurs
within the annotated -35 site of the promoter and the binding site for the repressor
transcription factors AcrR and EnvR (Keseler et al., 2005; Miller et al., 2002).
The observed mutations could reduce the ability of these repressors to bind to
the acrAB promoter which would result in increased pump expression and drug
resistance. These sequencing results demonstrate that ampicillin treatment can
lead to the formation of norfloxacin-resistant strains with mutations in DNA
Gyrase and/or mutations that can affect drug efflux pump activity, which likely
contribute to the emergence of multidrug resistance.

To demonstrate that sublethal levels of bactericidal antibiotics can lead to
an increase in multidrug cross-resistance in Gram-positive as well as Gram-
negative bacteria, we also examined multidrug cross-resistance in Staphylococcus
aureus following treatment with low levels of ampicillin (35 ng/ml) for 5 days.
Previously, we demonstrated antibiotic-mediated ROS formation in S. aureus
(Kohanski et al., 2007). In the present study, we found substantially more pri-
mary resistant S. aureus colonies and higher rates of cross-resistance following
ampicillin treatment as compared to no treatment (Table A3-2). Interestingly, we
were unable to enrich for tetracycline- or chloramphenicol-resistant S. aureus
isolates following treatment with low-level ampicillin as compared with the no-
drug treatment. This may be due to the lower level of ROS formation we have
observed with S. aureus (Kohanski et al., 2007).

To demonstrate that these effects are not limited to lab strains, we consid-
ered a clinical isolate of E. coli from a patient with diarrhea (NCDC C771). We
examined multidrug cross-resistance in the clinical isolate following treatment
with 1 ug/ml ampicillin (see Experimental Procedures for more details). As with
the wild-type strains, we found substantially more primary resistant colonies and
higher rates of cross-resistance in the clinical isolates following ampicillin treat-
ment as compared to no treatment. We also found that ampicillin-treated cells
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TABLE A3-2 Cross-Resistance for S. aureus Following Ampicillin Treatment
and Primary Resistance Selection with Five Different Classes of Antibiotics

S. aureus Percent Cross-Resistant Following Ampicillin Treatment

Norfloxacin ~ Ampicillin ~ Kanamycin  Tetracycline  Chloramphenicol

Primary Selection

Norfloxacin 100% (59/59) 64% (38/59) 56% (33/59) 36% (21/59) 19% (11/59)
Ampicillin 41% (29/71)  100% 18% (13/71) 25% (13/71) 14% (10/71)
(71/71)
Kanamycin 13% (9/68)  60% (41/68) 100% 18% (12/68)  15% (10/68)
(68/68)
Tetracycline 0% (0/2) 100% (2/2) 0% (0/2) 100% (2/12) 0% (0/2)
Chloramphenicol  0/0 0/0 0/0 0/0 0/0

Percent Cross-Resistant Following No-Drug Treatment

Norfloxacin ~ Ampicillin ~ Kanamycin  Tetracycline ~ Chloramphenicol

Primary Selection

Norfloxacin 100% (19/19) 5% (1/19)  26% (5/19) 0% (0/19) 5% (1/19)
Ampicillin 0% (0/13) 100% 0% (0/13) 8% (1/13) 0% (0/13)
(13/13)
Kanamycin 2.6% (1/38) 2.6% (1/38) 100% 0% (0/38) 8% (3/38)
(38/38)
Tetracycline 0/0 0/0 0/0 0/0 0/0
Chloramphenicol ~ 0/0 0/0 0/0 0/0 0/0

Wild-type S. aureus were treated with 35 ng/ml ampicillin or no drug for 5 days. These ampicillin-
treated or untreated cells were spread on plates containing norfloxacin, ampicillin, kanamycin,
tetracycline, or chloramphenicol, and mutants resistant to the individual drugs were isolated. Re-
sistance to the other four classes of antibiotics was determined by replica plating of the primary
selected strains onto plates containing the respective antibiotic. Shown is percent resistance (resistant
colonies/total primary resistant colonies).

selected originally on the basis of norfloxacin or kanamycin resistance were only
11.5% and 21.5% cross-resistant to ampicillin, respectively (Table A3-3). This
further affirms that treatment with ampicillin can generate mutants that are not
resistant to ampicillin yet are resistant to other classes of antibiotics.

Discussion

Here, we establish a radical-based molecular mechanism whereby sublethal
levels of antibiotics can lead to multidrug resistance. This occurs via bactericidal
antibiotic-mediated radical formation that results in the formation of mutations,
some of which confer antibiotic resistance. Low-level resistance likely provides
a first step toward clinically significant resistance (Goldstein, 2007), and the
mechanism we propose and validate here establishes an antibiotic-stimulated
mutagenic effect that likely works in conjunction with SOS-induced mutagenesis
in the emergence of mutations that confer drug resistance.
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TABLE A3-3 Cross-Resistance for E. coli Clinical Isolate NCDC C771
Following Ampicillin Treatment and Primary Resistance Selection with Four
Different Classes of Antibiotics

E. coli Clinical

Isolate Percent Cross-Resistant Following Ampicillin Treatment

Norfloxacin Ampicillin Kanamycin Chloramphenicol
Primary Selection
Norfloxacin 100% (78/78) 11.5% (9/78) 1.3% (1/78) 10.3% (8/78)
Ampicillin 13.2% (5/38) 100% (38/38) 2.6% (1/38) 23.9% (9/38)
Kanamycin 15.2% (12/79) 21.5% (17/79) 100% (79/79) 7.6% (6/79)

Chloramphenicol  41.4% (29/70) 45.7% (32/70) 22.9% (16/70) 100% (70/70)
Percent Cross-Resistant Following No-Drug Treatment

Norfloxacin Ampicillin Kanamycin Chloramphenicol
Primary Selection
Norfloxacin 0/0 0/0 0/0 0/0
Ampicillin 0/0 0/0 0/0 0/0
Kanamycin 2.8% (1/36) 11.1% (4/36) 100% (36/36) 2.8% (1/36)
Chloramphenicol ~ 0/3 0/3 0/3 100% (3/3)

E. coli strain NCDC C771 was treated with 1 pg/ml ampicillin or no drug for 5 days. These
ampicillin-treated or untreated cells were spread on plates containing norfloxacin, ampicillin, kana-
mycin, or chloramphenicol, and mutants resistant to the individual drugs were isolated. Resistance to
the other three classes of antibiotics was determined by replica plating of the primary-selected strains
onto plates containing the respective antibiotic. Shown is percent resistance (resistant colonies/total
primary resistant colonies). Tetracycline cross-resistance was not quantified for NCDC C771, as this
strain is resistant to tetracycline (MIC > 35 pg/ml).

Clinical situations where bacteria are exposed to low levels of antibiotics can
occur with incomplete treatment of an infection, noncompliance with antibiotic
treatment (e.g., a missed pill), and reduced or limited drug accessibility to cer-
tain tissues (e.g., bone or cerebrospinal fluid [Bryskier, 2005]). It is possible that
mutations arising via antibiotic-mediated oxidative stress could be maintained in
the normal bacterial flora of the body and transferred to virulent bacteria via hori-
zontal gene transfer, a mechanism that can be induced by DNA damage (Beaber
et al., 2004). Novel therapeutics targeting ROS-forming systems or error-prone
DNA damage repair systems may help reduce and contain the spread of new
antibiotic-resistant bacteria.

Experimental Procedures

Strains, Media, and Antibiotics

All experiments were performed with wild-type E. coli strain MG1655
(ATCC 700926) in Luria-Bertani (LB) medium (Fisher Scientific; Waltham,
MA). For all treatment conditions, we used 1 mM hydrogen peroxide (VWR;
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West Chester, PA) and the following bactericidal antibiotics: norfloxacin (Sigma;
St. Louis), ampicillin, and kanamycin (Fisher Scientific). Bactericidal antibiot-
ics were used at concentrations of 15 ng/ml norfloxacin, 50 ng/ml norfloxacin, 1
pg/ml ampicillin, 1 pg/ml kanamycin, or 3 pug/ml kanamycin. Tetracycline (MP
Biomedical; Solon, OH) and chloramphenicol (Fluka; St. Louis) were used for
MIC assays, rifampicin (Sigma) for determination of antibiotic resistant rates,
and thiourea (Fluka) for radical-quenching experiments. Anaerobic media was
made by heating LB in 17 ml Bellco glass hungate tubes (FisherScientific) under
anaerobic conditions in a Coy anaerobic chamber (Coy Laboratory Products Inc.;
Grass Lake, MI) to drive out dissolved oxygen (Norris and Ribbons, 1969). Resa-
zurin (10 mM) (Sigma), which turns clear in the absence of oxygen, was used as
an indicator for anaerobic conditions. Multidrug resistance was also determined
in wild-type S. aureus (ATCC 25923) and the E. coli clinical isolate NCDC C771
(ATCC 23985).

Determination of Mutation Rate

Mutation rates were examined following 24 hr of growth in the presence of
a bactericidal antibiotic. Drug levels were chosen such that there was an observ-
able effect on growth or survival within the first 6 hr after drug addition (Figure
A3-S2), followed by “recovery” of the culture to near untreated colony density 24
hr after treatment. All treatment conditions exhibited recovery to near untreated
colony density levels, with the exception of 50 ng/ml norfloxacin. This allowed
us to compare mutation frequencies for cultures of similar densities following
treatment with an antibiotic.

Mutation rates were determined using a rifampicin-based selection method
(Giraud et al., 2001). Briefly, an overnight culture of E. coli was diluted 1:10,000
into 50 ml LB in a 250 ml baffled flask and grown for 3.5 hr at 37°C and 300 rpm.
Cultures were grown at high shaking speeds and in baffled flasks to maximize
aeration and ROS formation. The culture was diluted 1:3 into fresh LB contain-
ing no drug, an antibiotic, or hydrogen peroxide at the concentrations described
above. For experiments with thiourea, thiourea in solid form was added to each
diluted culture for a final concentration of 100 mM. Aliquots (1 ml; ten repli-
cates) of these diluted cultures were grown in 14 ml tubes for 24 hr at 37°C and
300 rpm. Aliquots of each treatment were serially diluted and plated on LB-agar
plates for colony forming unit per milliliter (cfu/ml) determination. Aliquots of
each treatment were also plated on LB-agar plates containing 100 pg/ml rifam-
picin and grown for 48 hr at 37°C. Colonies were counted at 24 and 48 hr, and
the colony count from the 48 hr time point was used to estimate mutation rates.
For experiments in anaerobic conditions, cells were diluted 1:10,000 into 15 ml
anaerobic LB in sealed hungate tubes to minimize exposure to oxygen. Antibiotic
treatments, growth temperature, shaking speed, and sample collection were as
described above for the aerobic growth conditions.
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The colony counts from the ten replicates were then used in the MSS maximum-
likelihood method (Rosche and Foster, 2000; Sarkar et al., 1992) to estimate the
number of mutational events per culture. The MSS maximum likelihood method
is a recursive algorithm based on the Lea-Coulson function for solving the Luria-
Delbruck distribution for a given number of mutational events (Sarkar et al., 1992);
its utility has been demonstrated in vitro (Rosche and Foster, 2000). The mutation
rate was determined by dividing the number of mutational events per culture by the
total number of bacteria plated on the rifampicin plates (Rosche and Foster, 2000).
Fold change in mutation rate was determined for all treatments and conditions rela-
tive to an untreated MG1655 control. Three biological replicates were run for each
treatment condition, and the averages are shown in Figure A3-1.

ROS Detection Using HPF

To detect ROS formation, we used the fluorescent reporter dye HPF (Invit-
rogen; Carlsbad, CA) and flow cytometry as previously described (Kohanski et
al., 2007). Average fluorescence was determined at O (baseline), 1, 3, and 6 hr
(normalized to a no-dye control) following antibiotic treatment at the concentra-
tions described above, and peak fluorescence levels were used to determine the
change in mean fluorescence relative to baseline (Figure A3-1B).

Determination of MIC

For wild-type E. coli, MICs for norfloxacin, ampicillin, kanamycin, tetra-
cycline, and chloramphenicol were measured over 5 days of treatment with no
drug, 25 ng/ml norfloxacin, 50 ng/ml norfloxacin, 1 pg/ml ampicillin, or 3 pg/ml
kanamycin. Briefly, an overnight culture of E. coli was diluted 1:10,000 into 50
ml LB in a 250 ml baffled flask and grown for 3.5 hr at 37°C and 300 rpm. The
culture was diluted 1:3 into fresh LB containing no drug or antibiotics at the
above concentrations. Aliquots (1 ml) of these diluted cultures were grown in 14
ml tubes for 24 hr at 37°C and 300 rpm. Each day thereafter for 5 days, in order to
avoid mutations arising due to evolution during stationary phase (GASP mutants)
(Zinser and Kolter, 2004), cells were diluted 1:1000 into 1 ml LB in a 14 ml tube
containing the respective antibiotic and grown for 24 hr at 37°C and 300 rpm.

MICs were also measured for anaerobically grown E. coli over 5 days of
treatment with no drug or 1 pug/ml ampicillin. Briefly, an overnight culture of E.
coli was diluted 1:1000 into 15 ml anaerobic LB in sealed hungate tubes con-
taining no drug or 1 pg/ml ampicillin. These cultures were grown in the sealed
hungate tubes for 24 hr at 37°C and 300 rpm. Each day thereafter for 5 days, cells
were diluted 1:1000 into 15 ml anaerobic LB in a sealed hungate tube containing
the respective antibiotic and grown for 24 hr at 37°C and 300 rpm.

To determine the MIC on each day, an aliquot of cells from each treatment
condition was diluted 1:10,000 into LB and dispensed into 96-well plates (100 pl
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total volume per well) containing various concentrations (ten replicates per drug
concentration) of norfloxacin, ampicillin, kanamycin, tetracycline, or chloram-
phenicol. Plates were incubated at 37°C and 300 rpm for 24 hr, after which time
the optical density at 600 nm (OD,,) was measured using a SPECTRAFluor
Plus (Tecan; Ménnedorf, Switzerland). The median ODg, was calculated for
each drug concentration, and the MIC was determined as the concentration that
inhibited 90% of growth based on OD,. Fold change in MIC was determined by
dividing the treated MIC on each day by its respective MIC from day O.

Determination of MIC Variability and Multidrug Resistance

Wild-type E. coli were grown for 5 days in the presence of 1 ug/ml ampicil-
lin or no drug (untreated) as described above. These long-term-treated cultures
were diluted 1:1000 into 25 ml LB in 250 ml flasks and grown for 3 hr at 37°C
and 300 rpm. Aliquots (1 ml) were plated onto LB-agar plates containing 300
ng/ml norfloxacin, 7.5 pg/ml ampicillin, 15 pg/ml kanamycin, 8 pg/ml tetracy-
cline, and 25 pg/ml chloramphenicol, respectively, and grown for 24 hr at 37°C.
Approximately 100 ampicillin-treated colonies from each primary drug selec-
tion were purified by streaking them onto LB-agar plates containing the same
selective antibiotic. Double the volume of untreated control cells were plated for
primary resistance selection as compared to the ampicillin-treated cells, and these
untreated colonies were also purified as described above. Plates were placed at
37°C for 24 hr; these strains were then transferred via replica plating onto LB-
agar plates containing norfloxacin, ampicillin, kanamycin, tetracycline, or chlor-
amphenicol. Cross-resistance for each primary antibiotic selection following the
5 day ampicillin treatment or the no-drug treatment was determined after 24 hr
of growth at 37°C by counting the colonies that displayed growth on the various
drug-containing replicated plates.

The MIC of 44 of the above isolates and the MG1655 control strain were
determined for ampicillin and norfloxacin, respectively. Overnight cultures of
each strain were diluted 1:10,000 into 100 pl LB plus varying concentration of
antibiotic (four replicates per strain per drug concentration) in 96-well plates.
Plates were incubated at 37°C and 300 rpm for 24 hr, after which time the OD,
was measured using a SPECTRAFluor Plus (Tecan). The median OD,, was
calculated for each drug concentration, and the MIC was determined as the con-
centration that inhibited 90% of growth based on OD .

Wild-type S. aureus were grown for 5 days in the presence of 35 ng/ml ampi-
cillin or no drug (untreated) as described above. E. coli clinical isolate NCDC
C771 was grown for 5 days in the presence of 1 mg/ml ampicillin or no drug
(untreated) as described above. These long-term-treated cultures were diluted
1:1000 into 25 ml LB in 250 ml flasks and grown for 3 hr at 37°C and 300 rpm.
For S. aureus, 1 ml aliquots were plated onto LB-agar plates containing 3 pg/ml
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norfloxacin, 7.5 pg/ml ampicillin, 15 pg/ml kanamycin, 8 pg/ml tetracycline,
and 25 pg/ml chloramphenicol, respectively, and grown for 24 hr at 37°C. For
NCDC C771, 1 ml aliquots were plated onto LB-agar plates containing 400 ng/
ml norfloxacin, 8.5 pg/ml ampicillin, 20 ug/ml kanamycin, and 15 pg/ml chlor-
amphenicol. Tetracycline cross-resistance was not quantified for NCDC C771,
as this strain is resistant to tetracycline (MIC >35 ug/ml). Approximately 100
ampicillin-treated colonies from each primary drug selection were purified by
streaking them onto LB-agar plates containing the same selective antibiotic. An
equal volume of untreated S. aureus or the E. coli clinical isolate cells were plated
for primary resistance selection as compared to the ampicillin-treated cells, and
these untreated colonies were also purified as described above. The remainder of
the cell growth and cross-resistance determination was performed as described
above for wild-type E. coli.

Sequencing of Ampicillin-Treated, Norfloxacin-Resistant,
or Kanamycin-Resistant Mutants

Six ampicillin-treated, norfloxacin-resistant isolates and six ampicillin-
treated, kanamycin-resistant isolates from the cross-resistance experiment
described above, as well as the untreated MG1655 control strain, were grown to
a cell density of approximately 10° cfu/ml. Genomic DNA was extracted from
each sample using a QIAGEN genomic DNA extraction kit according to the man-
ufacturer’s instructions. Primers from IDT (Coralville, IA) (Table A3-S1) were
utilized to PCR amplify, using Phusion DNA Polymerase (Finnzyme; Espoo,
Finland), the regions surrounding gyrA, gyrB, tolC, acrA, marRA, ampC, rpsL,
icdA, iscR, sdhB, arcA, and cpxR. These samples were sequenced by Agencourt
Bioscience Corporation (Beverly, MA) using primers from IDT (Table A3-S1).
Sequences were analyzed using Clone Manager 7 (Scientific & Educational
Software; Cary, NC) and Sequence Scanner v1.0 (Applied Biosystems; Foster
City, CA).

Supplemental Information

Supplemental Information includes Supplemental Results, Supplemental
References, two figures, and one table and can be found with this article online
at doi:10.1016/j.molcel.2010.01.003.
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Supplemental Results

Bactericidal Antibiotics Lead to Low-Level Increases in MIC
for a Range of Antibiotics

Treatment with 25 ng/ml norfloxacin led to significant increases in the
MIC for norfloxacin and kanamycin as well as modest, low-level increases in
the MIC for ampicillin, tetracycline and chloramphenicol (Figure A3-S1A).
This increase in MIC for norfloxacin was concentration dependent. Treatment
with 50 ng/ml norfloxacin led to a 6-fold increase in the MIC for norfloxacin
(Figure A3-S1B); however, we were unable to observe an increase in the MIC
for ampicillin, kanamycin, tetracycline, or chloramphenicol following treatment
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FIGURE A3-S1 Bactericidal antibiotics can lead to broad-spectrum increases in MIC.
(A-C) Fold change in MIC relative to a no-drug control for ampicillin, norfloxacin, ka-
namycin, tetracycline and chloramphenicol, following 5 days of growth in the presence
of (A) 25 ng/ml norfloxacin, (B) 50 ng/ml norfloxacin, or (C) 1 pg/ml kanamycin. (D)
Ampicillin-mediated increases in MIC are stable. Fold change in MIC relative to a no-
drug control for ampicillin, norfloxacin, kanamycin, tetracycline and chloramphenicol,
following 5 days of growth in the presence of 1 ug/ml ampicillin and an additional 2 days
of growth in the absence of drug.
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FIGURE A3-S2 Survival of E. coli following treatment with near-MIC levels of antibiot-
ics. (A) Survival of MG1655 following treatment with no drug (filled squares), 1 pg/ml
ampicillin (amp, open circles), 1 pg/ml kanamycin (kan, open triangles), and 15 ng/ml
norfloxacin (nor, filled diamonds), respectively. (B) Survival of MG1655 following treat-
ment with no drug (filled squares), 3ug/ml kanamycin (filled triangles), 1 mM hydrogen
peroxide (H,0,, open squares), and 50 ng/ml norfloxacin (filled diamonds), respectively.
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TABLE A3-S1 PCR Primers and Sequencing Primers

PCR Primers
Primer Name Sequence (5’-3')
gyrA-F CCA GACTTT GCA GCCTGGACTT
gyrA-R AAC TCA CCT TCC AGA TCC CAC CA
gyrB-F TGA ACG CCT TAT CCG GCC TAC AA
gyrB-R CTC TGA GCT TGA TGA TGA GCG TCG
tolC-F TGA CTG CCG TTT GAG CAG TCA TGT G
tolC-R TTA CGT TGC CTT ACG TTC AGA CGG
marRA-F TAG CTA ACG GCA GCA ACACCAC
MarRA-R CAA TGT ATT TGG CTT GCG GTG GC
acrAB-F TCG TAT GAG ATC CTG AGT TGG TGG TTC
acrAB-R AAT GCC AGT AGA TTG CAC CGC
acrAB-F2 ACT TAT TAC TAC GCG ATC GCCTGC T
acrAB-R2 GCA GTG AAC CAG AAT AGC AAC GAC GA
sdhB-F CTG CCA ACT TCC GTA CCG AAA G
sdhB-R AGC TCT TGT CTA CGT AGT GGC TC
icdA-F CTG GTA GAA CGT TGC GAG CT
icdA-R GAC TAG TAG TAG AAC TAC CAC CTG ACC G
iscR-F GTT ACC AAA GGT TCC GTC CAT CGT
iscR-R CGT CTT ATC AGG CCT ACA GTG TAC AG
cpxR-F CGA CAT GCT GCT CAA TCA TCA GC
cpxR-R GCT TAA TGA ACT GAC TGC CAG CGT TGA
arcA-F GAC TGC TCA ACT CTG CCG ATA G
arcA-R TGC TGT TAA AAT GGT TAG GAT GAC AGC CGT
ampC-F AGG CAA CGA CCA GAA ATG CAG CT
ampC-R TAT GCA CCA CGC GAT GCA CGA T

Sequencing Primers

Primer Name Sequence (5’-3')

gyrAl CAG GCA TTG GAT GTG AAT AAA GCG TAT AGG
gyrA2 ATC ATT AAC GGT CGT CGC GGT ATT G

gyrA3 TGC GTG ATG GTC TGT ACT ACC TGA

gyrA4 TCC TCA CCG AGT TCA ACCGTCT

gyrB1 TCA GTG CTG AAC ACG TTA TAG ACA TGT CGG
gyrB2 GAC GGC AAA GAA GACCACTTACACT

gyrB3 AAG CGC GCT TCG ATA GATGCT

gyrB4 GTT TGA TGT TCA CAC CAA TGC TGA GC

tolC1 TAT GGC ACG TAA CGC CAA CCT

tolC2 TAA CCT TGA TAA CGC GGT AGA GCA GC

tolC3 GCT CAA GCG TGC CTG TAA CA

marRA1 AGC TAG CCT TGC ATC GCA TTG A

marRA2 CGG ACG AAG TGG CAA CACTTG AGT AT
marRA-M1 AGG TAT GAC GAT GTC CAG ACG CA

marRA-M2 TGC GTC TGG ACA TCG TCA TAC CT

acrAl CAG CTG CTT TTG CAA TCT CGC

(Continued)
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TABLE A3-S1 PCR Primers and Sequencing Primers (Continued)

Sequencing Primers

Primer Name Sequence (5’-3')

acrA2 CTG CTC GGT ACT CAG TAC ATC AGT AAG C
acrA3 TGC AGA AAG TGC GTC CTG GTG T

acrA4 ATT ACC GCC ATC AAA GCG CAG

acrA8 CTC CAT CAATAATCGACG CCGTTCT
acrA9 TGT AAG CCA GAT TGA TCC GCG CA
acrA-M1 GTT CTG TAC CAA TGC GCC TTC CGT
acrA-M2 ACG GAA GGC GCA TTG GTA CAG AAC
icdA1l TAG CCT AAT AAC GCG CAT CTT TCA TGA CG
icdA2 ATT CGC TTC CCG GAA CAT TGT GGT A
icdA3 CTA CCC CAA AAC TAC CGA GGG GTT
icdA4 CCA GTC TTT AAA CGC TCC TTC GGT
icdA-R5 GGA GCG TTA CGC TCC CGT TAA TA
icdA-M1 GGT ATC GAA TGG AAA GCA GAC TCT GC
sdhB1 TCG ACT TCC CGG ATC GTG ATG ATG A
sdhB2 TCC TTT GTT ACG CCT GAT GCG CT

iscR1 TGG GTT GCG GAG TAG TCG AGA TAA
iscR2 ATA TGG CGT TCA CGC CGC AT

cpxR1 ACG ATG TTC GCT ATC CAG AAG CTC
cpxR2 GCA GCG GTA ACT ATG CGC ATC ATT
arcAl GTG ACC CGT ATT ATC GAC TGG TAT GC
arcA2 GTA CCC ACG ACC AAG CTA ATG ATG
ampCl1 TGG CTG CTA TCC TGA CAG TTG TCA
ampC2 GTC TGT ATG CCA ACT CCA GTA TCG GT

with 50 ng/ml norfloxacin for 5 days (Figure A3-S1B). Interestingly, selection
of drug-resistant mutants following quinolone treatment is concentration depen-
dent, with higher concentrations of quinolone selecting only quinolone-resistant
strains and lower levels of quinolone selecting broadly for drugresistant mutants
with mutations in a wide array of targets in E. coli (Drlica, 2003) and Myco-
bacterium tuberculosis (Zhou et al., 2000). It is possible that treatment with 50
ng/ml norfloxacin selects for naturally occurring quinolone-resistant mutants
before the drug-induced mutagenesis has a chance to create mutants resistant
to other drugs.
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Introduction

The evolution of bacteria toward antibiotic resistance is unavoidable since it
represents a particular aspect of the general evolution of bacteria. It results from
two independent steps, emergence and dissemination; however, as we consider,
the mechanism of the first one can largely influence the success of the second
one. Resistance to antibiotics in bacteria is secondary to mutations in resident
(housekeeping) structural or regulatory genes or to horizontal acquisition of
foreign genetic information (Perichon and Courvalin, 2009). In this review, we
consider the relationship between low levels of antibiotics and dissemination of
resistance.

The emergence of resistance, an event that occurs by pure chance, can
be a rare, even transient, event if it does not provide a selective advantage
against a molecule present in the environment of the bacterium. Resistance
potentially exists in nature, not only before the clinical use but also before the
discovery, or even the design, of a new antibiotic. This is obvious for natural
antibiotics, because the producing microorganisms must protect themselves
against suicide by the products of their secondary metabolism, but it also
holds true for semisynthetic (e.g., amikacin) or entirely synthetic (e.g., fluo-
roquinolone) antibiotics.

The bacterial genome is composed of the chromosome and of accessory
genetic elements, self-transferable or mobilizable plasmids, integrative conjuga-
tive elements (ICEs), transposons, insertion sequences, and bacteriophages. The
chromosome contains all the genetic information required for the life cycle of
the bacterium, whereas, as their name indicates, accessory genetic elements carry
genes that are dispensable, although under certain circumstances, they can pro-
vide major advantages for the survival of the host, such as antibiotic resistance.
The chromosome is inherited vertically by the progeny of the cell and is not trans-
ferable horizontally, whereas accessory genetic elements can also be transmitted
to other bacteria. As a result, resistance can thus be endogenous or exogenous.
Endogenous resistance results from chromosomal mutations and is generally not
infectious from bacteria to bacteria. In contrast, exogenous resistance is due to
horizontal (lateral) transfer of DNA among bacteria, resulting in acquisition of
mobile genetic elements.
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The Classical View

Endogenous Resistance

The occurrence of chromosomal mutations is an efficient pathway to resis-
tance. Mutations are considered rare because they occur at low frequency, gener-
ally between 1077 and 107'° and were considered errors that occurred during DNA
replication. However, this limitation is easily overcome because, during infections
in humans, bacterial populations are often very large. Mutations in chromosomal
genes clearly represent the only mechanism of antibiotic resistance in genera
such as Mycobacterium or strictly intracellular pathogens (such as Chlamydia,
Rickettsia, Coxiella, Ehrlichia), which are not known to exchange DNA under
natural conditions.

Exogenous Resistance

Dissemination of resistance has, in numerous instances, been shown to be
closely associated with antibiotic use (Malhotra-Kumar et al., 2007), which
stresses the importance of the prudent use of these molecules. In addition, resis-
tance is, if at all, slowly reversible (Andersson, 2003). There are three levels of
resistance dissemination, depending upon the vector: bacteria (clonal spread),
replicons (plasmid epidemics), or genes (conjugative transposon [ICE] epidem-
ics). These various levels of dissemination, which coexist in nature and thus
account for the extraordinary rise in antibiotic resistance among bacteria, are
not only infectious but also exponential because each is associated with DNA
duplication. Clonal dissemination is associated with chromosome replication,
plasmid conjugation with replicative transfer, and gene migration with replica-
tive transposition.

It also turns out that conjugation has a very broad host range—plasmids and
ICEs can transfer efficiently between phylogenetically remote bacterial genera—
and that there are limited barriers to heterologous gene expression (Courvalin,
1994); that is, resistance genes can be expressed in very diverse hosts.

These observations led to the notion of a bacterial gene pool, in particular
with respect to resistance, which means that genes are loosely bound to their
hosts and can easily disseminate under natural conditions. This concept has
many practical consequences, for example, in the case of the use of antibiotics
as animal feed additives. Rather than discussing endlessly (and often in a biased
fashion) whether the enterococci from animals and humans are similar (Phillips,
1999) (i.e., whether vancomycin-resistant enterococci from animals can stably
colonize the human gut), the true question should rather be the following: Are
the resistance genes (to glycopeptides, in this example) the same among bac-
teria of these two ecosystems? Along this line, studies published long ago that
examined the biochemistry and genetics of aminoglycoside resistance, as well
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as molecular study of the bacterial hosts (with the techniques available at that
time), elucidated how the exclusive use of apramycin in animals could select
gentamicin-resistant bacteria that were later found in humans (Chaslus-Dancla et
al., 1986a, 1986b, 1991). This notion has since been largely documented, using
more powerful techniques, for resistance to other drug classes (Stobberingh and
van den Bogaard, 2000).

The Modern View

Endogenous Resistance

It was shown recently that bactericidal antibiotics kill bacteria by inducing
the formation of highly deleterious hydroxyl radicals, reactive oxygen species,
which can damage DNA (Kohanski et al., 2007). This oxidative stress leads to a
significant increase in mutation rate either directly or indirectly by activation of
the SOS DNA damage response pathway (Kohanski et al., 2010) as well as an
increase in recombination (Figure A4-1). Thus, certain classes of antibiotics may
behave as mutagens, in particular at low concentrations, and may select for resist-
ance to other drug classes, whereas the mutant derivatives remain susceptible to
the applied antibiotic (Kohanski et al., 2010).

The major human pathogen Streptococcus pneumoniae may represent a
particular case of this mechanism. Evidence has been recently provided that
the stress caused by low concentrations of certain antibiotics induces genetic
transformability in pneumococci (Prudhomme et al., 2006). Transformation is
a process inherent in this bacterial species that allows the transient uptake and
integration of exogenous DNA in the recipient genome as well as the capability
to kill noncompetent cells, a phenomenon referred to as fratricide. Low con-
centrations of bactericidal antibiotics, such as quinolones and aminoglycosides,
induce full competence for genetic transformation, thereby increasing the rate of
genetic exchange in S. pneumoniae and making chromosomal mutations hori-
zontally transferable (Figure A4-2). Competence appears thus as a general stress
response, playing a role similar to that of the SOS response in Escherichia coli
that lacks in S. pneumoniae (Claverys and Havarstein, 2002). Fratricide is the
killing of cells from the same species and can be considered a mechanism that
is used by competent bacteria to acquire DNA from noncompetent pneumococci
(Claverys et al., 2007). Considering the high incidence of asymptomatic carriage
of and co-colonization by this human pathogen, inappropriate antibiotic use could
accelerate the emergence of resistant clones, promote evolution toward virulence,
and enrich in capsular types that are not included in the current vaccines. The
latter observation represents an additional argument for not prescribing fluoro-
quinolones to children.
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FIGURE A4-1 Antibiotic induced increase mutation rate in S. pneumoniae. Subinhibitory
concentrations of bactericidal antibiotics promote production of reactive oxygen species
(ROS) by bacteria via the stress response. This leads to DNA damage which 1) increases
recombination frequency and ii) induces a competence state resulting in transformation
which both cause mutations.

Exogenous Resistance

Antibiotics can enhance gene transfer: they provide selective pressure for
resistant bacteria to maintain and disseminate, but they can also induce the
transfer of resistance genes. For example, it has been reported that (1) the use
of subinhibitory concentrations of penicillins increased the conjugal transfer
of plasmid DNA from Escherichia coli to Staphylococcus aureus and Listeria
monocytogenes (Trieu-Cuot et al., 1993), (2) oxacillin increased the frequency
of in vitro transfer of Tn9176, an enterococcal ICE, from Enterococcus faecalis to
Bacillus anthracis (Ivins et al., 1988), (3) the transfer frequency of conjugative
transposons belonging to the Tn91/6/Tn1545 family (Figure A4-3), which contain
a tetracycline resistance determinant, was increased 10- to 100-fold in vitro and
in vivo in the presence of low concentrations of tetracycline (Doucet-Populaire
et al., 1991), and (4) tetracycline also increased dramatically the transfer of a
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FIGURE A4-2 Antibiotic promotes evolution of resistance in S. pneumoniae. The pres-
ence of an antibiotic generates a bacterial stress responsible for competence. The com-
petence state induces transformation and fratricidy in which both can lead to antibiotic
resistance and capsular switch.

Bacteroides conjugative transposon (Li et al., 1995). In the two latter cases, the
antibiotic has a triple activity: as an antibacterial agent, as an inducer of resistance
to itself, and as an inducer of the dissemination of resistance determinants. It thus
appears that several antibiotics can behave like pheromones: they are synthesized
by specific cells (such as the Actinobacteria), and they act on another cell, at low
concentrations, on very specific targets to promote DNA exchange.

It was also shown that mitomycin C and ciprofloxaxin de-repressed the
expression of genes necessary for transfer of an ICE in Vibrio cholerae (Beaber
et al., 2004). This resulted in an unpredictable horizontal dissemination of the
genetic element which confers resistance to chloramphenicol, trimethoprim, sul-
phonamides, and streptomycin.

Another example of increased resistance gene mobility by antibiotics is rep-
resented by the integrons (Mazel, 2006). These compact structures act as genetic
systems for in vivo capture and expression of genes in the form of circular cas-
settes. These genes are the most tightly linked because they are not only adjacent
but coexpressed from the same promoter. Integrons are thus typically responsible
for coresistance: the stable association in the same cell of various resistance deter-
minants, each conferring resistance to a drug class. Similarly to cross-resistance,
which results in cross-selection, coresistance implies coselection: the use of any
antibiotic that is substrate for a mechanism encoded by the integron will coselect
for the other resistances. This genetic organization renders the consequences of
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FIGURE A4-3 Transfer of an integrative conjugative element (ICE). ICEs are mobile
genetic elements that carry one or several resistance genes. They excise by site-specific
recombination between their flanking attachment sites, aftR and attL, leading to the forma-
tion of an episomal ICE carrying an attl site and an empty attB site in the chromosome.
They replicate during their transfer by conjugation and integrate in the chromosome of the
recipient. Dissemination of resistance by ICEs is thus infectious and exponential.

the use of a single drug unpredictable. Because there is transcriptional attenuation
along the operons in integrons (Collis and Hall, 1995), the use of an antibiotic
selects not only for the neighboring resistance determinants but for a higher level
of resistance to itself as well. This is achieved by the movement (excision, circu-
larization, and re-integration) of the corresponding cassette that ends up down-
stream from the strong common promoter. Integrons, therefore, allow quantitative
(self) and qualitative (nonself) alteration of resistance. Most interestingly, it has
been shown recently that certain antibiotics such as mitomycin C, trimethroprim,
the quinolones, and the f-lactams stimulate the intracellular mobility of the gene
cassettes (Guerin et al., 2009).

Limitations to Dissemination

Genes from Gram-positive cocci can be transferred by conjugation (of plas-
mids or ICE) not only among these microorganisms but also to Gram-negative
bacteria (Courvalin, 1994). The reverse is not true because of limitations in het-
erologous gene expression. This is due to the fact that the —35 and —10 sequences
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and their spacing that constitute the promoters for expression of the genes, as
well as the ribosome binding site, are conserved and are close to the consensus
in Gram-positives; they are thus also functional in Gram-negatives. In contrast,
these motifs are much more degenerate in Gram-negatives and cannot be accom-
modated by Gram-positives. Similarly, the promoters from Bacteroides fragilis
and from E. coli are dissimilar, resulting in lack of gene expression from E. coli
promoters (even strong promoters) in B. fragilis and the inactivity of B. fragilis
promoters in other bacterial species (E. coli, Bacillus subtilis, and Clostridium
perfringens) (Bayley et al., 2000; Smith et al., 1992). One can thus confidently
predict that strains of B. fragilis will not, or will extremely inefficiently, act as
intermediates in resistance gene transfer or represent a pool of origin of these
genes for human pathogens.

Acquisition of resistance by bacteria corresponds to a gain of function and
is, thus, generally associated with a biological cost. In other words, resistant
derivatives have a lower degree of fitness than the parental strain lacking the
resistance genes; that is, daughter cells are less competitive for growth in a given
ecosystem and in the absence of antibiotic, than the mother cell. The proportion
of resistant strains in a bacterial population depends on several factors, such as
the concentration and type of antibiotic used, the biological cost of resistance to
that antibiotic, and the ability of bacteria to compensate for the fitness cost of
the resistance mechanism. Acquisition of antibiotic resistance is often associated
with a biological cost because (1) bacteria acquire a new gene (or set of genes)
responsible for new functions, (2) the resistance mutations occur in genes with
essential functions, or (3) additional energy is required for replication and main-
tenance of plasmids that bear the resistance genes. The biological cost determines
the stability and potential reversibility of resistance.

A compensatory evolution could occur to reduce the biological cost lead-
ing to stabilization of the resistant bacteria in a natural population. This process
allows resistant strains to regain competitivity relative to their susceptible coun-
terparts in an antibiotic-free environment (Hughes and Andersson, 2001).

However, it has been recently demonstrated that inducibility of resistance is a
compensatory mechanism (Foucault et al., 2010). This accounts for the observa-
tion that the majority of horizontally acquired antibiotic resistance mechanisms
is tightly regulated and that resistance evolves to become selectively neutral in
the absence of antibiotics.

Conclusion

Regardless of the mechanism of action of a drug class, it must be real-
ized that resistance already occurs in nature or will inevitably emerge. This
is, perhaps, obvious for natural antibiotics, because the producing organisms
must avoid self-destruction, but it also holds true for nonnatural drugs. It is thus
clear that bacteria are able to resist every antibiotic, naturally or in an acquired
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fashion, and selection of resistant bacteria can be regarded as the ultimate cri-
terion for activity of an antibiotic. In addition, and by the mechanisms we have
considered, resistance, either by mutation or after acquisition of foreign genetic
information, can be drastically enhanced by low concentrations of antibiotics in
the environment of the bacteria. Because dissemination of resistance is closely
linked to the magnitude of the selective pressure, the only hope is to delay this
dissemination. This leaves us with a single recommendation: antibiotics should
be used cautiously.
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ACTINOBACTERIA: THE GOOD, THE BAD, AND THE UGLY!5:16
Vivan Miao and Julian Davies'’
Abstract

The actinobacteria are arguably the richest source of small molecule
diversity on the planet. These compounds have an incredible variety of
chemical structures and biological activities (in nature and in the labora-
tory). Their potential for the development of therapeutic applications cannot
be underestimated. It is suggested that an improved understanding of the
biological roles of low molecular weight compounds in nature will lead to

15 Reprinted with kind permission from Springer Science + Business Media: Miao and Davies
(2010).
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the discovery an inexhaustible supply of novel therapeutic agents in the next
decade. To support this objective, a functional marriage of biochemistry,
genomics, genetics, microbiology, and modern natural product chemistry
will be essential.

The phylum actinobacteria, one of the largest groups in the domain Bacteria
(Figure A5-1), largely consists of environmental bacteria and the denizens of
many varied habitats: soils, the rhizosphere, marine and extreme arid environ-
ments. A number live in close association with higher organisms; for example,
as components of different microbiomes they constitute more than a third of the
healthy human microbiota. Members of the genus Frankia, on the other hand, can
form symbiotic nodules in certain species of trees and shrubs, and fix atmospheric
nitrogen to allow their hosts to survive in nutrient-limiting environments. Actino-
bacteria typically have elevated guanosine-cytosine contents (65-75% G + C) and
their genome sizes range from the 2.5-Mb skin commensal Micrococcus luteus
to the 9.7-Mb environmental strain Rhodococcus jostii. Since the discovery of
antibiotics in the 1940s, the actinomycetes have received a great deal of attention,
and Streptomyces species in particular have become renowned as the principal
sources of therapeutic pharmaceuticals. There have been several good reviews
on actinobacteria of late, notably that by Ventura et al. (2007) on evolutionary
and genomic aspects, as well as occasional articles focusing on specific genera.
Interest in the phylum in recent years is evidenced by the increasing number of
citations; streptomycetes lead, of course, with the mycobacteria not far behind!
However, other genera, including Rhodococcus, are beginning to excite more
interest (Larkin et al., 2005, Kitagawa and Tamura, 2008) and who knows, Strep-
tomyces may command less attention in the future.

Streptomycetes are demonstrably a rich source of compounds, but no more
so than other members of the actinobacteria, also the Bacilli and bacterial genera
such as the myxobacteria (Wenzel and Muller, 2009) and pseudomonads (Gross
and Loper, 2009). Among the eukaryotes, fungal genomes are replete with biosyn-
thetic gene clusters for encoding small molecule production. The ability to make
bioactive small molecules is not exclusive to microbes. Plants are rich sources of
a great variety of compounds that have been used as pharmaceuticals for millen-
nia; this resource remains poorly understood and still largely untapped.

There is a global crisis in the treatment of infectious diseases; people are
dying of infections that were previously treatable. Microbes are the source and
the solution for the crisis, and for this reason it is imperative that the search for
novel therapeutic agents be intensified. The constant moan of the pharmaceutical
industry, that the natural reservoir of molecules with antibiotic activity is close
to being exhausted and that they can no longer find useful bioactive compounds,
is due in part to Waksman'’s focus (see below) on the streptomycetes. It can also
be explained by the inability to detect bioactive compounds when they are pres-
ent only in low concentrations; the industry has found all the easily accessible
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bioactives, the so-called “low hanging fruit” (Baltz, 2006). Presumably it was
not considered essential to develop the technology to find compounds that were
missed. In addition, actinobacteria as a whole have been ignored, even though
they too possess the capacity to produce a huge number of bioactive small
molecules; to date, only a small proportion have been examined for therapeutic
purposes. We are now in the “genomic era” and in the case of streptomycetes,
exciting new information coming from complete genome sequencing efforts
reveals that most of these bacteria have the genetic capacity to produce many
more structurally different bioactive compounds than suspected. As such, they
represent an inexhaustible collection of hidden chemical and biochemical diver-
sity. Moreover, creative techniques for generating some of these compounds are
being developed and exploited (Baltz, 2008; Challis, 2008). We have no excuse
for being short of compounds to screen (assuming that reliable screens are in
place)! In this short article we present the case for a more extensive survey of
the biology, properties and uses of natural molecules, especially those from other
members of the actinobacteria. Now that we know the ubiquity and diversity of
bioactive small molecules, the most important questions remain: “How do we
find them?” and “What are their roles in nature?” When we have the answers to
these questions, we will be far better equipped to harvest and exploit this vast
chemical and biological wealth.

The “GOOD”

This characteristic refers mainly to the discovery and production of micro-
bial small molecules with antibiotic activity that began with Waksman’s work
on actinomycetes in the early 1940s. These seminal studies, together with the
discovery of the fungal product penicillin by Fleming and co-workers and its
characterization around the same time, were responsible for momentous and
radical changes in medicine. A representative, but grossly incomplete, list is
presented in Table A5-1; for more information see the review by Demain and
Sanchez (2009). The availability of antimicrobial agents made possible, for the
first time, the successful treatment of most types of infectious diseases. The dis-
covery of antibiotics also presaged many other uses for microbial compounds in
human and animal therapy and in agriculture. Recently these microbial sources
have provided treatments for many non-infectious diseases including cancer and
heart disease. Another role, often overlooked, is their use in prophylaxis and in
immunosuppression prior to invasive surgery, which has been one of the most
important factors in the development and success of organ transplantation. Hun-
dreds of millions of dollars have been invested by pharmaceutical companies in
saving the lives of millions of people—with profits of many billions of dollars! In
addition, many actinobacterial strains have been developed for industrial applica-
tions such as bioremediation, the destruction of toxic xenobiotics, vitamins, fine
chemical transformation and production and, more recently, for the development
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Producing organism Compound Application
Streptomyces aureofaciens Tetracycline Antibacterial
Streptomyces griceus Streptomycin Antibacterial
Streptomyces kanamycetius Kanamycin Antibacterial
Streptomyces lactamdurans Cefotoxin Antibacterial
Streptomyces mediterranei Rifamycin Antibacterial
Streptomyces pristinaspiraelis ~ Pristinamycin Antibacterial
Streptomyces roseosporus Daptomycin Antibacterial
Streptomyces spheroids Novobiocin Antibacterial
Streptomyces venezuelae Chloramphenicol Antibacterial
Amycolatopsis orientalis Vancomycin Antibacterial
Micromonospora purpurea Gentamicin Antibacterial
Saccharopolyspora erythraea  Erythromycin Antibacterial
Streptomyces avermitilis Ivermectin Antihelminthic
Streptomyces clavuligerus Clavulanic acid B-Lactamase inhibitor
Streptomyces hygroscopicus Bialophos Herbicide
Streptomyces hygroscopicus Rapamycin Immunosuppressive
Streptomyces noursei Nystatin Antifungal
Streptomyces verticillus Bleomycin Anticancer

of biofuel conversions. Novel uses of the extensive biosynthetic capacities of the
Rhodococci are being discovered and one can predict their increasing importance
as industrial microorganisms (Martinkova et al., 2009).

In spite of the numerous benefits accruing from these seemingly inexhaust-
ible sources, the ecology and biology of actinobacteria and their roles in envi-
ronmental communities are poorly understood and the functions of their myriad
low-molecular-weight products in the environment are even less well studied.
The development of these products as antibiotics led to the assumption that
their primary (and only) function in nature was for use as molecular weaponry
by their producers. The field was driven by the concept of antagonism: during
the past half-century, their discovery and the proof of their biological activity
relied solely on tests of their inhibition of the growth of other microbes under
laboratory conditions. Given the number of bacterial genera and the inestimable
number of compounds involved, this implies that the microbial world is nothing
less than a constant theatre of war (Hibbing et al., 2009). There is very little sound
evidence for this extreme concept and such an anthropocentric viewpoint needs
to be discarded.

As with all biologically active compounds, the properties of bacterial prod-
ucts depend on the concentrations at which they are tested, immediately creating
a dilemma: what exists and happens in nature is often quite distinct from what
is found in a laboratory. Recent studies using sensitive promoter-reporter librar-
ies or RNA microarrays have shown that at sub-inhibitory concentrations many
microbial compounds modulate transcription patterns in a variety of bacterial
and eukaryotic cells (Yim et al., 2006). Do the transcriptional effects provide
the mechanistic basis for their wide range of biological activities? We believe so
and have proposed that bioactive compounds act by binding to receptors in cells,
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triggering cellular responses that are many and various; in other words they are
cell-cell signaling agents (Davies et al., 2006; Fajardo and Martinez, 2008). In the
past, studies of mechanisms of antibiotic activity in bacteria led to the identifica-
tion of specific targets/receptor molecules and macromolecules. These include
components of the cell wall, ribosomes, ribosomal RNA, DNA replication, RNA
synthesis, as well as numerous enzymatic reactions, such as those involved in the
synthesis of fatty acids. There is substantial genetic validation for these interac-
tions and for the roles of single, specific targets in the cell.

Detailed studies with eukaryotic organisms are sparse, but recent results in
studies of the different microbial populations that make up the human microbi-
ome indicate that bioactive compounds play important roles in many aspects of
human physiology that impact health and disease (Kaper and Sperandio, 2005).
It can be predicted that studies of bacterial-mucosal and bacterial-tissue interac-
tions and the role of bioactive small molecules in these processes will be pursued
actively in the coming years. The native bacterial communities of humans and
other organisms presumably use inter-cellular signaling mechanisms to modu-
late and control the activities of bacterial consortia and the essential interactions
with their host. These interactions have significant implications on related issues
such as the activity of probiotics and their roles in regulating immune responses.
Similarly, the roles of small-molecule mediation in the operation of distrib-
uted metabolic networks in natural microbial communities is another topic that
demands scrutiny in the future (Vallino, 2003). Will the next decade be the age
of bioactive small molecules?

The evolutionary origins of the great diversity of bacterial products are
poorly understood. How old are the actinomycetes? The photosynthetic cyano-
bacteria are associated with the appearance of oxygen in the earth’s atmosphere,
and evidence of bacterial cells in fossilized stromatolites suggests that bacteria
are as old as 2.7 Gya; the domain Bacteria includes the most ancient living
organisms in the biosphere (Oren, 2004). Detection of hopanoids in ancient
shales and also as cell membrane components that play a role in the structure
of aerial hyphae in streptomycetes is another clue to the pathway of bacterial
evolution (Taylor, 1984). Many actinomycetes, including streptomycetes and the
Rhodococci, possess putative genes for gas vesicle production associated with the
ability to survive in aqueous environments (as might be found under primordial
conditions) (van Keulen et al., 2005).

Both the wide variety of amino acid derivatives found in meteorites and the
seminal ““primordial soup” experiments by visionaries such as Miller and Urey
(Miller et al., 1976) provide chemical evidence for the presence of many types
of non-protein amino acid derivatives in the prebiotic world. This leads to the
probability that molecules similar to modern nonribosomal peptides are among
the oldest bioactive molecules, as is borne out by their extant biological func-
tions and their production by many types of microbes and plants. Their presence
defined the evolutionary direction of the earliest forms of life. The evolution of
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the biosynthetic pathways for nonribosomal peptides and other natural products
such as the polyketides remains unclear, although tangible models for their being
have been proposed (Nett et al., 2009; Ridley et al., 2008). The widespread use
of similar classes of bioactive compounds in microbial and plant life, their co-
evolution and coexistence, are clearly of related interest.

From an historical point of view the first useful antibiotics to be discovered
and used as such came not from actinomycetes but from members of the Bacilli!
The peptide gramicidin was reported by Rene Dubos in 1938, and is still employed.
(Check your local pharmacy if you don’t believe this.) There is every reason to
believe that all bacteria have the capacity to make similar types of compounds;
confirmation comes from the discovery of hybrid NRP-PK toxins produced by cer-
tain strains of E. coli (Putze et al., 2009). Recently, a novel non-ribosomal peptide
derivative has been isolated from a strain of Staphylococcus (Magarvey, personal
communication). This leads to the conclusion that the number of bioactive micro-
bial compounds is, at a minimal estimate, equal to the number of microbial species;
therefore, in terms of production of bioactives, all microbes are “good”. So much
for suggestions that the supply is close to exhaustion!

We live in an occult universe of low-molecular-weight compounds. Suf-
fice it to say, the antiquity of bioactive small molecules and their huge range of
chemical space explains their ubiquity and enormous range of functions in cell
biology. Paraphrasing the words of Douglas Adams, the author of The Hitchhikers
Guide to the Galaxy: “Microbial chemical space is big. You just won’t believe
how vastly, hugely, mind-bogglingly big it is!”” As has been suggested on several
occasions, the many roles of low-molecular-weight natural products justify their
place as elements of the “central dogma” along with DNA, RNA, and protein
(Schreiber, 2005). More focused efforts on their biology will reap many intellec-
tual advances along with increasing medical and industrial applications.

However, a major stumbling block is the isolation and characterization of the
organic compounds in this vast repertoire. Methods for the chemical identification
of microbial products have improved significantly in recent years; however, it
still requires an enormous effort to isolate, purify and determine the structures of
natural products. Even with the most advanced instrumentation (nuclear magnetic
resonance, mass spectroscopy, etc. and various combinations thereof), unravel-
ing the structures of natural compounds remains a slow and highly specialized
process. The throughput of current platforms does not in any way meet the needs
for identifying thousands of diverse bioactive molecules with multiple biological
roles. Until there is a revolutionary advancement in the structure determination
process (akin to the effect of pyro-sequencing on genomics) studies of the world
of small molecules will lag behind other fields. It is imperative that we decipher
the language of small molecules in nature. This major undertaking would pro-
vide huge benefits, not the least, novel medicines and the identification of other
bioactive molecules with applications in many areas of human and animal health
and industry.
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It is worth noting that an inventory of bioactive molecules will be only the
prelude to developing the methodology required to systematically determine their
functions, thereby effecting the metamorphosis of structural data into results and
ultimately into molecular understanding. Precious little is known at present about
the natural functions of these compounds.

One can identify antibiotics, siderophores, redox-active agents, transcription
factors, transporters, and cell signals, etc. (Dietrich et al., 2008), but what are
they actually doing in microbial population dynamics? The possibilities are many
and the proposed functions must be confirmed under natural conditions (possibly
using modern in situ imaging techniques). There is no doubt that working with
well-characterized compounds will permit more sophisticated biochemical and
genetic studies in target organisms, with the subsequent identification of unsus-
pected receptors and functions. If macromolecules such as the bacterial ribosome
possess dozens of different receptor sites (Yassin and Mankin 2007) this will be
a significant enterprise!

The “BAD”

We refer of course to parasitic strains that cause disease in other living
organisms. From an evolutionary point of view any synergistic relationship can
potentially lead to negative interactions; synergy with one partner or host can
easily be translated into pathogenic interactions with another. The total number
of known human and animal microbial pathogens is currently limited to a few
thousand or so (including viruses); this is but a small percentage of the Bacteria-
ceae (Taylor et al., 2001). One can predict that the number may be much larger
for plant pathogens.

We hear much about emerging pathogens in clinical studies: there are two
broad classes: those organisms to which humans are newly exposed as a result of
anthropogenic activities (reclaiming land, forest destruction, or social practices)
and those dedicated pathogens that have recently acquired antibiotic resistance by
mutation or horizontal gene transfer and thereby overcome/bypass the prevailing
therapeutic options. Relatively few actinobacteria fall into the category of profes-
sional pathogens (that we know of) (Table A5-2).

Historically, M. tuberculosis is the most important pathogen and remains the
most widely disseminated; there is evidence of human infection for 9,000 years
(Hershkovitz et al., 2008). The total number of human deaths due to TB through-
out history is not known, but it is estimated that M. tuberculosis caused at least
200 million deaths in the twentieth century (Kaufman and Van Helden, 2008).
The first streptomycete-derived antibiotic and the most successful, streptomycin,
was developed for the purpose of combating TB, the “White Plague”. At the
present time, it is difficult to appreciate the incredible importance of the discov-
ery of streptomycin; we have become nonchalant about the control of infectious
diseases. Other critical drug discovery events in the 1940s built the reputation of
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TABLE AS-2 Some Actinobacterial Pathogens (human, animal, and plant)

Mycobacterium avium Actinomyces bovis
Mpycobacterium avium complex Actinomyces israelii
Mpycobacterium bovis Clavibacter michiganensis
Mpycobacterium chelonae Corynebacterium diphtheria
Mpycobacterium fortuitum Leisonia xyli
Mycobacterium leprae Nocardia asteroids complex
Mpycobacterium marinum Nocardia farcinia
Mycobacterium tuberculosis Rhodococcus equi
Mpycobacterium ulcerans Streptomyces scabies
Propionibacterium acnes Tropheryma whipplei

Streptomyces somaliensis
Streptomyces sudanensis

the actinomycetes and established the bias towards this family of soil bacteria as
producers of antibiotics. Although penicillin and several antibiotics from Bacillus
spp. predated streptomycin in therapeutic use, they did not cure TB!

Other pathogenic mycobacteria are of significance, such as M. leprae (lep-
rosy) and M. ulcerans (buruli ulcers). Among the actinomycetes, Rhodococcus
equi has been recently identified as an equine infection that is an opportunistic
pathogen for humans. Interestingly, the disease-causing actinomycetes evolved
primarily by extensive genome reduction compared to their environmental precur-
sors, rather than by the horizontal gene transfer of myriad pathogenicity islands
associated with the Gram-negative pathogens such as E. coli, etc. M. tubercu-
losis is a notoriously difficult organism to work with due to its virulence, slow
growth, and, until recently, lack of facile genetic manipulation; thus comparative
studies of close relatives among the actinomycetes have provided important
information on novel aspects of mycobacterial metabolism and mechanisms of
virulence. For example, there is the important question of how M. tuberculosis
survives in human macrophages. This has been revealed by comparative genomic
analyses with the genome sequence of Rhodococcus jostii RHAT1 that identified
a gene cluster encoding a possible cholesterol degradation pathway (McLeod et
al., 2006). The observation that this matched a closely related sequence in M.
tuberculosis led to studies that have shown that the pathogen does indeed use
cholesterol as a carbon source, providing critical information on its intracellular
survival mechanisms and the possibility of novel targets for TB drug development
(Van der Geize et al., 2007).

The “UGLY”

There are no ugly actinomycetes. However, for every silver lining there is
a cloud, and this family is no different. It has been demonstrated that most of
the common antibiotic resistance genes or their progenitors have their origins
in environmental bacteria, and evidence suggests strongly that actinobacteria
may be one of the main natural sources of clinically significant antibiotic resis-
tance genes (Wright, 2007). On the other hand, the actinomycetes produce the
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clavulanate-derived inhibitors of B-lactamases and also enzymes that degrade the
acylhomoserine lactones, signal molecules that are responsible for the induction
of virulence functions in a number of common pathogens. If we had been smart
enough to recognize this fact earlier, it might have been possible to devise inhibi-
tors of these resistance mechanisms and so defuse the pathogens prior to years of
unrestricted antimicrobial therapy.

Afterthoughts

We have mentioned the “occult universe of small molecules” and will con-
clude with a few additional comments on this theme. The existence and the
roles of low-molecular-weight organic compounds in biology have been all but
ignored. Despite a century of studies of the chemistry, physiology, and critical
roles of vitamins, neurotransmitters, pheromones, alkaloids, and other useful
products of plants and animals, the chemical store of the microbial world remains
a great mystery. Recent studies of the phenomenon of quorum sensing communi-
cation have taught microbiologists and chemists that small can be beautiful and
meaningful (Atkinson and Williams, 2009; Winans and Bassler, 2008). However,
quorum-sensing activities, like antibiotic effects, are still largely studied as labo-
ratory phenomena that do not necessarily represent the environmental roles of
organic compounds; it remains difficult to assess concentrations of the signaling
compounds in the wild. What is needed is more science and much less anthropo-
centricity; the latter provides the substance of exciting movies but is bad science.
(Admittedly, for convenience we have slipped into anthropomorphic mode by
using the descriptors “good”, “bad” and “ugly”; this is almost as lamentable as
saying that bacteria “decide”, or “make lifestyle choices”, phrases seen in many
publications!)

Finally, the diversity and ubiquity of bioactive small molecules, their mul-
titudinous sources, and their potential and critical roles in the functioning and
interactions of all living things lead us to propose that there should be signifi-
cant, targeted funding initiatives (and perhaps even institutes) devoted to their
study: chemical (structural and synthetic), genetic, biological, physical, imaging,
etc. Surely, the increasing interest in systems biology will benefit from a full
understanding of small-molecule biology? We can do no better than to quote the
proverb “from small beginnings come great things”.
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scaffolds whose functional lifetimes have been extended by generations of
synthetic tailoring. The emergence of multidrug resistance among the latest
generation of pathogens suggests that the discovery of new scaffolds should
be a priority. Promising approaches to scaffold discovery are emerging; they
include mining underexplored microbial niches for natural products, design-
ing screens that avoid rediscovering old scaffolds, and repurposing libraries
of synthetic molecules for use as antibiotics.

There is a perpetual need for new antibiotics: Whereas most drugs will be
just as effective in the future as they are today, the inevitable rise of resistance
will erode the utility of today’s antibiotics (Walsh, 2003). Two factors exacerbate
this supply problem by creating unique disincentives for antibiotic development
(Nathan et al., 2005). First, antibiotics are used in smaller quantities than other
drugs. Prescriptions for chronic illnesses can last years or decades, whereas a
standard course of antibiotics lasts only weeks; therefore, antibiotics yield lower
revenues than most drugs. Second, whereas most newly approved drugs can be
prescribed to all who would benefit, the use of a newly approved antibiotic may
be restricted to the treatment of serious bacterial infections. The result is a quan-
dary: Resistance is on the rise while antibiotic discovery and development are on
the decline (Nathan, 2004; von Nussbaum et al., 2006).

The unfavorable economics of antibiotic development have had a chilling
effect on industrial discovery programs, and policy-based efforts to reverse this
decline deserve attention (Nathan, 2004). This perspective focuses on a different,
yet no less formidable, challenge: finding new classes of antibiotics.

On the face of it, antibiotic discovery would seem to be straightforward. The
goal is to kill an organism that is only distantly related to humans; unique, essen-
tial targets should be abundant, and novel antibiotics with low toxicity should be
easy to find. Yet, the history of antibiotic development suggests otherwise. Since
the early 1960s, only four new classes of antibiotics have been introduced, and
none of these has made a major impact yet; the ~$30 billion global antibiotics
market is still dominated by antibiotic classes discovered half a century ago.
Since then, most “new” antibiotics have been chemically tailored derivatives of
these well-worn scaffolds. In this review, we argue that the rise of resistant patho-
gens should redouble our focus on discovering not just new antibiotics, but new
classes of antibiotics. We then highlight some promising approaches to scaffold
discovery: mining under explored microbial niches for natural products, design-
ing screens that avoid rediscovering old scaffolds, and repurposing libraries of
synthetic molecules for use as antibiotics.

A New Generation of Resistant Pathogens

Three classes of antibiotic-resistant pathogens are emerging as major threats
to public health (Figure A6-1). First, methicillin-resistant Staphylococcus aureus
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Acinetobacter baumannii Pseudomonas aeruginosa

FIGURE A6-1 Multidrug-resistant strains of these bacterial pathogens are on the rise.
SOURCE: Copyright Dennis Kunkel Microscopy, Inc.

(MRSA) is estimated to cause ~19,000 deaths per year in the United States
(Klevens et al., 2007). Apart from their high mortality rate, MRSA infections
lead to an estimated $3 billion to $4 billion of additional health care costs per
year. Furthermore, the rising prevalence of MRSA increases the likelihood that
vancomycin-resistant S. aureus (VRSA) (Weigel et al., 2003)—just as deadly as
MRSA but more challenging to treat—will become a new scourge in hospitals.

Pathogens from the second class, multidrug-resistant (MDR) and pandrug-
resistant (PDR) Gram-negative bacteria, are less prevalent than MRSA, but they
pose the grave threat of infections that are truly untreatable (Falages et al.,
2005). These strains of Acinetobacter baumannii, Escherichia coli, Klebsiella
pneumoniae, and Pseudomonas aeruginosa are resistant to some (MDR) or all
(PDR) of the antibiotic classes commonly used to treat Gram-negative bacteria:
penicillins, cephalosporins, carbapenems, monobactams, quinolones, aminogly-
cosides, tetracyclines, and polymyxins (Falages et al., 2005). Prospects for find-
ing new antibiotics for Gram-negative pathogens are especially poor: Their outer
membrane blocks the entry of some antibiotics, and efflux pumps expel many of
the remainder.
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The third class comprises MDR and extensively drug-resistant (XDR) strains
of Mycobacterium tuberculosis (MDR-TB and XDR-TB), which are a rising
threat in the developing world (Dorman and Chaisson, 2007). MDR-TB treat-
ment requires a 2-year course of antibiotics with serious side effects; XDR-TB
is even more difficult to cure and often fatal (Kim et al., 2008). Cases of MDR-
TB and XDR-TB have been reported in the United States and other developed
countries.

In spite of the rise of resistant pathogens, the rate of new antibiotic approv-
als is dropping. Where will new antibiotics come from? In the past, this ques-
tion has mostly been answered through synthetic tailoring of a small group of
“scaffolds.”

Few Scaffolds, Many Generations of Tailoring

Members of each antibiotic class share a common core structure, or scaf-
fold. For example, the cephalosporins share a 3-lactam embedded in a fused
4,6-ring system (Figure A6-2). Most chemical scaffolds from which today’s
antibiotics are derived were introduced between the mid-1930s and the early
1960s (Figure A6-3). Aside from the introduction of carbapenems in 1985, all
antibiotics approved for clinical use between the early 1960s and 2000 were syn-
thetic derivatives of existing scaffolds. Just four such scaffolds—cephalosporins,
penicillins, quinolones, and macrolides—account for 73% of the antibacterial new
chemical entities filed between 1981 and 2005 (Newman and Cragg, 2007).

During synthetic tailoring (Figure A6-2), the core of the antibiotic is left
intact, preserving its activity, but the chemical groups at its periphery are modi-
fied to improve the drug’s properties. New generations are often designed to be
active against pathogens that have become resistant to the previous generation.
For example, second- (Neu and Fu, 1978) and third-generation (Dunn, 1982)
cephalosporins like cefaclor and ceftazidime are more resistant to destruction by
the resistance enzyme f3-lactamase, and they can penetrate the Gram-negative
outer membrane more effectively. When new [-lactamases emerged that can
cleave third-generation cephalosporins, pharmaceutical companies developed
fourth-generation molecules, like cefepime, that are less susceptible to cleavage
by these enzymes (Garau et al., 1997). Cephalosporins and other semisynthetic
antibiotics account for 64% of the new chemical entities filed between 1981 and
2005 (Newman and Cragg, 2007), suggesting that incremental synthetic tailoring
of natural scaffolds has become the predominant mode of antibiotic discovery.
The most useful scaffolds have therefore been those that are easy for medicinal
chemists to tailor; this allows many derivatives to be synthesized and tested for
improved properties.

Organic synthesis plays two other key roles in antibiotic discovery. First,
scaffolds like the quinolones and oxazolidinones are derived entirely from chemi-
cal synthesis; these fully synthetic scaffolds account for an additional 25% of the
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FIGURE A6-3 Between 1962 and 2000, no major classes of antibiotics were introduced.

antibiotic new chemical entities. Second, some natural scaffolds like carbapenems
can now be produced entirely by organic synthesis, expanding the scope of acces-
sible scaffold modifications.

The interplay between semisynthesis and total synthesis—and the ability
of synthetic modifications to unlock the therapeutic potential of a scaffold—are
exemplified by the tetracyclines. Resistance to this class of 30S-targeting antibi-
otics is mediated in part by a widely distributed gene encoding an efflux pump.
Semisynthetic modifications to the tetracycline scaffold yielded the glycylcy-
cline tigecycline (Figure A6-4) (Noskin, 2005). This third generation molecule
(Figure A6-2) is no longer a substrate for the efflux pump, restoring its activity
against tetracycline-resistant pathogens. A fully synthetic route to the tetracy-
clines (Charest et al., 2005) makes it possible to modify scaffold positions that
are difficult to modify semisynthetically, further broadening the range of acces-
sible derivatives.

Making incremental improvements to existing scaffolds is a good short-term
strategy for refilling the antibiotic pipeline, but a presumably more sustainable
way to combat resistance is to discover new scaffolds. Their utility will depend
on three criteria: spectrum of activity against Gram-positive and Gram-negative
pathogens, lack of cross-resistance to existing drugs, and amenability to genera-
tions of synthetic tailoring.

Next-Generation Scaffolds: Natural Products

More than two-thirds of clinically used antibiotics are natural products or
their semisynthetic derivatives (Newman and Cragg, 2007). It is therefore trou-
bling that natural product discovery efforts have waned in recent years (Li and
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Vedesas, 2009); this decline is due in part to a rising rate of scaffold rediscovery
(Baltz, 2006) and the accompanying difficulty in finding new antibiotics. Recent
efforts to search new modalities—underexplored ecological niches, unmined
bacterial taxa, and the genomes of even well-studied bacteria—have yielded
novel molecules, whereas new screening strategies have begun to circumvent the
time-consuming problem of rediscovery (Clardy et al., 2006).

New Places to Look

Most natural product antibiotics have come from soil actinomycetes, reflect-
ing the historical bias of pharmaceutical screening programs toward these easily
collected and cultured bacteria (Walsh, 2003). Searches of underexplored eco-
logical niches and bacterial taxa have revealed new molecules. Marine niches
are particularly promising; for example, a deep-sea sediment sample yielded an
actinomycete that produces the abyssomicins (Bister et al., 2004), a new antifo-
late scaffold (Figure A6-5). Terrestrial and marine symbioses are also promising
ecological niches; recent efforts to study bacterial symbionts of insects, ascid-
ians, and fungi have yielded many new natural products (Donia et al., 2008;
Partida-Martinez and Hertweck, 2005; Piel, 2009; Scott et al., 2008). Among
underexplored bacterial taxa, myxobacteria are particularly prolific natural prod-
uct producers, and their continued mining holds much promise for the discovery
of new antibiotic scaffolds (Wenzel and Muller, 2009).

The genome sequences of a handful of actinomycetes and myxobacteria have
revealed that these bacteria generally harbor >25 gene clusters encoding second-
ary metabolites. Given that only one to four natural products are known from a
typical bacterium under various culture conditions, researchers may as yet have
discovered only 10% of natural products from screened strains and just 1% of
molecules from the global consortium of microbial producers (Watve et al., 2001).
Taking this lesson to heart, several industrial and academic groups have carried
out bioinformatics-based efforts to mine bacterial genomes for new natural prod-
ucts (Challis, 2008; McAlpine, 2009). Ecopia Biosciences (now Thallion Phar-
maceuticals) has had particular success with their genome-scanning approach,
including the discovery of ECO-0501, a new antibiotic scaffold (Banskota et al.,
2006) (Figure A6-5). If the throughput of these genomics-based approaches to
natural product discovery can be scaled up efficiently, their contribution to anti-
biotic discovery will be increasingly important.

Lastly, some promising candidate scaffolds for development may already be
known. The founding members of the three most recently introduced antibiotic
classes—mutilins, lipopeptides, and oxazolidinones—were each discovered at
least 2 decades before they were introduced. Old patent literature seems a good
place to start; on the basis of a 1985 patent from Eli Lilly, a group from Bayer
recently isolated a series of acyldepsipeptide antibiotics that activate the bacte-
rial chambered protease ClpP, leading to uncontrolled proteolysis and cell death
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FIGURE A6-5 The chemical structures of new and underexplored antibiotic scaffolds
mentioned throughout the text are organized by type into three categories: synthetic, semi-
synthetic, and natural product. For synthetic and semisynthetic scaffolds, core scaffolds
are shown in black and variable positions are shown in red.

(Brotz-Oesterhelt et al., 2005) (Figure A6-5). Focusing development efforts on
known but underexplored scaffolds can mitigate the risk of a costly and time-

consuming de novo discovery program.

Combating Rediscovery

Out of 1000 randomly selected actinomycetes, about 10 will produce strep-
tomycin, and 4 will produce tetracycline (Baltz, 2005). If extracts from these
strains are screened against an indicator organism, most hits from the screen
will be unhelpful rediscoveries. Two new screening strategies are beginning to
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circumvent the problem of rediscovery. First, researchers at Cubist have devel-
oped a strain of E. coli that harbors resistance genes for the 15 most commonly
rediscovered antibiotics (Gullo et al., 2006). Hits from their screening efforts are
therefore preselected to be members of novel classes.

Second, a group at Merck has reported a bacterial antisense technology that
allows them to knock down the expression of a given S. aureus gene, decreasing
the amount of the encoded protein to the point that, in principle, it is present in
growth-limiting quantities (Singh et al., 2007). Using this approach, they discov-
ered platensimycin, the founding member of a new class of fatty acid biosynthe-
sis inhibitors (Wang et al., 2006) (Figure A6-5), as well as several new protein
synthesis inhibitory scaffolds.

Next-Generation Scaffolds: Synthetic Molecules

Fully synthetic molecules are a crucial component of the current antibiotic
arsenal: The quinolones are highly effective broad-spectrum antibiotics, and the
oxazolidinones are of increasing importance in the treatment of Gram-positive
pathogens, including MRSA. However, recent efforts—based largely on high-
throughput screens of novel targets identified by bacterial genomics—to discover
and develop new synthetic scaffolds have not yet been successful (Payne et al.,
2007).

Historically, synthetic scaffolds have originated outside of antibiotic dis-
covery programs. The first drug in the sulfa class of antibiotics, Prontosil, was
originally developed as a dye at Bayer, and the first quinolone was nalidixic
acid, an intermediate in the synthesis of chloroquine. The oxazolidinones were
discovered at DuPont as antibacterials but were originally developed to treat foli-
age diseases of plants.

Since the late 1990s, the rise of bacterial genomics held the promise of
rejuvenating the discovery of synthetic antibiotics (Rosamond and Allsop, 2000).
The genome sequences of pathogens like Haemophilus influenzae, S. aureus,
Streptococcus pneumoniae, and E. coli made it possible to identify conserved
enzymes that are essential for bacterial growth. These novel targets served as the
basis for high-throughput screens of synthetic compound libraries, an approach
that has been fruitful in other therapeutic areas. Genomics-based technologies
have accelerated the process of identifying targets of existing drugs (Freiberg et
al., 2005); however, they have not yet yielded new antibiotics (Payne et al., 2007,
Mills, 2006).

Use External Libraries and a Whole-Cell Screen

The success of repurposing synthetic molecules from other development
programs (Bogusli et al., 2009) and the failure of other approaches hold two
important lessons for developing new synthetic antibiotics. First, look outside
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antibacterial development programs for synthetic libraries to screen. Most phar-
maceutical companies have invested considerable resources in synthesizing small
molecule libraries for other therapeutic areas. Given the current level of uncer-
tainty about which targets are relevant in an infected host (Brinster et al., 2009)
and how antibiotics get into bacterial cells (Nikaido, 2003), libraries developed
for other therapeutic areas may be just as likely to harbor hits as compound librar-
ies developed for antibacterial screening.

Second, unbiased whole-cell screens have fewer pitfalls than other assays. The
advantages of target-based screening—knowledge of the target and ease of optimi-
zation using a biochemical screen—are outweighed by the disadvantage of having
to engineer cell permeability into a scaffold at a subsequent stage of the develop-
ment process. Technologies like genome-wide expression profiling (Freiberg et al.,
2005) and whole-genome resequencing of resistant mutants (Andries et al., 2004)
have accelerated the bacterial infection, such as the hypoxia and oxidative stress
that M. tuberculosis experiences in a host (Cho et al., 2007). A recent report has cast
doubt on whether lipid synthesis is a viable target for Gram-positive pathogens; its
authors argue that most models of infection fail to account for the fact that lipids in
human serum can circumvent the inhibition of fatty acids synthesis (Brinster et al.,
2009). Although future experiments will help resolve whether lipid synthesis inhibi-
tors will be useful as drugs for Staphylococcus and Streptococcus, the mycolic acid
pathway is already a well-validated target for M. tuberculosis. Any identified fatty
acid synthesis inhibitors should therefore be tested against TB rather than being
shelved for lack of efficacy against other Gram-positive pathogens.

A Recent Example of Success

A recent report from Pfizer demonstrates the utility of repurposing exter-
nal compound libraries by screening them in a whole-cell antibacterial assay
(Boguski et al., 2009). Miller and co-workers screened a one-million-compound
library developed for eukaryotic protein kinase inhibition in an assay of E. coli
killing, predicting that the low molecular weight ATP-mimetic molecules in the
library might inhibit an essential bacterial enzyme and therefore exhibit antibac-
terial activity. They identified a set of pyridopyrimidines (Figure A6-5) that are
subnanomolar inhibitors of the biotin carboxylase subunit of acetyl-coenzymeA
(CoA) carboxylase (ACC), acting as competitive inhibitors of ATP binding. These
molecules are selective for bacterial ACC over eukaryotic protein kinases and
have potent activity against Gram-negative bacteria in vitro and in vivo. Similar
efforts using other existing libraries could uncover new targets and scaffolds.

Is There Still a Role for Target-Based Antibiotic Discovery?

The failure of bacterial genomics to validate novel targets or yield new anti-
biotics has cast doubt on the utility of target-based discovery programs (Payne et
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al., 2007; Mills, 2006). Nevertheless, retooled target-based strategies can play an
important role in discovery. Examples include developing novel scaffolds for old
targets and grouping new targets by inhibitor class.

A New Look at Old Targets

Most clinically used antibiotics inhibit enzymes from pathways that have
been known for decades: peptidoglycan synthesis, ribosomal protein synthesis,
folate synthesis, and nucleic acid synthesis and topoisomerization. Future genera-
tions of existing scaffolds should continue to have success in the clinic, and these
classical targets will thus remain useful. However, a complementary and perhaps
more promising strategy is to develop new scaffolds for these targets, thereby
avoiding cross-resistance with existing drugs.

For example, the recently introduced mutilin retapamulin (Figures A6-4
and A6-5) targets the 50S subunit of the bacterial ribosome but is unaffected
by resistance to other 50S-targeting classes like macrolides (Davidovich et al.,
2007). Another target that deserves renewed focus is Lipid II; the success of
glycopeptide antibiotics like vancomycin bodes well for other Lipid II-binding
molecules like the mannopeptimycins (Figure A6-5) and lantibiotics (Breukink
and de Kruijff, 2006).

Grouping Targets by Inhibitor Scaffold

To identify new targets, candidates are often grouped by a functional crite-
rion, such as membership in a validated pathway or essentiality for growth in the
laboratory. The attendant dangers of single-target bias (Payne et al., 2007) argue
in favor of a strategy that begins with a wider funnel at its early stages.

A different way of grouping targets—by a common inhibitor scaffold rather
than by pathway—may not only reveal new targets but also clues about how to
inhibit them. For example, ATP binding enzymes are a group of targets that can
be inhibited by ATP-mimetic scaffolds, and they deserve particular attention for
two reasons.

First, bacterial genomes encode hundreds of ATP-binding proteins. They
include well-validated targets like DNA gyrase, the target of the quinolones, and
a host of new or underexplored targets: the chambered protease ClpP (Brotz-
Oesterhelt et al., 2005), ATP synthase (Andries et al., 2004), aminoacyl-tRNA
synthetases, and acyl-CoA carboxylase. The sensor kinase PhoQ is essential for
the virulence of Salmonella (Bader et al., 2005), and several widely conserved
essential genes encode proteins of unknown function that are predicted to bind
ATP (Gerdes et al., 2003), suggesting that this class might include a particularly
broad range of relevant targets. Insights from outside the antibiotic arena are
also important for antibiotics; the observation that Zn-dependent hydrolases are
efficiently inhibited by small molecules with Zn-chelating groups has led to the
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development of inhibitors for a broad range of enzymes, including angiotensin-
converting enzyme, histone deacetylases, and matrix metalloproteases. Indeed,
semisynthetic derivatives of actinonin—a Zn-chelating natural product that inhib-
its the Zn-dependent bacterial enzyme peptide deformylase—have been consid-
ered as antibiotic candidates (Chen et al., 2000) (Figure A6-5).

Second, Miller and co-workers have demonstrated the feasibility of finding
molecules from libraries of ATP-mimetic molecules that are selective for bacte-
rial targets over human targets (Miller et al., 2009). Screening these libraries in
whole-cell assays could simultaneously identify new targets and new lead com-
pounds with scaffolds that can be optimized synthetically.

A More Inclusionary Approach?

In the heyday of antibiotic discovery, the pool of lead compounds was large
enough for pharmaceutical companies to focus on broad-spectrum antibiotics
for use as single-agent therapies and shelve compounds that failed these high
therapeutic barriers. Today’s greater need for new antibiotics may encourage the
development of lead molecules with characteristics that, until recently, have been
seen as liabilities: narrow activity spectra and high intrinsic resistance rates.

The rule for antibacterial activity spectrum has been “broader is better.”
However, the challenge of finding new broad-spectrum antibiotics and the ris-
ing threat from specific pathogens like MRSA have led to the development and
approval of more agents with a narrower spectrum of activity, particularly those
that kill Gram-positive but not Gram-negative bacteria. Extending this trend to
near its logical limit, two groups recently reported Staphylococcus-selective anti-
biotics: One group used a repurposed series of eukaryotic cholesterol synthesis
inhibitors to block the production of the gold pigment staphyloxanthin (Liu et al.,
2008), from which the species name aureus is derived; the other group identified
inhibitors of the tubulinlike protein FtsZ to block cell division (Haydon et al.,
2008). It remains to be seen whether compounds with a spectrum this narrow
find a therapeutic niche; one prerequisite for their use would be the availability
of rapid diagnostics to identify the etiological agent of infection (Bootsma et al.,
2006). Such genus-selective agents may have the benefit of sparing more of the
endogenous microflora than conventional antibiotics, thereby avoiding complica-
tions like secondary Clostridium difficile infections.

Most bacterial infections are treated with a single antibiotic, ruling out the
use of molecules with high intrinsic resistance rates. However, pairing these
compounds into additive or synergistic combinations could rescue candidates
formerly thought to be untenable for development. Although development of
combination therapies carries the risk of unforeseen toxicity, precedents like
amoxicillin-clavulanate and isoniazid-rifampicin-pyrazinamide-ethambutol all
argue that antibacterial combination therapies can be quite successful, espe-
cially in suppressing the development of resistance. Whether natural or synthetic,
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broad-spectrum or narrow, single agents or combinations, new scaffolds will be
an essential component of a sustainable plan for combating resistance.
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A7

AVERTING A POTENTIAL POST-ANTIBIOTIC ERA

Shelley Hearne®?
The Pew Charitable Trusts

Introduction

Antibiotics save untold numbers of human lives every day. Modern medicine
depends on our ability to treat and prevent infections. Yet a global crisis looms.
Drug-resistant bacteria are spreading in our hospitals, our communities, and on
our farms. Resistance is fueled by injudicious use of existing drugs and com-
pounded by a failure to invest adequately in the development of new ones.

Dr. Thomas Frieden, director of the Centers for Disease Control and Preven-
tion (CDC), has warned that we may be on the brink of “a post-antibiotic era”
(Frieden, 2010). To prevent this warning from becoming an accurate predic-
tion, we need to embrace what we already know from the science and heed the
decades-long call to action by our leading health authorities and institutions,
including the Institute of Medicine (IOM) and the World Health Organization
(WHO). Several piecemeal legislative proposals exist that could address portions
of the problem. But only a comprehensive policy framework designed to both
preserve the efficacy of existing antibiotics and spur innovation of new drugs will
provide a sustainable solution.

Antibiotic Resistance: An Inevitable and Growing Health Threat

Infections caused by bacteria can strike and kill anyone, including the young
and the old, and the healthy and the chronically ill, but when antibiotics were dis-
covered and developed beginning some 70 years ago, humanity turned a corner in

22 Managing Director, Pew Health Group.
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its ability to fight pathogens. Antibiotics quickly became the treatment of choice
for staving off infections and saving lives.

But exposure to antibiotics inherently creates resistance among microorgan-
isms (Levy, 2002; Wilkins, 1996). Their short generation time and the efficiency
with which they develop and share resistance genes mean that no antibiotic
remains effective forever (American Academy of Microbiology, 2009).

Resistance has increased rapidly among the major causes of bacterial illness
in the United States, including Escherichia coli (Lewis et al., 2007), Salmonella
(Winokur et. al., 2000), Campylobacter (Boucher et al., 2009), Enterococcus
(McDonald, 2006), Streptococcus (Albrich et al., 2004), Staphylococcus (Klevens
et al., 2007), and others (Rice, 2008).

One of the most widely known superbugs is methicillin-resistant Staphylo-
coccus aureus (MRSA), which was once confined to already-vulnerable patients
in hospitals and nursing homes. Now a community-acquired strain is also
spreading among young, healthy individuals in everyday locations, among
them schools, daycare centers, and locker rooms. Since 1998, the incidence of
MRSA infections in children’s hospitals in the United States has increased 10-
fold (see Figure A7-1) (Herigon et al., 2010). Researchers estimate that MRSA
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FIGURE A7-1 Shifting balance. The number of hospital admissions with Staphylococcus
aureus infections that remains sensitive (MSSA) to methicillin treatment has kept steady
while that of resistant infections (MRSA) has been increasing.

SOURCE: Herigon et al. (2010). Reprinted with permission from Pediatrics, 125(6), pages
€1294-e1300. Copyright © 2010 by the AAP.
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alone causes almost 100,000 serious infections and 18,000 deaths every year in
the United States (Klevens et al., 2007), and it costs $3 billion to $4 billion each
year to treat (Fischbach and Walsh, 2009). Infections with resistant bacteria also
result in longer and more costly hospital stays. Overall, antibiotic resistance was
responsible for an estimated $16.6 billion to $26 billion per year in extra costs to
the U.S. healthcare system (Roberts et al., 2009).

Other resistant infections are also on the rise and may pose even more serious
challenges in the long term. The frequency of multidrug-resistant Acinetobacter
baumannii infections, for example, is increasingly significant (Falagas et al.,
2006; Munoz-Price and Weinstein, 2008) among U.S. military personnel return-
ing from duty in Iraq and Afghanistan. Ordinarily, A. baumannii causes a variety
of conditions, ranging from pneumonia to serious blood or wound infections, but
in soldiers it also causes devastating prostheses infections and catheter-related
sepsis (Crane et al., 2009). The bacterium is now spreading among patients in
non-military U.S. hospitals and intensive care units (Perez et al., 2008). Some
strains of A. baumannii are resistant to all known antibiotics, and estimates of
death rates from resistant Acinetobacter infections range from 30 to 40 percent. A
strain of the tuberculosis bacterium, extensively drug-resistant tuberculosis (TB),
which has not yet become prevalent in the United States, is resistant to all cur-
rently available TB drugs, and is virtually untreatable (Shah et al., 2007). WHO
warns that widespread multidrug resistance is making gonorrhea increasingly
hard to treat (Tapsall, 2009).

A Dearth of Innovation Just When It Is Needed

Increasing the likelihood of a post-antibiotic future is an innovation slow-
down: the pipeline of drugs to replace ineffective antibiotics has dwindled to a
trickle (Boucher et al., 2009; Spellberg et al., 2004). Many major pharmaceutical
companies have abandoned the antibiotics business in favor of medicines prom-
ising greater profits. Companies that remain engaged face both scientific and
regulatory barriers that are compounded by limited return on investment.

Development of a new pharmaceutical costs hundreds of millions of dollars
for basic and clinical research, including the investments related to drug candi-
dates that fail. For antibiotics, revenue is limited by the fact the drugs tend to
be short-course therapies that are completed in days, weeks, or at most months.
Compared to revenues generated from sales of high blood pressure or cholesterol
medications that patients take for many years or a lifetime, returns from antibi-
otics are low. Even an effective new treatment for MRSA, such as daptomycin
(Cubicin®), is estimated to generate annual revenues of more than $500 million—
which is not insubstantial—this is far below, for example, estimated revenues for
a mid-market antipsychotic drug (Cubist Pharmaceuticals, 2010).

Another problem derives from a paradox of sorts. In an effort to preserve the
effectiveness of a good new drug, clinicians will often use it only infrequently. In
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this way, they aim to stave off the emergence of resistance to the new antibiotic,
at least until the usefulness of older drugs is exhausted. This is an appropriate
and prudent antibiotic-preserving practice, but it further diminishes the flow of
at least near-term revenue that an antibiotic developer might expect from rolling
out a new product.

An additional economic barrier to antibiotic development is the cost of
regulatory approval, which has increased in recent years due to revisions and
more stringent standards for clinical trials instituted by the Food and Drug
Administration (FDA). Pharmaceutical companies argue that their inability to
predict changes in FDA’s requirements prevents them from effectively planning
for approval time and costs and further deters them from development of new
antibiotics. The Pew Health Group has interviewed companies small and large,
and the discussions suggest that this lack of clarity from the FDA about the
standard of evidence required for approval discourages companies from pursuing
innovative approaches to new antibiotics.

Growing Resistance from Injudicious Use

Overuse of antibiotics by doctors and their patients has long been a major threat
to antibiotic efficacy. The medical community has known for decades that some
practices, among them the repeated and inappropriate use of antibiotics in clinical
settings, are a primary factor in the accelerated rise of antibiotic-resistant bacteria
(Costelloe et al., 2010). Numerous international programs are successfully reducing
antibiotics use and resistance through public and physician education and improved
vaccination guidance (Anonymous, 2008; Goosens et al., 2008). In the United
States, efforts to promote more judicious use of antibiotics in children with acute
respiratory tract infections appear also to be having positive outcomes (Finkelstein
et al., 2003; Grijaldi et al., 2009). That is a start, but countless people with viral
infections (such as colds and influenza) incorrectly believe that an antibiotic will
help, and they lobby their physicians for these treatments. Additionally, the medical
community has underemphasized the strategy of preventing infectious disease as a
way of reducing antibiotic use and thereby prolonging the drugs’ efficacy.

One critical but less appreciated and understood part of the microbial resis-
tance dynamic is the long-term and unnecessary use of antibiotics in food animal
production (Cohen and Tauxe, 1986; Sarmah et al., 2006). In the United States,
it is common for growers of swine, poultry, and, to a lesser degree, cattle to
administer low, sub-therapeutic doses of antibiotics to healthy food animals in
their feed or water to encourage faster growth and as a prophylactic measure to
hedge against overcrowding and other unsanitary and disease-friendly conditions.
In addition, in contrast to Europe, most of the antibiotics used on industrial farms
in the United States are obtained and administered without the consultation of a
veterinarian.

Precise data about antimicrobial use in food animal production in the United
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States is not publicly available, but analysts say existing data suggest U.S. con-
sumption of antibiotics for these purposes greatly outpaces that of European
countries (Aarestrup et al., 2010). Estimates indicate that the non-therapeutic use
of antibiotics accounts for anywhere from 35 to 70 percent of all antibiotics sold
in the United States (American Health Institute; Mellon et al., 2001)23. In terms
of annual quantities, the mass of antibiotics used in animals amounts to between
100 and 1,000 times that used in humans (Feinmen, 1998; Levy, 1998; Witte,
1998). This makes the United States one of the biggest users of antibiotics in food
animal production on a pound-per-pound basis in the world (see Figure A7-2)
(Aarestrup, 2009; DANMAP, 2008).

Here in the United States, food animal producers use many antibiotics that
are similar or even identical to those used in human medicine, among them peni-
cillins, tetracyclines, macrolides, and sulfonamides (Chee-Sanford et al., 2009).
This practice encourages the proliferation of resistance to the very drugs that
doctors now rely on to save their patients’ lives (Ho et al., 2010). Administering
human drugs to animals at sub-therapeutic dosages is like giving evolutionary
intelligence away to pathogens so that they will be able to more quickly counter
the drugs that might otherwise kill them off in a patient’s body.

Over the last four decades, researchers have demonstrated that feeding anti-
biotics to healthy food animals over a long period of time promotes the develop-
ment of dangerous strains of drug-resistant bacteria that can spread to humans
(Angulo et al., 2004; McDonald et al., 2001). Here are some of the seminal
findings:

* In 1969, a ground-breaking report from the United Kingdom concluded
that the use of antimicrobials in food animal production, especially when
used for growth promotion, was of great concern and should be limited
and in some cases excluded from animal use altogether (Swann et al.,
1969). Since then, a growing body of research has continually strength-
ened that conclusion.

* In the 1970s, researchers gave chickens a diet that included tetracycline-
supplemented feed. After 6 months, the scientists found that both the
chickens and the farm workers were colonized with tetracycline-resistant
bacteria (Levy et al., 1976).

e Studies in the 1980s linked multidrug-resistant Salmonella infections in
humans with exposure to cattle on dairy farms (O’Brien et al., 1982). Fur-
ther studies and molecular subtyping revealed widespread emergence of
resistance in Salmonella infections in humans in the United States, which
researchers concluded were likely from food animals (GAO, 2004).

e During the late 1990s and early 2000s, contemporaneous food and hospi-

23 The lower figure is from a calculation by Mellon et al. (2001, p. 57), based on data on antimi-
crobial use in livestock gathered in 1998 by the American Health Institute.
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tal surveillance linked the introduction of fluoroquinolones to U.S. broiler
production with the emergence of resistant Campylobacter infections in
humans (GAO, 2004). Although the use of fluoroquinolones in poultry
was banned in the United States in 2005, this class of antibiotics is still
approved for therapeutic use in cattle and swine and thus continues to
exert a selective pressure for the emergence of fluoroquinolone-resistant
bacteria that can be transferred to humans. Likewise, a broad collection
of antibiotics beyond the fluoroquinolones continues to be approved for
use in U.S. broiler production.

Recent data from North America also point to the public health benefits of
reducing antibiotics in food production. In 2009, for instance, researchers in
Canada found that removing third-generation cephalosporins from broiler hen
production resulted in significant reductions in contamination of retail poul-
try products with ceftiofur-resistant Salmonella enterica and E. coli as well as
commensurate reductions in third-generation cephalosporin-resistant Salmonella
enterica infections in humans (Dutil et al., 2010).

Buying Time by Using Antibiotics More Judiciously

Some countries have been enacting laws and implementing agricultural prac-
tices that help protect the efficacy of antibiotics as well as the interests of food
animal producers. In 2006, the European Union banned the use of antibiotics and
related drugs for growth promotion purposes in livestock. Beginning in the late
1990s, Denmark became the leader in scaling back the routine use of antibiotics
in industrial farming when it instituted a series of policy strategies for preventing
antibiotic resistance in humans and animals. Since then, the country has experi-
enced tremendous productivity growth in its swine production, little economic
impact, and evidence of lower resistance rates in human and animal pathogens.
Denmark is one of the world’s largest pork exporters, accounting for 17 percent of
the global export market for pork as well as 22 percent of the world’s exports of
bacon and ham (Hamann, 2006). Today, the Danish business interests and farmers
are supportive of the actions to limit antimicrobial use in agriculture.

The Danish law ensured that antibiotics remained available to veterinarians
for treating sick animals. To prevent misuse, the law stipulated that antibiotics for
use in food animals must be accompanied by a prescription from a veterinarian
acquired through a valid veterinarian-client-patient relationship and never used
for growth promotion.

A key Danish provision prohibited veterinarians from selling antibiotics. In
the United States, physicians have long been barred from selling pharmaceuticals
to patients because this would constitute a conflict of interest. This restriction also
serves as a critical means of avoiding overprescribing. In the United States, vet-
erinarians generate much of their revenue in the sale of pharmaceuticals. This too
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poses a conflict of interest and an incentive to use antimicrobials. Although this
practice of serving simultaneously as both the animals’ doctor and the animals’
pharmacist should be eliminated, policy makers should address veterinarians’
potential loss of income with stricter requirements for actual animal veterinarian
visits for prescribing and other incentives.

With pressure growing for the United States to adopt similar antibiotic
restrictions, agribusiness opposition has also begun to mount. The American
Veterinary Medical Association, for example, claims that the European antibiotic
phase-out has caused increased animal deaths and economic hardship on live-
stock and poultry producers (American Veterinary Medical Association, accessed
August 13, 2010).

Research by Danish scientists reveals that antibiotic consumption per kilo-
gram of swine production on industrial farms dropped by more than half between
1992 and 2008, while production increased by 47 percent, from 18.4 million
hogs in 1992 to 27.1 million in 2008 (Figure A7-3) (Aarestrup et al., 2010). At
the same time, antibiotic-resistant bacteria in food animals have become less
prevalent.

The WHO concurs that the antibiotics ban in Denmark has reduced the risks
to human health without making a significant financial impact (WHO, 2002). Data
from industry and from the Danish government reveal that livestock and poultry
production has increased since the ban while antibiotic resistance on farms and in
meat has declined (Hammerum et al., 2007; Letter from Dr. Jan Mousing, Chief
Veterinary Officer of Denmark, to Congress, August 12, 2009). U.S. industry
has expressed alarm over increased treatment of diarrhea and a rise in mortality
in weaner pigs in the few years immediately after the ban. The WHO found that
diarrhea in young pigs did increase following the ban, creating a short-term need
to increase therapeutic antibiotic use. However, levels of diarrhea treatment began
to decline after 7 months and were back to the pre-ban levels after 1 year. Weaner
mortality has improved considerably in recent years (WHO, 2003).

The Danish Integrated Antimicrobial Resistance Monitoring and Research
Programme (DANMAP) confirms that, in general, the numbers of antibiotic-
resistant microbes in food animals rise and fall with changes in antibiotic usage
(DANMAP, 2000 and 2008). For example, data reported by DANMAP in 2008
indicated that decreases in neomycin, spectinomycin, and macrolide use in pig
farming correlated with declines in neomycin, spectinomycin, and erythromycin
(a macrolide antibiotic) resistance in bacterial isolates from the pigs. Likewise,
elimination of avoparcin (related to vancomycin) and virginiamycin (related
to Synercid) as growth promoters resulted in significant reductions in bacteria
resistant to these two critical antibiotics among poultry and swine. Similarly,
a 24 percent increase in apramycin use in swine feed between 2006 and 2008
correlated with an increase in apramycin/gentamicin cross-resistance among S.
typhimurium isolates from pigs (Jensen et al., 2006). And an increase in the use
of tetracycline in pigs corresponded with an increase in tetracycline resistance
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among S. typhimurium isolates from pigs and among human bacterial infections
(DANMAP, 2000).

Surveillance data from the U.S. National Antibiotic Resistance Monitoring
System reveals that resistance rates to some of the most commonly used antibi-
otics are high among bacteria from food animals. For example, retail meat and
poultry surveys indicate that well above 50 percent of the Enterococcus isolates
that contaminate these products are resistant to the streptogramins, tetracyclines,
and lincosamides routinely used in poultry production. Likewise, aminoglycoside
and tetracycline resistance is common among E. coli isolates from these same
products. Reducing non-therapeutic antibiotic use will likely decrease resistance
and increase the utility of these drugs for disease therapy.

Industry groups have argued that a ban on using human drugs as growth
promoters on farms would lead to higher food prices for consumers. A study by
the National Research Council indicates that a ban would have a negligible effect,
increasing the price of meat by an estimated 0.013 to 0.06 dollars per pound.
For consumers, this translates to $4.84 to $9.72 per person each year (National
Research Council, 1999). In Denmark, consumers have not had price increases
related to antimicrobial restrictions.

The Denmark example shows that it is possible to raise food animals profit-
ably even while reducing the presence of antibiotic-resistant bacteria by eliminat-
ing unnecessary antibiotic use (Aarestrup et al., 2001). Pork producers initially
opposed the ban but now acknowledge its successful implementation.

Owing to poor regulations and lack of oversight of drug use in food animal pro-
duction, U.S. consumers do not know what their food is treated with or how often.
Nor is there an adequate system in place to test meat and poultry for dangerous
antibiotic-resistant bacteria. Government, industry, and professional leaders need
to monitor and regulate the use of antibiotic drugs in poultry and livestock more
carefully in order to limit the development of resistant bacteria in food animals and
the unnecessary threat it poses to people. Any comprehensive antimicrobial preser-
vation and discovery bill would have to make provisions for these functions.

The Way Forward

The rising tide of resistant infections demands a comprehensive policy
response (Laxminarayan and Malini, 2007). The failure of the market to deliver
effective new treatments must be addressed (Gilbert et al., 2010). But with the
pipeline nearly empty, policy makers also must act to preserve the waning effec-
tiveness of existing drugs. That requires a multipronged response to improve
infection control and reduce injudicious use of antibiotics in both humans and
animals (IOM, 1998). None of these elements can be effective in isolation.

Under the leadership of its co-chairs, the late Nobel Laureate Joshua
Lederberg, and Margaret Hamburg, now Commissioner of the FDA, the IOM pro-
duced a consensus blueprint on how to best address the global crisis of reemerg-
ing microbial infections. That report, Microbial Threats to Health: Emergence,
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Detection, and Response, included a series of commonsense policy strategies for
addressing antibiotic resistance and the need for new antimicrobial drugs (IOM,
2003):

1. Limit antimicrobial use to medical situations in which their use will
yield results. This means ending the practice of prescribing antibiotics
to merely appease patients or because it has become the normal thing
to do.

2. Discourage misuse, such as poor compliance by patients or low-dose regi-
mens that only accelerate the rise of resistance bacteria. Specifically, the
IOM urged the FDA to ban any classes of antibiotics used in human medi-
cine from being used as growth promoters in the livestock and poultry.

3. Reduce the need for antibiotic treatment by reducing the rates of infec-
tion through better hygiene, vaccines, and other disease-prevention
measures.

4. Develop and enact policies and incentives to spur innovation in new anti-
biotics and other tactics for treating infections.

These fundamental consensus points can provide the basic building blocks
for comprehensive legislation that could preserve the medical value of antibiot-
ics while fueling the next generation of therapies for microbial infection. Such
a bill would recognize that antibiotics are a vital, shared public resource. Only
a comprehensive policy framework designed to both preserve the efficacy of
existing antibiotics and spur innovation of new drugs will provide a sustainable
solution.

Currently, numerous specific legislative proposals exist that link to different
components of the IOM framework:

o The Strategies to Address Antimicrobial Resistance (STAAR) Act, backed
by the Infectious Diseases Society of America (IDSA), would bolster
existing surveillance, data collection, and research. It would strengthen
the public health infrastructure essential to the long-term management of
antibiotic-resistant diseases in such settings as hospitals, clinics, veterinar-
ians’ offices, and animal production operations.

* The Preservation of Antibiotics for Medical Treatment Act (PAMTA) of
2009 would phase out the routine use of seven classes of medically
important antibiotics (penicillins, tetracyclines, macrolides, lincosamides,
streptogramins, aminoglycosides, and sulfonamides) in healthy food ani-
mals unless manufacturers can prove reasonable certainty of no danger to
public health from resistance. New drugs are required to meet the same
standard. PAMTA critically shifts the burden of proof to the drug manu-
facturers to ensure antibiotics used in farm animal production have no
human health impacts.
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In addition to provisions like those in STAAR and PAMTA to curtail and
manage antimicrobial resistance, a comprehensive antimicrobial preservations
and discovery bill must include a set of powerful incentives to spur innovation
by scientists and pharmaceutical companies to develop new antibiotics, bet-
ter diagnostics for use at the “point of care,” and vaccines to prevent bacterial
infections.

Public policy has long played a role in antibiotics innovation, beginning with
the public-private partnership that led to the large-scale introduction of penicillin
in 1944. Congress has taken a number of approaches to encourage pharmaceutical
investment. The Orphan Drugs Act, passed in 1983, stimulates the development
of drugs for rare but serious disorders, using a mix of pre-market, or “push,”
incentives, such as research and development (R&D) tax credits and help with the
cost of clinical trials, as well as post-market “pull” incentives, including longer
periods of exclusivity during which the drug does not face generic competition.
Similarly, the Best Pharmaceuticals for Children Act provides companies with
extended exclusivity in exchange for conducting pediatric research on their prod-
ucts. And in 2006, Congress moved to create the Biomedical Advanced Research
and Development Authority to facilitate the public- and private-sector R&D of
antimicrobials and other emergency countermeasures to respond to potential
bioterrorist, pandemic, or other urgent medical threats.

Any successful policy-driven effort to stimulate antibiotic development will
have to recognize that new drug candidates may originate and move through a
variety of pathways, including large pharmaceutical companies, small and mid-
sized companies, or academic laboratories. Each enterprise will have distinct
needs and may respond to different types of incentives. Therefore, the legislation
will need to include a range of mechanisms. In addition to the specific measures
mentioned above, possible innovation incentives include funding to defray cost of
clinical development or approvals; grants or partnerships to facilitate transitional
research; technical assistance, particularly for small companies that would ben-
efit from help in navigating the federal agencies that facilitate drug development
and approval; and advance market commitments, by which the sales volume of a
product is guaranteed in advance.

It also is essential that the FDA provide clarity on the standards for approval
of new antibiotics, which have been repeatedly revised in recent years. Approval
standards must remain rigorous and scientifically appropriate in order to protect
patients, but pharmaceutical companies must feel confident that they can embark
on drug development with some predictable understanding of the scale and cost
of the required trials.

Besides enacting antibiotics-preserving policy, better professional practices
and behavior regarding antibiotic use is a must. In this regard, the FDA, the CDC,
and professional health organizations, academia, agribusiness, and the pharma-
ceutical industry should increase their efforts to reduce the inappropriate use of
antimicrobials in human and animal medicine. Important tactics here include
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renewed efforts in outreach and improved education of healthcare professionals
and the public about the dangers resulting from the misuse and overuse of anti-
biotics. These organizations also should encourage the development and routine
use of rapid diagnostic tests to determine the specific viral or microbial causes of
infections and ensure appropriate treatments are applied.

As Joshua Lederberg said repeatedly: “In the race against microbial genes,
our best weapon is our wits, not natural selection on our genes” (Lederberg,
1997).

Scientists, physicians, and public health experts agree. The WHO, the Ameri-
can Academy of Pediatrics, the American Nursing Association, the American
Society of Microbiology, IDSA, and the American Medical Association all echo
the IOM recommendations and have repeatedly called for a policy response to the
crisis of antimicrobial resistance. Yet, as a nation, we have failed to take action.

Donald Kennedy, president emeritus of Stanford University who served as
commissioner of the FDA from 1977 to 1979, proposed eliminating the use of
penicillin and tetracycline as growth promoters in food animals more than 30
years ago. Kennedy and Stanley Falkow, one of the nation’s leading microbiolo-
gists, later described the antibiotic debate as a “struggle between good science
and strong politics” (Kennedy and Falkow, 2001). Agribusiness proponents of
this application won that policy decision by pressuring Congress to shelve the
FDA proposal to limit the practice. Kennedy and Falkow concluded that “science
lost.”

With the impending threat to our crown jewel in medicine—antibiotics—we
cannot afford to let science lose. Now, more than ever, we need to ensure that
science effectively informs and drives our antibiotic policy strategies, not politics.
In 1863, with the approval of President Abraham Lincoln, the U.S. Congress
chartered the National Academy of Sciences for this very purpose: to advise the
federal government on scientific and technological matters. As such, the nation
needs the IOM to play a more prominent role in translating science for policy
makers and advancing their existing recommendations. If the IOM does not lend
a voice to its findings, not only will science lose again, but we may be sped along
to Frieden’s dire predictions of a post-antibiotic era.
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Problems of optimal natural resource extraction that were first addressed
by economists in the contexts of fisheries and forests have reemerged in the
context of a newly recognized resource: antibiotic effectiveness. This review
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introduces economists to the growing literature on optimal use, innovation,
and regulation of antibiotic effectiveness. Along the way, we draw links and
parallels to similar problems in the management of other resources with
which economists may be more familiar, and we address new questions that
have arisen in the context of antibiotic effectiveness but that are also relevant
to other resources.

1. Antibiotic Effectiveness as a Natural Resource

Although humans may have known of antibiotics for centuries, the formal
discovery of antibiotics occurred in 1929.2° Improvements in public health and
medicine and a decline in infectious disease mortality preceded the widespread
use of penicillin, but since the introduction of antibiotics in 1942, they have made
possible further reductions in deaths and disability from infectious disease. Per-
haps equally important, they have facilitated the vast expansion of other medical
interventions, such as kidney and heart transplants, by allowing clinicians to pre-
vent surgical site infections and to suppress the immunity of organ recipients.

Resistance to penicillin emerged soon after its introduction and was linked
to patient deaths in the early 1950s (Abboud and Waisbren, 1959). Since then,
bacteria have grown increasingly resistant to available antibiotics. In recent years,
pan—drug resistance has emerged: Bacteria are resistant to nearly all antibiotics
that were earlier active against them. The prevalence of high-level penicillin
resistance in Streptococcus pneumoniae in the United States rose from 0.02% in
1987 to nearly 20% in 2004 (Laxminarayan et al., 2007). Over roughly the same
period, the prevalence of methicillin-resistant Staphylococcus aureus (MRSA)
in hospitals climbed from roughly 2% to more than 50% in many U.S. hospitals.
Although the United States is among the heaviest users of antibiotics in the world
on a per capita basis, the situation is even worse in some other countries, where
infections spread more rapidly because of a lack of infection control in hospitals
and inadequate water and sanitation in the community. For instance, in Vietnam,
gram-negative organisms like Acinetobacter and Klebsiella are resistant to all
antibiotics approved for human medicine; in addition, resistant organisms are
commonly found in the environment (Duong et al., 2008).

Most antibiotics are derived from natural organisms like fungi, which use
these compounds as weapons against bacteria. Resistance to antibiotics has
always existed in bacteria, albeit at a very low frequency (perhaps one in a million
or less), and predates the use of antibiotics as a treatment for infectious disease

2 Tetracycline has been identified in the bones of Nubians buried between 350 and 550 A.D. in
what is now the Sudan (Bassett et al., 1980). That the Nubians were aware of this antibiotic is sup-
ported by two other bits of evidence: A bacterium from which many antibiotics are derived, strepto-
mycetes, is common in the Nubian Sudanese desert, and infectious disease rates among this Nubian
population were apparently low.
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(Levy, 1992). Human use of antibiotics has vastly tilted the balance of survival
in favor of bacteria that evade antibiotics. In the changed environment with large
quantities of antibiotic use, forces of natural selection favor resistant strains.3’
However, carrying resistance genes is costly from an evolutionary standpoint
and can be disadvantageous in an antibiotics-free environment. Some studies
have demonstrated that resistant strains face an evolutionary disadvantage in an
antibiotics-free environment. Biologists call this the fitness cost of resistance and
have found it to be significant for some combinations of bacteria and antibiotics
(Musher et al., 1977; Bennett and Linton, 1986; Bouma and Lenski, 1988), but
not for others (Schrag et al., 1997; Bjorkman et al., 1998).

The problem of resistance is common in other efforts to control organisms
that are harmful to humans and human enterprise. Resistance is observed in
bacteria (to antibiotics), malarial parasites (to antimalarial drugs), viruses (to
antivirals), and pests (to pesticides). In each case, application of control measures
increases the likelihood that they will be less effective when used in the future.
The effectiveness of the control agents can therefore be modeled as a natural
resource in much the same way as are fish, trees, oil, or other resources. As with
other resources, the optimal management of antibiotic effectiveness is determined
by the biological dynamics of bacterial evolution of resistance, the spread of
infection, and the demand for antibiotic treatment.

This review of the current literature on the economics of managing antibiotic
effectiveness is organized as follows. In Section 2, we discuss the literature on the
optimal use of antibiotics. Section 3 presents models in which antibiotic effectiveness
is renewable. In Section 4, we address the impact of market structure on antibiotic
use. Section 5 covers problems of managing antibiotic effectiveness as a global public
good. In Section 6, we cover optimal investment in research and development (R&D)
of new antibiotics. Section 7 discusses the economic costs of resistance. Section 8
concludes the paper and suggests future avenues for research.

2. Optimal Use of Antibiotic Effectiveness

Brown & Layton (1996) discuss resistance as a dynamic externality.?!
Laxminarayan & Brown (2001) were the first to use a dynamic disease framework
to model antibiotics as a natural resource. In their formulation of an optimal con-

30 Natural selection is not the only mechanism for the emergence and spread of resistance. Bacteria
can directly transfer resistance genes between each other on packets known as plasmids. This method
is responsible for the geographical spread of resistance. Plasmid transfer is expensive, from a biologi-
cal standpoint, and is encouraged by the use of antibiotics.

31 In the literature on the optimal use of pesticides, Hueth & Regev (1974) model pest susceptibil-
ity (to pesticides) as a stock of nonrenewable natural resource that is costless to use in the short run
but extremely expensive to replace in the long run. Comins (1977, 1979) treats pest susceptibility
as an exhaustible resource and determines that the cost of resistance is analytically equivalent to an
increase in the cost of the pesticide.
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trol problem combining an economic, intertemporal objective with a determinis-
tic compartment model of disease transmission derived from epidemiology, the
relative proportion of individuals infected by antibiotic-susceptible bacteria to the
overall infected population represents a measure for the treatment effectiveness of
the antibiotic drug, the evolution of which depends on the use of antibiotics.

Antibiotic treatment implies social benefits and costs that are external to
the person receiving treatment. Benefits include the treatment of sick patients,
which also has the dynamic effect of reducing infections in the future. The cost
of antibiotic use is not just the treatment cost that is borne by the patient or the
insurance provider; it is also the shadow cost associated with the decline in its
effectiveness. At the optimum, an antibiotic should be used when the full mar-
ginal benefits equal the full marginal costs.

Laxminarayan & Brown (2001) find that, depending on the relative produc-
tion cost and the speed at which effectiveness declines, an initial phase may
exist during which it is optimal to use only one antibiotic. For instance, when
antibiotics have the same production cost but differ with respect to their level of
effectiveness, the more effective drug should be used in the first phase because it
procures at the margin a higher number of effective treatments and avoided future
infections. This phase continues until the two antibiotics have equal effectiveness.
It then becomes optimal to use them in a proportion that is inversely related to
the speed at which their effectiveness declines.

The basic intuition underlying this conclusion parallels that of the optimal
extraction of different ore qualities, when production costs depend on current
extraction rates and remaining stocks (Weitzman 1976). As with resource pools
with declining quality, there are three conditions under which simultaneous
extraction from more than one resource pool is optimal. First, the marginal costs
of extraction from the multiple pools may be identical, implying that it is optimal
to engage in simultaneous extraction.

The other two reasons are unique to antibiotics. One is that the likelihood of
resistance is a nonlinear function of antibiotic use. In most other resource prob-
lems, the stock of the resource decreases linearly with the use of the resource.
With antibiotics, the marginal impact on effectiveness of antibiotic use is increas-
ing. Therefore, simultaneously deploying two antibiotics reduces the likelihood
that resistance to either of them will develop. The other reason is that, even if an
infection is resistant to one antibiotic, it is treatable with a second antibiotic. So
simultaneously treating the population with two antibiotics may lower resistance
because effectiveness is regained when bacteria resistant to one antibiotic are
treated with a different antibiotic.

Those considerations alter the standard prescription that resources should be
used strictly in order of increasing marginal cost (Weitzman, 1976) and imply that
when resistance arises as a consequence of antibiotic use, it may be shortsighted
to use a single antibiotic on all patients just because that antibiotic appears to
be the most cost-effective option (Laxminarayan and Weitzman, 2002). The
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trade-off between economic costs and epidemiological advantage is described
by Laxminarayan & Weitzman, who show that it may be optimal, from society’s
point of view, to use different drugs on different but observationally identical
patients and include on this menu of drugs some that may not be cost-effective
from the individual patient’s perspective. The notion of treatment heterogene-
ity—the simultaneous use of different types of antibiotics—is consistent with
the finding in Laxminarayan & Brown (2001) but addresses a different question:
which antibiotics are optimal to include on a menu for simultaneous use at a
population level. Other studies confirm the economic value of treatment hetero-
geneity (Bonhoeffer et al., 1997; Boni et al., 2008).

Thus far, we discuss models in which antibiotic effectiveness can be inter-
preted as a nonrenewable resource and in which more than one antibiotic is avail-
able to fight an infection. For antibiotics, the criterion of the most cost-effective
treatment does not hold; instead, the overall social costs and benefits of using
antibiotics must be considered. In the next section, we address models in which
antibiotic effectiveness is renewable.

3. Antibiotic Effectiveness as a Renewable Resource

Wilen & Msangi (2003) extend earlier models by assuming that the effective-
ness of antibiotic efficacy represents a renewable resource. Such a modeling is
appropriate when the drug-resistant bacterial strain incurs a positive fitness cost,
in which case a low-enough treatment rate allows the population of bacteria to
reach a sustainable equilibrium for the effectiveness of the drug. Whereas in the
fishery case, multiple sustainable equilibria are attainable and depend on the
regeneration rate of the remaining stock of fish in the sea, the regeneration of
antibiotic effectiveness is independent of the stock of infection. In the model by
Wilen & Msangi, the independence of the stock of infection occurs because the
overall population is constant. When the economic objective is to minimize the
discounted cost associated with infection, the authors show, the typical optimal
solution combines an initially extreme treatment with subsequent intermediate
controls. The extreme control corresponds to treating the overall infected popula-
tion. This comes at the cost of decreasing the effectiveness of the drug but at the
benefit of lowering, at least temporarily, the level of infection considerably below
its steady state. The extreme control remains optimal as long as the marginal
benefit of treating the infected population outweighs the marginal shadow cost
of lowering antibiotic effectiveness. Once the two are in balance, an intermediate
fraction of the infected population should get antibiotic treatment. This fraction
eventually converges to the critical value at which the selection of the susceptible
strain is exactly compensated by the selection of the resistant one.

In contrast, Rowthorn & Brown (2003) model two infections, each of which
can be fought with a particular antibiotic only. At the time of treatment, the phy-
sician may be unaware of the specific bacterial strain that he or she is treating
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and chooses the best possible treatment, knowing that a successful treatment may
cure the patient but may also increase the likelihood of resistance in the future.
The authors find that it makes sense to treat all patients with the antibiotic that
is effective against the more prevalent strain, even if that antibiotic is relatively
more expensive. Although one may not necessarily encounter the problem of two
drugs used to treat two mutually exclusive diseases in a clinical setting, the model
developed here offers a framework and provides a point of departure for more
realistic variations of the problem.

Herrmann & Gaudet (2009) build on the model of renewable effectiveness
by Wilen & Msangi (2003) and compare the optimal use of antibiotics with a
market outcome in which drug producers have open access to a common pool
of antibiotic effectiveness. As in the open-access fishery, economic rents are dis-
sipated such that the price of the resource equals its average production cost and
no producer accounts for the future evolution of the resource. The demand for the
antibiotic plays a crucial role in the model dynamics: Demand shifts downward
(upward) as the level of effectiveness decreases (increases). In equilibrium, this
movement of the demand function makes the fraction of individuals buying the
antibiotic adjust to the current level of antibiotic effectiveness and allows the lat-
ter to reach a sustainable level in the long run. This level may be higher or lower
than the one that would be reached in the social optimum. Notably, when the
average production cost is high, so is the price of the antibiotic, and a relatively
small fraction of individuals buy the antibiotic over time. This comes, however, at
the social cost of relatively high infection levels when out of steady state. To treat
a higher fraction of the infected population, a lower-than-average price, which is
lower than the average cost, may be optimal, implying that the production or the
consumption of the antibiotic should be subsidized to make the market outcome
coincide with the social optimum.

Finally, an important question of optimal use that has been discussed widely
in the medical literature involves cycling. The optimality of treatment heterogene-
ity, discussed above, implies that cycling antibiotics may not be the best strategy,
even though it has received much attention in the medical profession as a way to
address the growing resistance of bacteria to antibiotics in hospitals (McGowan,
1986; Niederman, 1997; Bergstrom et al., 2000; John and Rice, 2000). Cycling
hinges on the notion of the fitness cost of resistance: the evolutionary disadvan-
tage placed on resistant strains in an antibiotics-free environment. If the fitness
cost associated with bacterial resistance to antibiotics is high, the argument goes,
then one can periodically remove an antibiotic from active use until it recovers its
effectiveness. In contrast, if fitness cost is insignificant, then antibiotic effective-
ness always declines, and it makes no sense to cycle antibiotics.

In this case, introducing economics can alter the conclusions reached by
purely epidemiological models, as well as enrich their applicability to the real
world, where economic costs play an important role. Cycling is suboptimal only
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when antibiotic treatment costs are convex>? (Laxminarayan and Brown, 2001).
This may not be the case in a hospital setting, where maintaining a drug on the
hospital formulary entails a fixed cost, for shelf space, plus any cost associated
with returning unused or expired products to the wholesaler. Furthermore, some
drug companies offer volume discounts and even special prices if their products
are put on the formulary and substitutes are excluded.?® Such factors introduce
nonconvexities into the cost function and may make cycling of two antibiotics
economically efficient. Switching from one antibiotic to another also entails its
own costs, such as the administrative effort of taking one drug off the formulary
and adding another one and the cost associated with educating physicians and
nurse practitioners about a new drug. In the absence of these nonconvexities,
there may be no economic rationale to cycle antibiotics.

4. Market Structure and Antibiotic Use

The foregoing market equilibrium of open access represents a benchmark
analysis for a generic industry selling an antibiotic once its patent has expired.
Before that occurs, a single firm sells the antibiotic and thus controls at least
to some extent the evolution of antibiotic effectiveness. More particularly, to
what extent the evolution of antibiotic effectiveness can be controlled depends
on whether the effectiveness of the antibiotic is linked to other antibiotics via a
common resource pool of effectiveness.

Mechoulan (2007) and Herrmann (2009) consider the case in which the
effectiveness of an antibiotic can be managed perfectly by a monopolist and the
costs related to innovation can be considered sunk. Mechoulan (2007) shows that,
although it may be socially optimal to eradicate a disease, a monopolist does not
do so because the disease represents market size to the firm. With nonrenewable
antibiotic effectiveness being added (in an ad hoc manner) into this model, the
author shows that a reactivation of the patent after its initial expiration can be wel-
fare improving. This occurs when the price charged by the monopolist is closer to
the socially optimal price than to the price charged by the generic industry.

Herrmann (2009) characterizes the pricing policy and its impact on renewable
antibiotic effectiveness and infection in a combined epidemiological-economic
framework, as explained above. As the end of the patent approaches, the monopo-
list’s pricing policy bears greater resemblance to the myopic monopolist’s policy,

32 Typically, in economic analysis, marginal costs a