
S TAT E OF THE ART R EV I EW
BACTER IAL PATHOGENES I S
Fresh Approaches to Anti-Infective Therapies
Carl Nathan
If discovery of new antibiotics continues to falter while resistance to drugs in clinical use continues to spread,
society’s medicine chest will soon lack effective treatments for many infections. Heritable antibiotic resistance
emerges in bacteria from nonheritable resistance, also called phenotypic tolerance. This widespread phenom-
enon is closely linked to nonproliferative states in ways that scientists are just beginning to understand. A
deeper understanding of the mechanisms of phenotypic tolerance may reveal new drug targets in the infecting
organisms. At the same time, researchers must investigate ways to target the host in order to influence host-
pathogen relationships. Government must reform the regulatory process for approval of new antibiotics. The
private sector, government, and academia must undertake multiple, organized, multidisciplinary, parallel ef-
forts to improve the ways in which antibiotics are discovered, tested, approved, and conserved, or it will be
difficult to sustain the modern practice of medicine.
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INTRODUCTION

Throughout most of human history, infectious diseases have been a
leading cause of death. However, by the late 20th century, infectious
diseases caused by bacteria fell off the public’s radar in wealthier re-
gions as society and medicine erected an effective four-walled fort:
sanitation, nutrition, immunization, and antibacterial drugs (herein,
“antibiotics” for simplicity). Recent years have brought a concerted ef-
fort to enlarge the protective zone globally, because infectious dis-
eases remain the leading cause of loss of disability-adjusted life years
(1). Tragically, however, the fourth wall of the fort is crumbling as
antibiotic resistance allows microbial pathogens to surge over it. Much
of the pharmaceutical industry has withdrawn from its effort to rebuild
the wall, whereas the food industry is inadvertently helping to tear it
down, using more than half of our antibiotic output to promote growth
in healthy animals and plants, hastening the spread of resistance. This
Review discusses the linked challenges of antibiotic resistance and dis-
covery and recommends new policies and efforts to rebuild and main-
tain a supply of effective treatments for bacterial infection.

Why is the problem urgent? And why has there been so little re-
sponse? Our shrinking ability to cure bacterial infections threatens to
impair much of modern medical practice, undermines global econom-
ic growth, compromises national security, and drives up mortality
rates for individuals in all stages and stations of life. The complacency
with which much of society has met this onrushing calamity may
stem from two factors. First, everyone shares the risk. Second, in con-
trast to people infected by HIV (the cause of AIDS), those who go on
to suffer from untreatable bacterial infections are rarely acquainted
before infection and, once infected, may die quickly. Their families
rarely can identify each other because medical histories are confiden-
tial. Thus, no subgroup of concerned citizens has emerged or is likely
to emerge to organize and advocate as a counterweight to inertia and
to business interests that resist change. Elected leaders will have to
act, not in response to donors or opponents, but out of informed
civic concern.

The goal is not to return to a golden age when antibiotics held
sway over bacterial diseases. After antibiotic use became widespread
in the United States and life expectancy rose, the U.S. Surgeon General
Department of Microbiology and Immunology, Weill Cornell Medical College, New York,
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was said to have testified to Congress in 1969 that the time had come
to “close the books on infectious diseases.” However, the vision that a
handful of broad-spectrum agents would provide a permanently effec-
tive defense against serious infections was a mirage. The control these
agents afforded was a high point in the history of medicine, but the
protection they afforded was brief and incomplete.

To regain, maintain, and extend substantial control over bacterial
infections will require continuous development and application of
fresh approaches based on new knowledge, practices, and policies.
We need to learn more about how antibiotics work, how bacteria re-
sist them, and how to discover, test, approve, and conserve them. We
need to learn how to advantage the host side of the host-pathogen
relationship, both to make better use of host immunity and to deny
bacteria access to dispensable host factors on which pathogenesis de-
pends. Finally, we need to figure out better ways for industry, govern-
ment, and academia to work together to enable these advances.
DEFINING PATHOGENS

To discover antibiotics and use them effectively, we need to under-
stand the traits that define a given bacterial species as the cause of a
disease. However, nearly 130 years after the introduction of Koch’s
postulates provided the definitive guide, we are coming to recognize
their limitations.

Koch maintained that the causative microbe is one that (i) is abun-
dant in all individuals with the disease, but not in healthy individuals;
(ii) can be isolated from diseased individuals and grown in pure cul-
ture; (iii) when taken from the culture can cause the disease in healthy
subjects; and (iv) can be isolated again from the experimentally infected
hosts. However, most bacteria cannot currently be cultured. Indeed, a
number of diseases once considered to be noninfectious in origin, such
as gastric and duodenal ulcers and Whipple’s disease—a disorder of
absorption in the small intestine—were reclassified as infectious only
when it became possible relatively recently to culture causative bacterial
agents. Other diseases such as sarcoidosis and rheumatoid arthritis in-
vite speculation as to possible infectious causes, but none has been es-
tablished. One or more species among the intestinal microbiota in mice
can act as co-causes in diverse diseases that are not considered in-
fectious, such as demyelination (2), arthritis (3), and atherosclerosis (4).
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Another limit to Koch’s postulates is that certain diseases, such as
Crohn’s disease, ulcerative colitis, and environmental enteropathy,
may be triggered in part by bacteria, but not necessarily by one path-
ogen or invasive pathogens so much as by the particular composition
of the polymicrobial microbiota in an individual of a given genetic
background (5).

Moreover, virulence is not an intrinsic property of a microbe but is
context-dependent. A particular microbe may colonize the host harm-
lessly or cause disease, depending on the status of the host’s immune
system and epithelia (the tissues exposed to the external environment,
including the skin and the lining of the airways, gut, bladder, and gen-
ital tract), the other microbes present (6), and whether the microbe is
growing in planktonic form (in suspension) or in a biofilm (embedded
in an extracellular matrix produced by itself or other microbes) (7).
Sometimes, virulence emerges only when antibiotics reduce the
numbers of other bacteria, both because this alters microbe-microbe
interactions and because reduction in bacterial burden can lead to the
waning of innate immune mechanisms (8, 9).

Even when Koch’s postulates have placed a single bacterial species
in the crosshairs as the causative agent in a particular disease, we may
struggle to define the species well enough to know how best to attack
it. Bacteria in a given species can exhibit extensive genomic diversity,
such that a species may resemble a swarm (10). A species can diversify
its genome by mutation and by horizontal gene transfer through trans-
formation, conjugation, and viral transduction. In the middle ear, the
lung, sinuses, teeth, intravenous lines, and urinary catheters, and on
heart valves, artificial joints, and implanted devices, bacteria aggre-
gate in antibiotic-tolerant biofilms that favor horizontal gene transfer
because of their high population density, prolonged cell-cell contact,
and high content of free DNA trapped in the matrix upon release
from cells (7). Antibiotic treatment itself promotes genetic diversity
by stimulating mutagenesis (11).

Even when their set of genes is fixed, bacterial pathogens from a single
species express a changing ensemble of mRNAs—the transcriptome—under
different circumstances. For example, Mycobacterium tuberculosis—
the single leading cause of death from bacterial infection worldwide—
remodels its transcriptome extensively as it moves from growth in
standard broth culture to residence in host macrophages (12). The
genes whose expression is essential for M. tuberculosis to survive in
vitro overlap only partially with those whose expression is required
for the bacterium to survive in the host. Classically, antibiotics are
sought using populations of bacteria that express the genes essential
for growth in vitro. However, only genes essential for bacteria to sur-
vive in and cause disease in the host encode targets for clinically useful
antibiotics.
DEFINING DEATH

Assuming we know which microbe causes a disease and which of its
gene products are required to sicken the host, how can we tell that an
appropriately targeted antibiotic has killed it? Nothing should be less
ambiguous. However, there is no one operational definition of micro-
bial death that applies to all bactericidal antibiotics and scales from
single bacterial cells to bacterial populations in culture to bacteria in
the infected host.

Death of a single bacterium under direct observation can be de-
fined by its lysis, as documented by time-lapse microscopy (13, 14).
www.Sc
However, not all clinically useful antibiotics are bacteriolytic, nor do
bacteriolytic antibiotics kill all members of a genetically homogeneous
bacterial population (13, 14), as will be discussed below.

Death is more commonly assessed at the level of bacterial popula-
tions by numerical reduction in colony-forming units (CFUs) of bacte-
ria growing in or on agar, a method introduced by Koch. However, for
unknown reasons, many antibiotics are markedly less effective when
tested against dense bacterial cultures than against dilute cultures. This
“inoculum effect” can be seen with tiny numbers of bacteria, provided
they are confined in a small enough volume of culture medium, for
example, 150 organisms in 2 pl (15). Such an inoculum effect might
confer resistance on the bacterial clumps that commonly form in in-
fected tissues. Thus, a conventionally performed drug susceptibility test
may yield a single minimum inhibitory concentration (MIC; the con-
centration of the drug required to reduce growth of the overall pop-
ulation in vitro by >99%), but the concentration of the antibiotic that
is effective in vivo may vary from one site to another.

Finally, death of bacterial pathogens can be defined in terms of the
host’s clinical response, as will be discussed later. First, though, it is
necessary to disentangle death of bacteria from their nonreplication.
DISSECTING NONREPLICATION

Making bacterial death particularly hard to define are diverse states in
which bacteria can refrain from replicating for varying periods, yet re-
tain the potential to resume replication and cause disease (Figs. 1 and
2). By the CFU criterion, some such bacteria may be scored as dead.
States of nonreplication are often also states of relative resistance to
antibiotics that were developed on the basis of their ability to kill rep-
licating bacteria (16, 17). Our limited understanding of the mechan-
isms of entry into, maintenance of, and exit from nonreplicating states
and of the relationship between their manifestations in vitro and in vivo
leaves the distinctions among them imprecise, their clinical relevance
speculative, and our ability to control them marginal. The following
discussion compares and contrasts five states of bacterial nonreplica-
tion: stationary phase, viable but nonculturable (VBNC), persistent,
dormant, and latent. Frequent reference is made to M. tuberculosis
in deference to the burden of disease for which it is responsible, but
these states can be manifest by many bacterial pathogens.

Stationary phase
In vitro, bacteria stop replicating—that is, enter stationary phase—
when they exhaust sources of carbon, nitrogen, phosphorus, magne-
sium, iron, or other macro- or micronutrients. Even if nutrients are
not limiting, cultured bacteria stop replicating when exposed to certain
concentrations of acid or reactive oxygen or nitrogen intermediates.
Aerobes stop replicating if deprived of oxygen, and anaerobes if ex-
posed to oxygen. In vivo, the host can restrict particular sources of
carbon, deprive the pathogen of iron or oxygen, acidify the micro-
environment, and impose oxidative and nitrosative stress. Likewise,
residence in biofilms can impose at least some of these conditions,
such as oxygen deprivation. In such situations, nonreplicating bacte-
ria may up-regulate the transcription of stress-response genes, down-
regulate genes that encode enzymes that catalyze central carbon
metabolism, and become relatively resistant to antibiotics that kill
the organism when it is replicating.
ienceTranslationalMedicine.org 27 June 2012 Vol 4 Issue 140 140sr2 2

http://stm.sciencemag.org/


S TAT E OF THE ART R EV I EW

n 
Ju

ly
 2

, 2
01

2

Viable but nonculturable
After bacteria remain in stationary phase for a period that varies great-
ly among species, the number of CFUs measured in vitro falls. Thus,
variable proportions of the bacteria are considered to be dead. How-
ever, some of the bacteria may resume replication in alternative assays.
Bacteria that do not form CFUs and whose replication is only evident
in other kinds of assays are imprecisely termed “viable but noncultur-
able” (VBNC). For example, late stationary-phase bacteria that do not
form CFUs may grow after dilution in liquid medium to the point that
only one bacterium is present in each of several replicate copies of the
culture, a method called “dilution to extinction.” In this case, a statis-
tical approach called “the most probable number method” is used to
back-calculate the number of viable bacteria in the original sample
(18). Why this method of culture is sometimes restorative is not un-
derstood. Other assays that may reveal VBNC bacteria include culture
with “resuscitation-promoting factors” (19), injection into an experi-
mental animal, or immunosuppression of an animal serving as the
host, as is discussed further below.

It was recently reported that the vast majority of M. tuberculosis in
sputum from untreated people with tuberculosis were VBNC (19). If
confirmed, this observation has major implications for the diagnosis
of tuberculosis and the monitoring of clinical trials of drugs for that
disease. Drug trials in tuberculosis currently depend on quantitative
www.Sc
reductions in bacterial numbers in the sputum early in the course
of treatment as a biomarker for efficacy.

Persistence
“Persisters,” first so designated nearly 60 years ago in a study of the
actions of penicillin on staphylococci (20), are the minority of bacteria
in an antibiotic-sensitive population that are not killed by that anti-
biotic but, when allowed to grow in its absence, give rise to popula-
tions that can be killed by the antibiotic in the same proportion as
before. Time-lapse microscopy of Escherichia coli maintained in a mi-
crofluidic device allowed an analysis of antibiotic action at the level of
individually identifiable bacterial cells. This study revealed that the
persisters in a population, most of which succumbed to ampicillin,
were the individual bacilli that had not been dividing before the am-
picillin was applied (13). Such an observation suggested that stationary-
phase bacteria and persisters might both be antibiotic-tolerant for the
same reason and that the reason has something to do with nonrep-
lication (21). In contrast, however, a single-cell analysis revealed that
persisters in a population ofMycobacterium smegmatis challenged with
isoniazid had been replicating at the time of antibiotic exposure (14).

In vivo, antibiotics tend to kill most of a genetically susceptible bac-
terial population quickly but a small proportion of the population
slowly or not at all, giving rise to a biphasic “hockey-stick” kill curve.
ienceTranslationalMedicine.org
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The survivors, when expanded in vitro,
remain as sensitive to the antibiotic as the
starting population and are therefore de-
scribed as “phenotypically tolerant” (22).
They are also called persisters, but it is not
known how persisters in vivo are related
to persisters in vitro. Persisters in vivo are
particularly prominent in biofilms.

To avoid using the same term for dis-
tinct phenomena, researchers may find it
useful to distinguish between two classes
of persisters. Class I persisters correspond
to those originally designated by Bigger
(20): They are a small minority in a given
population before antibiotic exposure.
Most of the population may be replicat-
ing. The mechanisms of class I persist-
ence may differ among species, within a
given species for different antibiotics, and
for the same bacterium-antibiotic combi-
nation when cultured in vitro or as found
in vivo. Class I persistence might arise
when a few members of a bacterial pop-
ulation engage stochastically in any pro-
cess that can impart heritable antibiotic
resistance, but do so through changes in
gene expression or posttranslational mod-
ification in the absence of mutation.

In contrast, class II persisters are the
majority of bacteria in a population, most
of which have become nonreplicating and
antibiotic-tolerant—for example, during
stationary phase. The mechanisms of an-
tibiotic tolerance in class II persistence may
differ from those in class I. Onemechanism
Primary disease

Active infection in ~10%
(higher if host is malnourished

or immune deficient)

Reactivation of disease

Latent infection
in ~90%

Most bacteria nonreplicating,
class 2 persisters; some may

be dormant

Some bacteria are replicating;
some are nonreplicating,

phenotypically tolerant; may
include class 1 persisters; class 2 

persisters; dormant; VBNC

Airborne inoculum: some bacteria
replicating, some nonreplicating;

some may be dormant, VBNC

Fig. 1. Diverse bacterial states. Many infectious diseases are complicated by the ability of bacterial
pathogens to adopt diverse functional states that reduce the organisms’ susceptibility to antibiotics. This

phenomenon is illustrated for tuberculosis, the leading cause of death from a single bacterial infection.
VBNC, viable but nonculturable.
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for class II persistence in E. coli involves some of the bacteria secret-
ing the organic compound indole. Indole acts on most of the bacteria
in the population to induce genes that protect against oxidative and
other stresses and that promote antibiotic tolerance by unknown mech-
anisms (23). Given that the conditions imposing nonreplication can
create metabolic dysfunction in bacteria that leads to excess genera-
tion of oxidants, it is possible that low concentrations of oxidants
serve as a signal to induce class II persistence. In contrast, higher
concentrations of oxidants can kill bacteria or sensitize them to other
agents that do so.

It is commonly held that chronic infections take a long time to
treat because of persisters. Until recently, it has been difficult to dis-
tinguish this premise from circular reasoning. Now, several reports—
such as one with Candida albicans, a fungal pathogen, and another
with Pseudomonas aeruginosa—show that the proportion of antibiotic-
tolerant pathogens in a microbial population recovered from patients
and tested ex vivo rose during long-term antibiotic treatment without
a rise in the MIC (24, 25). That is, the vast majority of the microbes
recovered late in the course of treatment remained as drug-sensitive as
those recovered before treatment or early in treatment, but the small
minority that were resistant increased proportionately. When this
small subpopulation was expanded in vitro, the population to which
it gave rise remained as antibiotic-sensitive as the original population.
These observations lend credence to the close relationship between
class I persistence in vitro and in vivo.

Dozens of genes in E. coli, P. aeruginosa, Streptococcus pneumoniae,
and M. tuberculosis have been implicated in setting the level of class I
persisters in a given population cultured in vitro, without affecting the
MIC of the same antibiotic (26). Some of these genes encode tran-
scriptional regulatory proteins that induce stress responses; some spec-
www.Sc
ify components of toxins or antitoxins. One such toxin is HipA, a
kinase that phosphorylates the bacterial EF-Tu translation factor
(27) and presumably suppresses translation of bacterial proteins. Oth-
er toxins implicated in persistence can degrade bacterial mRNAs (21).
Mechanisms that execute class I persistence—and thereby allow a
small subpopulation of bacteria to resist being killed by a conventional
antibiotic—might be targets for new anti-infectives that on their own
would kill very few bacteria but, in combination with conventional
antibiotics, could shorten treatment times and enhance efficacy.

Recently discovered features of the biology of nonreplicative states
may suggest new antibiotic targets in class II persistence. Stationary-
phase bacteria accumulate irreversibly oxidized proteins (28). Upon
resumption of replication, some bacteria distribute these proteins asym-
metrically, so that one of the progeny is endowed with newly synthe-
sized copies and the other is burdened with the damaged versions.
Only the former progeny can sustain a maximum replicative rate (28).
Some stationary-phase bacteria release D-amino acids and the poly-
amine norspermidine. These metabolites reduce the synthesis of pep-
tidoglycans, alter their composition, and/or promote the disassembly
of biofilms (29–31).

Dormancy
A “dormant” bacterial population is nonreplicating, contains a prepon-
derance of VBNC members, and is presumed to have very low meta-
bolic activity. Dormant bacteria are substantially resistant to most
antibiotics. Persistent bacteria are also sometimes called dormant. How-
ever, both class I and class II persisters in vitro can be detected by
CFU assays and by this convention are called “culturable.” Persisters
in vivo are often culturable as well, as noted above (24, 25). Changes in
antibiotic treatment can dictate whether bacteria exhibit class I persist-
Nonreplicative
states

In vitro or imposed by host

Deprivation of:
C, N, P, Mg, Fe, O

2

Provision of:
H+, ROI, RNI

Types of antibiotic
resistance

VBNC Dormant

Selection

Some

Antibiotic treatment

Class 2 persistence
Class 1 persistence

 Nonheritable

Adaptive
resistance

Phenotypic 
tolerance

High density in vitro

Additional states

Biofilm

Latency

Heritable

Horizontal gene
transfer

Spontaneous 
mutation

Induced
mutation

Fig. 2. Types of antibiotic resistance. Various bacterial states are associated with antibiotic resistance. See text for definitions and discussion.
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ence or become VBNC and, therefore, potentially dormant. For exam-
ple, when mice are treated for tuberculosis, monotherapy often leads
to or selects for persisters, whereas combination chemotherapy can
lead to or select for VBNC organisms (32, 33).

Latency
“Latency” refers to the clinical state of an infection that has not caused
disease but has the potential to do so. For example, an estimated one-
third of the human population is latently infected withM. tuberculosis.
The mycobacterial population in latent tuberculosis exhibits pheno-
typic tolerance to current antibiotics. Presumably as a result, latent
tuberculosis takes many months to cure, as defined by markedly re-
ducing the risk of later emergence of the disease, despite a very small
bacterial burden. M. tuberculosis collected from tissues of people with
latent infection can be difficult or impossible to culture, and there is
little information about its metabolic state.
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INFERRING DEATH

A third operational definition of the death of bacterial pathogens is at
the level, not of the single bacterium or populations of bacteria, but of
the infected host. If treatment with an antibiotic returns the host to a
state of wellness comparable to that which he or she enjoyed before
the infection was perceived, we say the host has been “cured” and the
pathogen has been “eradicated.” However, an agent can cure the host
without having the ability to kill the pathogen in vitro by either of the
other two definitions discussed above, that is, without being able to
lyse individual bacteria or reduce the number of CFUs in the bac-
terial population. The first example of this phenomenon dates back
80 years when Avery and Dubos cured mice infected with S. pneumoniae
by administering an enzyme that degrades the bacterial capsule (34).
The enzyme was neither bacteriostatic nor bactericidal, but it allowed
antibody to opsonize the bacteria so that they could be ingested and
killed by cells of the host’s immune system (34). In a contemporary
example, an antibiotic (aureomycin) inhibited the production of an
antioxidant pigment (staphyloxanthin) by Staphylococcus aureus. In
vitro, the compound had no apparent effect on the bacteria, but in
the infected host, it allowed the immune system to control the infec-
tion (35).

Moreover, antibiotics that do kill the pathogen in vitro can cure a
host without eradicating the bacteria in the host. This clinically impor-
tant phenomenon becomes apparent when the host becomes immuno-
compromised and cure is reversed. That is, the bacteria appear to be
eliminated, but only as long as the host’s immune system continues to
repress them. The key role of the immune system in enabling anti-
biotics to cure an infected host was first demonstrated in the “Cornell
model” of experimental tuberculosis developed by McDermott and col-
leagues about 50 years ago (32, 33). Antibiotics cured mice infected
with M. tuberculosis as demonstrated by (i) the histologic absence of
tuberculosis in about two-thirds of the mice at the end of their natural
life span and (ii) the absence of any M. tuberculosis CFUs when some
of the cohort were euthanized and their lungs, livers, and spleens were
cultured in their entirety. However, about one-third of the mice even-
tually relapsed, and nearly all of them did so if they were treated with
immunosuppressive corticosteroids (32, 33). Chemotherapy that ap-
peared to be sterilizing was not; it only protected the mice from death
if aided by the immune system.
www.Sc
Thus, when we confine the search for antibiotics to screens against
bacterial populations growing in standard culture conditions, we are
trying to kill the bacteria in a state that differs importantly from that
which some of them adopt in the host. We are using a restricted def-
inition of bacterial death as a criterion for success that ignores critical
contributions of the host to effective therapy.
WAYS OF KILLING

Just as there are several ways of defining bacterial death, there is
growing appreciation of the diversity of ways in which antibiotics
kill bacteria.

Abortive synthesis
It has long been thought that antibiotics that kill bacteria in pure
culture do so mostly by interfering with synthesis of macromolecules,
such that an opposing or incomplete process leads to suicide as bacteria
break down their own peptidoglycan, DNA, or protein. Alternatively,
antibiotics corrupt the synthesis of proteins to produce misfolded and,
therefore, toxic translation products (36). For example, b-lactams,
D-cycloserine, and vancomycin promote cell wall breakdown by inter-
fering with peptidoglycan synthesis, whereas remodeling enzymes that
autolyze peptidoglycans continue to function (37). Fluoroquinolones
promote autolysis of DNA by stalling DNA gyrase–topoisomerase in
its progression along the chromosome while leaving its endonuclease
at work. Small molecules called acyl depsipeptides that activate a bacte-
rial protease (Clp) are thought to kill by promoting uncontrolled au-
tolysis of intrabacterial proteins (38).

Redox suicide
A new theory holds that many antibiotics kill chiefly by promoting
bacterial suicide through oxidation (11, 39). Antibiotics trigger a bac-
terial stress response. This leads in an undefined way to a dysregulated
form of metabolic reprogramming in the pathogen that is superficially
similar to the metabolic adaptation in stationary phase. The critical re-
sult is an accumulation of reducing equivalents, such as NADH (re-
duced form of nicotinamide adenine dinucleotide). These electron
donors autoxidize, generating reactive oxygen intermediates (ROIs)
that oxidize diverse targets, among them guanosine, such that life-
sustaining processes are interrupted (11, 39, 40). Lending support to
this view, some bacteria maintain relative resistance to antibiotics by
producing nitric oxide (NO) and H2S, which synergize to induce an-
tioxidant defenses (41).

Either mechanism—abortive synthesis followed by autotoxicity,
or promotion of endogenous stress followed by autoxidation—might
account for the action of antibiotics that sensitize the pathogen to ex-
ogenous stresses imposed by the host. As mentioned, S. aureus is sen-
sitized to host-imposed oxidative stress by an antibiotic that inhibits
the synthesis of an endogenous antioxidant, staphyloxanthin (35). In-
hibition of the proteasome inM. tuberculosis is hypothesized to lead to
death of the bacterium from the accumulation of proteins that under-
go misfolding in response to stresses imposed by the host, including
oxidation, nitrosation (42), and starvation (43). It is not clear whether
corrupted synthesis or stress-induced autoxidation accounts for bacte-
rial death caused by antibiotics that disrupt the cell membrane, such as
daptomycin (44), or block adenosine triphosphate synthase, such as
TMC207 (45). In any event, the notion that there may be one or more
ienceTranslationalMedicine.org 27 June 2012 Vol 4 Issue 140 140sr2 5
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final common pathways of antibiotic action does not diminish, but
may add to, an enlarged view of potential antibiotic targets (46).
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SURVIVAL MECHANISMS

The foregoing discussion of the diverse genomic contents, transcrip-
tional profiles, replicative states, and ways of killing bacterial patho-
gens sets the stage for taking stock of what we know about how
bacteria evade being killed by antibiotics (Fig. 2).

Heritable resistance
Until recently, research has focused mostly on mechanisms of herita-
ble antibiotic resistance, a phenomenon that is preexistent in nature,
even against synthetic antibiotics that have never been clinically de-
ployed (47). For clinically deployed antibiotics, resistance has been
identified in organisms that could never have encountered them (48).

“Baseline creep” is an important and widespread form of heritable
antibiotic resistance in which average MIC values of clinical isolates
rise over time on the order of years (49). Sensitive competition ex-
periments demonstrate that exposure to minute concentrations of
antibiotics, orders of magnitude below the MIC, can select for resistant
mutants (50). Thus, it should not be surprising that resistance has
been detected in clinical isolates soon after the introduction of each
antibiotic into clinical practice (51).

Mechanisms of heritable resistance include the acquisition or mu-
tation of genes that lead to (i) the ability to keep out or pump out the
antibiotic, (ii) the inability to activate it, (iii) the ability to inactivate it,
(iv) an alteration in the structure of the antibiotic’s target so as to re-
duce inhibition by the drug, (v) increased expression of the drug tar-
get, or (vi) expression of pathways that compensate for inhibition of
the target.

Mutations that lead to heritable antibiotic resistance can be ac-
quired by lateral gene transfer or can arise de novo. De novo muta-
tions can accrue at random at a low frequency related to the rates and
fidelities of DNA replication and repair. However, in a process called
“induction,” the frequency of de novo mutations that confer antibiotic
resistance can be increased under many of the conditions that are as-
sociated with interruption of replication and expression of non-
heritable antibiotic resistance (52). Interruption of replication can
leave some DNA single-stranded and more vulnerable to mutation,
and the repair process itself can introduce mutations (52). Some of
these mutations may confer resistance to a given antibiotic. Exposure
of the bacterial population to that antibiotic will select for outgrowth
of the resistant mutants.

For example, emergence of rifampin resistance during treatment
of experimental tuberculosis was shown to depend strongly on ex-
pression of the DNA repair enzyme DnaE2 (53), suggesting that the
DNA repair process introduced most of resistance-conferring mu-
tations. Alternatively, a partial deficiency in DNA repair can foster
a hypermutator phenotype, because DNA damage itself, if not re-
paired, constitutes mutation. Of course, if DNA damage is exten-
sive and repair is lacking, a bacterium will die without help from
antibiotics. Earlier, it was noted that lethal antibiotic treatment
leads to and depends in part on oxidative stress (39). Sublethal an-
tibiotic treatment can lead to lower levels of oxidative stress that,
although not sufficient to kill, are nonetheless mutagenic. Some of
the resulting mutations can confer resistance to the same and other
www.Sc
antibiotics (11). Biofilms appear to harbor hypermutator bacteria
and antibiotics select more frequently for resistant organisms in
biofilms than in other settings (52).

Nonheritable resistance
In recent years, researchers have begun to recognize that heritable
resistance is the tip of an iceberg, the base of which is nonheritable
antibiotic resistance, or phenotypic tolerance (22). Phenotypic toler-
ance is a property of a bacterial population that is susceptible to a giv-
en antibiotic under some conditions (typically, conditions supporting
exponential replication of planktonic forms) but has become relatively
and reversibly resistant to the antibiotic under other conditions, with-
out mutation of its genes or acquisition of new ones from resistant
strains. Conditions associated with phenotypic tolerance include
residence in biofilms plus all of the nonreplicative or slowly replicating
states discussed above, including those that promote “induced muta-
tion” (52). Such states include nutritional deprivation, oxygen depri-
vation, Mg deprivation, Fe deprivation, acidification, oxidative or
nitrosative stress, viability without culturability, persistence, dormancy,
latency, and culture at high density, as seen in the inoculum effect.

The association of phenotypic tolerance with nonreplicative states
is sometimes attributed to the fact that most antibiotics interfere with
biosynthetic processes needed to build biomass, whereas nonreplicat-
ing organisms have less need to build biomass than replicating orga-
nisms. However, recent evidence supports an alternative view, that
antibiotic tolerance is achieved through active responses to growth-
limiting conditions. Such adaptations include the starvation-signaling
stringent response in P. aeruginosa (54) or the ability of growth-
limiting conditions of hypoxia, iron limitation, or acidification to re-
direct central carbon metabolism away from the tricarboxylic acid
cycle toward triglyceride synthesis inM. tuberculosis (16). The stringent
response enhances antioxidant defense (54), consistent with the theory
that antibiotics kill by eliciting oxidative injury (39). Similarly, diversion
of carbon metabolism away from substrate oxidation toward storage
(16) might be linked to antibiotic tolerance by diminishing the produc-
tion of reactive oxygen species. In contrast, the ability of sub-inhibitory
concentrations of diverse antibiotics to induce cross-tolerance to other
antibiotics inM. tuberculosis appeared to depend on an increase in the
reductive state in the bacterial cytosol, which in turn led to induction of
the whiB7 transcriptional regulator (55). WhiB7 induces genes whose
products pump out some antibiotics or modify the ribosome to reduce
binding of others (56).

“Adaptive resistance” is a term introduced to describe phenotypic
tolerance with an emphasis on three features: (i) resistance is inducible
in response to specific signals that may or may not affect replication;
(ii) an important additional class of signals is sublethal exposure to
antibiotics; and (iii) upon removal of such signals, antibiotic suscepti-
bility may not be fully restored (49). Speculative mechanisms for
adaptive resistance are epigenetic modifications or transcriptional re-
sponses that bring about any of the same effects responsible for her-
itable resistance, except mutation of the target (49). However, without
genome resequencing, it is difficult to know if adaptive resistance that
does not fully revert on removal of the stimulus is different from the
induced mutation response that has been documented in response to
many of the same stimuli. Moreover, it is striking that most of the
signals that can trigger adaptive resistance and induced mutation
can also impose a nonreplicative state on the bacteria. The chief ex-
ception is sublethal levels of antibiotics that induce adaptive resistance
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without inducing nonreplication. Given the heterogeneity in responses
to antibiotics by individual bacteria, it may be misleading to evaluate
the issue at the population level. Researchers should consider whether
the individual cells in which sublethal antibiotic treatment promotes
nonreverting adaptive resistance with or without mutation are those
whose replication is impaired by the antibiotic at that concentration.
Without such studies, the relationship will likely remain obscure be-
tween nonreplication, induced mutation, and adaptive resistance.

Many of the conditions that trigger adaptive resistance to antibiotics,
such as nutritional deprivation, are likely to exist in niches occupied by
microbial pathogens in nature when they are not infecting a host. Is
there an evolutionary advantage to a bacterium that becomes antibiotic-
tolerant in response to conditions such as starvation, acid, hypoxia, or
oxidative stress? In considering this question, it may be helpful to reflect
that it is common in biology for one organism to compete with another
by imposing maladaptive signaling—such as forcing a signal to come at
the wrong time, at too high a level, or for too long a time (57).

For example, two of the major sets of antimicrobial molecules used
by the host—ROIs and reactive nitrogen intermediates (RNIs)—are
physiologic mediators of intra- and intercellular signaling, particularly
when produced for short periods at low concentrations. Most antibiotics
in use today are based on microbial products or act on the same targets
as microbial products. Natural product antibiotics can be seen as that
subset of intra- or intermicrobial signaling molecules that we have
learned to apply at such high and sustained concentrations that they
become inhibitory or lethal to bacteria (58). Presumably, when intermi-
crobial signaling molecules in the wild reach concentrations that inhibit
bacterial replication, this serves as a signal to display adaptive resistance.
Likewise, conditions such as carbon starvation, acid, and hypoxia may
serve as advance, if imprecise, warnings that competitors in the micro-
environment are numerous and may soon release antibiotics at concen-
trations that need to be resisted. If so, bacteria may have evolved ways to
use nonreplication to trigger adaptive resistance.

It is striking that many of the states that lead to phenotypic toler-
ance on the part of the pathogen can be imposed by the host. Thus,
the host immune system can provide an indispensable assist to anti-
biotics in achieving cure and can also render the same antibiotics un-
able to cure on their own.
D
ow
TARGETING RESISTANCE

How fast and well we improve our understanding of antibiotic re-
sistance and organize to restrict its spread will play a major role in
shaping the course of medicine in the years ahead. Important fronts
in the campaign include much-improved husbandry of the antibiotics
we have and a much wider list of targets for antibiotics we seek (Fig. 3).
This section focuses on one set of new targets: those involving re-
sistance itself.

Resistance mechanisms
To reduce heritable antibiotic resistance, we must develop effective
blockers of bacterial drug efflux pumps and learn more about me-
chanisms of induced resistance. To cope with nonheritable resistance,
we need to learn how antibiotic tolerance arises in antibiotic persist-
ence, phenotypic tolerance, and adaptive resistance. Some promising
targets are emerging, such as the transcriptional regulator PhoU; this
protein mediates a downshift in E. coli’s metabolism under conditions
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that slow replication, which is accompanied by an increase in non-
heritable antibiotic resistance (59). We need to learn more about
how induced resistance and phenotypic tolerance are related to DNA
damage, stress responses, and nonreplicative or slowly replicative
states. Metabolomics will likely be an invaluable complement to genet-
ics and transcriptomics in identifying critical features that are shared
by these states (60). However, harnessing the power of metabolomics
to study bacterial pathogens as they exist in the host may require in-
novations in sampling and advances in sensitivity.

Researchers should initiate screens for antibiotics that block in-
duced resistance and phenotypic tolerance, not only in planktonic, re-
plicating bacteria, but also under the very conditions that make
pathogens tolerant to conventional antibiotics or induce resistance
to them (46)—such as residence in biofilms, high inoculum density,
nutrient limitation, oxygen deprivation, metal insufficiency, acidifica-
tion, oxidative or nitrosative stress (61, 62), and sublethal exposure to
other antibiotics (63). Scientists need to characterize and target mech-
anisms of bacterial entry into, maintenance of, and exit from non-
replicative states.

Biofilms
Given that biofilm infections are a major contributor to antibiotic tol-
erance and resistance, we need to explore ways to (i) discourage bio-
film formation in tissues (64) or on implanted devices (65), (ii)
incorporate into implanted foreign surfaces the catalytic means to gen-
erate anti-infective activity from endogenous host precursors (66), (iii)
block bacterial synthesis of extracellular components that make bio-
films resistant to penetration by liquids (such as body fluids con-
taining antibiotics) and gases (such as oxygen) (67), and (iv) dispel
biofilms (29, 30). Possible ways to achieve these goals include the in-
terruption of bacterial signaling pathways involved in forming and
maintaining biofilms (68, 69); the activation of processes that promote
dispersal of biofilms into planktonic cells that reacquire antibiotic sen-
sitivity, such as an NO-triggered decrease in intrabacterial cyclic di-
guanosine monophosphate (70); or the supply of specific cations,
such as norspermidine, that destabilize the biofilm matrix at the site
of infection (30).

Virulence mechanisms, multitargeting, and
other approaches
An indirect way to avoid antibiotic resistance is to target virulence
mechanisms without trying to kill the pathogen (71). Another way
to minimize antibiotic resistance is to focus on, rather than shy away
from, agents that can target the bacterial membrane (44), and to seek,
rather than shun, antibiotics with multiple targets (72). Lewis has pro-
posed the development of a prodrug that a bacteria-restricted enzyme
would activate to a form that is reactive enough to inactivate diverse
intrabacterial targets (21). Evolution has already devised two classes of
anti-infectives that have multiple targets: ROIs and RNIs (73). The
nitroimidazole PA824 is a drug in clinical trials for tuberculosis that
fits Lewis’ description: A mycobacterial nitroreductase uses a myco-
bacterial flavin as a cofactor to metabolize the drug to generate RNI
(74, 75). Unfortunately, resistance arises in strains that are unable to
generate the cofactor. Still, the substantial success of this intrabacterial
RNI generator reminds us that another way to control infection is to
interfere with the ability of pathogens to catabolize host-derived ROI
and RNI or repair their damage (76), particularly if key enzymes in-
volved have essential additional roles (77).
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Enzymes as drugs
Researchers should further explore bacteriolytic therapies. Bacterio-
phage-derived lysins are enzymes that can degrade peptidoglycans
in the bacterial cell wall in a species-selective manner (78, 79). They
may be effective in cases where the lysin can reach a sufficient propor-
tion of the pathogenic species in the host (for example, in extracellular
infections that do not involve biofilms) and cure the infection before
the host immune response inactivates the lysin.
TARGETING THE HOST

Treatment of infection has two goals: to prevent morbidity and mor-
tality and, in the case of infectious diseases that are contagious, to pre-
vent transmission. Morbidity, mortality, and transmission are all
manifestations of the host-pathogen relationship. Given the difficulty
of finding new antibiotic targets in bacterial pathogens, scientists
www.Sc
should devote attention to the host side of the host-pathogen relation-
ship in designing treatments. Intervention at the level of the host could
take two forms: boosting host immunity or blocking something in the
host that the pathogen must exploit to cause disease (Fig. 3).

Boosting host immunity
In theory, active immunization is the ideal way to control infectious
disease through medical intervention. Immunization should be
extended to more bacterial diseases. However, the public is unlikely
to accept numerous universal immunizations of healthy people with
a finite risk of adverse effects in an effort to prevent specific infections,
any one of which only a minority of the population is otherwise likely
to experience.

Passive immunization by administration of monoclonal antibodies
to bacterial proteins, lipopeptides, glycolipids, or carbohydrates holds
promise for prophylaxis in settings where there is sufficient epidemi-
ologic intelligence to specify which group to protect against which
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Inhibit synthesis of
DNA, RNA, proteins, cell wall
integrity/biosynthesis, or folate

Vaccines (active immunization)

Standard approaches:
Most are pathogen focused

Biofilm

Bacteria mAb
injection

New opportunities:
Host and pathogen focused

Pathogen:

Host: Pathogen: 

Block virulence factor
induction, synthesis, or release 

Block biofilm induction,
synthesis, or maintenance 

Block energy generation

Block ion gradients 

Block intrabacterial pH
homeostasis 

Block transport 

Block signaling  

Block macromolecular repair,
degradation, and sequestration

Immunize passively 
(administer preformed
mAb)

Boost innate immunity

Inhibit pathological
host response, such as
excessive inflammation

Block host factor(s)
required for bacteria
to replicate

Host: 

Vaccine

H+

H
2
O

1/2O
2

Ions

DNA

Fig. 3. Intervening in infection. Standard approaches to the preven-
tion or treatment of bacterial infection are pathogen-focused; either

nucleic acids, proteins, cell walls, or folate. Researchers are beginning
to explore new opportunities for the treatment of bacterial infections
the host is immunized with an attenuated or killed pathogen or some
of its components, to which the host’s adaptive immune system re-
sponds, or the host is given drugs that inhibit bacterial synthesis of
by targeting a wider range of pathways in the pathogen, as well as
processes in the host that the pathogen relies on to cause disease.
mAb, monoclonal antibody.
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infection at which time. Post-infection treatment of bacterial infections
with monoclonal antibodies may be effective if they are administered
early in the course of the disease (80). Despite their cost to produce
and stockpile, monoclonal antibodies may be an attractive adjunct or
alternative to small chemical compounds in treating infections by the
pathogens for which other options are running out, such as the
“ESKAPE” pathogens, Enterococcus faecium, S. aureus, Klebsiella spe-
cies, Acinetobacter baumannii, P. aeruginosa, and Enterobacter species
(81), and drug-resistant Neisseria gonorrhoeae (82).

Aside from boosting or borrowing an adaptive immune response,
there is promise in boosting innate immunity (83). An advantage could
be protection against diverse infections. An inherent risk is exacer-
bation of immunopathology. For example, in systemic inflammatory
response syndrome and septic shock, the innate immune response ap-
pears to contribute more to multiple organ damage than an antibiotic-
susceptible pathogen in patients who receive appropriate antibiotic
treatment. It is a challenge to predict whether an individual patient
would benefit from more or less of an innate immune response at
any particular point in the course of the disease (84). A systems biol-
ogy analysis of host responses during specific infections, interpreted in
the context of coincident medical conditions, treatments, and out-
comes, may help address this challenge.

Denying the pathogen a required host pathway
Pathogens often require host factors for their propagation, persistence,
or pathogenicity. If such a host factor were temporarily dispensable for
the host, then a drug that inhibited its expression or action might con-
stitute an adjunctive anti-infective therapy. This approach is well ad-
vanced in the treatment of viral infections, but its application is only
beginning to be explored in bacterial infections. A virtue of such an
approach would be that a pathogen could not become resistant on the
basis of such bacterially encoded mechanisms as impaired drug uptake
or retention, reduced drug activation, increased drug inactivation, or
the mutation, overexpression, or bypass of the drug target.

Numerous candidate host targets, including kinases and phos-
phatases, have been identified for at least one bacterial pathogen,
M. tuberculosis (85–87). Deficiency of one host kinase, protein kinase
R (PKR), causes little phenotype in mice on its own, yet led to sustained
reductions in bacterial burden and lung pathology during tuberculosis
(88). Two mechanisms appear to be at work. PKR deficiency enhanced
host-protective macrophage apoptosis upon M. tuberculosis infec-
tion. Moreover, PKR played a key role in inducing the expression
of interleukin-10, a macrophage-deactivating cytokine. As a result, PKR
deficiency enhanced macrophage activation in response to interferon-g,
leading to higher amounts of protective RNI than those observed in
wild-type mice (88). Given to mice before and after infection, the
tyrosine kinase inhibitor imatinib (Gleevec) reduced the growth of
M. tuberculosis over at least a month; the target or targets are un-
known (89).

Intercellular signaling molecules derived from host fatty acids can
also be manipulated to the benefit of the infected host. Loss of
function of leukotriene A4 hydrolase increased susceptibility of zebra-
fish to Mycobacterium marinum. Heterozygosity for certain poly-
morphisms at the corresponding human locus may protect from
tuberculosis and lepromatous leprosy (90). Given that the mechanism
may involve the balance between pro- and anti-inflammatory eicosa-
noids, it may be possible to translate this discovery into an adjunctive
therapy for mycobacterial diseases. Similarly, mice were shown to sur-
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vive E. coli infection in higher proportions and to lower the numbers
of viable E. coli and S. aureus further when antibiotic treatment was
supplemented with resolvins and protectins, anti-inflammatory meta-
bolites of w-3-eicosapentaenoic or docosahexaenoic acids (91).
STEPPING UP

The Institute of Medicine [IOM, a branch of the U.S. National Academies
(92, 93)], the Infectious Diseases Society of America (IDSA) (94), and
ReAct—Action on Antibiotic Resistance (95) have published compre-
hensive recommendations for responding to the antibiotic crisis. Sev-
eral particularly important steps are emphasized below. Some of these
ideas are included in the published reports; others are new.

Private-public cooperation
Drug companies face economic, regulatory, and scientific obstacles to
antibiotic development (96). Legislation that was rejected in 2010 by
the U.S. Congress but is presently being reconsidered, the Generating
Antibiotic Incentives Now Act, would add 5 years to market exclusiv-
ity for certain new antibiotics, but this is unlikely to alter the decisions
of pharmaceutical firms to close down most of their antibiotic research
and development (97). More fundamental solutions to the problem of
inadequate financial incentives have been proposed and compared
(98–100). In brief, as summarized by ReAct, it will be necessary to
develop a business model for antibiotics that “delinks revenues from
sales” (95). For example, governments could establish a fund from which
developers of new medicines could be rewarded in proportion to their
product’s medical benefit, rather than through sales at monopoly-
protected prices, if the developer so chose (98).

However, even if financial incentives were in place both to develop
new antibiotics and to conserve them—a contradiction in terms under
the current system of reward—the problem remains that new anti-
biotics have become very difficult to discover using the approaches
on which the pharmaceutical industry has converged in the last
few decades (101). How can the industry experiment with innovative
approaches?

In 2004, “open access drug companies” were proposed to foster
antibiotic discovery (96). These entities were visualized as sectors with-
in one or more campuses of major drug companies where academic,
government, and biotechnology scientists could match innovative
approaches to pharmaceutical expertise, sharing rights in resulting in-
tellectual property as appropriate. This vision has been realized
both in its original form and in a geographically distributed ver-
sion. GlaxoSmithKline has opened its Diseases of the Developing
World campus at Tres Cantos, Spain, to academic, government, and
biotech scientists for collaborative discovery of antibiotics for ne-
glected infectious diseases. The independent Tres Cantos Open Lab
Foundation selects projects and helps cover visitors’ expenses (http://
www.openlabfoundation.org). Another version of the “Open Lab” is
the Lilly TB Drug Discovery Initiative, a consortium of Eli Lilly and
Company, the U.S. National Institute of Allergy and Infectious Dis-
eases (NIAID), the not-for-profit Infectious Disease Research Institute,
and Academia Sinica of Taiwan (http://www.tbdrugdiscovery.org).
These groups contribute resources to TB drug development projects
selected from submissions from any source, public or private. In
another manifestation of the concept, Pfizer has rented space for
“Centers of Therapeutic Innovation” near high concentrations of
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academic laboratories in San Francisco, Boston, and New York
City, where company and academic scientists work together to de-
velop peptide and protein therapeutics. As industrial drug discovery
shifts to a more distributed model, numerous partnerships are being
forged between pharmaceutical companies and academic institutions
or individual academic laboratories.

It is time to take this movement to the next level: intercompany
open labs. In this model, laboratories at one or more sites, including
virtual sites, would house cooperative efforts by academic, government,
and industrial scientists—the last from more than one company—to
share knowledge, risk, and reward in anti-infective development. The
collaborators would jointly plan to test diverse approaches while avoid-
ing redundant efforts. An experiment in pulling together multiple aca-
demic and industrial groups in a cooperative effort is already under way
in the TB Drug Accelerator program led by the Bill & Melinda Gates
Foundation. Participants include Abbott Laboratories, AstraZeneca,
Bayer, Weill Cornell Medical College, Eli Lilly, GlaxoSmithKline,
Infectious Disease Research Institute, Merck, NIAID, Sanofi, and Texas
A&M University.

One off-the-shelf way to extend the intercompany open lab con-
cept to other neglected infectious diseases is for pharmaceutical
companies to contribute to the Tres Cantos Open Lab Foundation
and post some of their personnel to the Tres Cantos campus or open
one of their own campuses in a similar way. However, intercompany
open labs could tackle a wider range of infectious diseases. One fitting
project for an intercompany open lab would be to fulfill Richard
Baltz’s vision for a cooperative approach to reinvigorate natural product
isolation from actinomycetes (102), a group of Gram-positive bacteria
that have furnished or inspired many antibiotics. Moreover, pharma-
ceutical firms could lend their now rarely used collections of defined
natural products to an intercompany open lab, rather than shelving
them, discarding them, or spinning them off to small firms or not-
for-profit organizations that have little chance of exploiting them fully
and effectively. A public-private consortium could mine the collective
natural product resource for antibiotic discovery, with appropriate
reach-through rights for the donors of the compounds in the event
of product development. An important additional benefit of open labs
would be to share, and thus preserve, the knowledge base about mi-
crobial physiology and antibiotic action that has been built up in in-
dustry and is now endangered by industry’s extensive withdrawal
from the field (96).

National policy
The U.S. federal government should create a national interagency In-
fectious Disease Policy Board that reports to the president. Members
should be appointed from the IOM, IDSA, NIAID, Centers for Disease
Control and Prevention (CDC), U.S. Food and Drug Administration
(FDA), National Security Council, President’s Council of Advisors on
Science and Technology, and the Departments of Health and Human
Services, Defense, State, and Agriculture. The board should be tasked
as follows:

• To draw guidelines for executive branch action and recommend
legislation to combine regulation and tax policy to drastically curtail
the use of antibiotics in healthy food animals and plants. A recent FDA
guideline falls short in merely recommending that manufacturers vol-
untarily label antibiotics to eliminate animal growth promotion as an
approved use. To counter the expected push-back from the food indus-
try, evidence should be marshaled and publicized, for example, that
www.Sci
(i) an estimated 99,000 people die each year in the United States from
hospital-acquired infections (94); (ii) antibiotic-resistant infections in
the United States are estimated to cost $21 billion to $34 billion per
year; (iii) using antibiotics in healthy food animals disseminates re-
sistance; and (iv) the recommended curtailment has been instituted
stepwise in Europe beginning with Sweden’s ban on antibiotic growth
promoters in food animal production in 1986 and was extended to the
entire European Union in 2006. There has been a predominantly fa-
vorable impact on antibiotic resistance without major adverse effects
on food production. For example, Danish swine production increased
47% as antibiotic use in swine fell by 51% (103).

• To develop guidelines for legislation that provides patent ex-
tensions for new antibiotics that are distributed at cost or at affordable
prices in least-developed and low-income countries and manufactured
or packaged in such a way as to prevent counterfeiting and deter smug-
gling into profit-generating markets.

• To require FDA to modify clinical trial requirements for new
antibiotics, such that approval may be based on in vitro evidence of
activity against drug-resistant strains plus clinical safety and adequacy,
without requiring “superiority”—that the new drugs must be more ef-
ficacious than current gold standards—and dropping the requirement
that patients enrolled in such trials be shown to be infected with drug-
resistant strains, yet not have received previous antibiotic therapy.

• To work with U.S. National Institutes of Health (NIH) and the
U.S. Department of Defense to rationalize the distribution of their in-
vestments between counter-bioterrorism research and other infectious
disease research, recognizing the significant impact of prevalent, poor-
ly treatable or untreatable, nonweaponized infections on the military
and on national security. These agencies should ensure that these pre-
cious research dollars support high-quality anti-infectives discovery
and development in a way that combines the best elements of the
Defense Threat Reduction Agency’s emphasis on innovation with
NIH’s use of expert peer review.

• To redirect government-funded antibiotic discovery efforts away
from the search for ultrabroad-spectrum agents, and to encourage, in-
stead, the development of more focused agents active against pathogens
for which the need is greatest (81).

• To couple patent life extension and the foregoing emphasis on
non–ultrabroad-spectrum agents with the development of affordable,
fast, point-of-care, pre-prescription diagnostic technologies, includ-
ing for the detection of viral infections, so that antibiotics can be pre-
scribed appropriately.

• To review and update guidelines, incentives, and penalties to en-
sure that health care providers and facilities practice appropriate
methods of infection control.

• To educate doctors and the public on proper antibiotic use.
• To educate the public, particularly the elderly and parents of

young children, on the value of vaccines.
• To work with CDC to implement better national and interna-

tional systems of monitoring baseline creep and full-blown antibiotic
resistance as well as outbreaks of infectious disease.
SUMMING UP

Except for self-limited disorders, surgical interventions, and replace-
ment of missing nutrients, vitamins, metals, or hormones, almost the
only diseases we can cure with drugs are bacterial and fungal infections
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and several malignancies. Most drugs palliate or mitigate. When their
administration stops, disease remains. Thus, it would set medicine
back immeasurably if society forfeits the ability to cure infectious dis-
eases. Moreover, the impact of infectious disease on national secu-
rity is not limited to bioterrorism but hovers over every case of trauma,
surgery, pneumonia, or meningitis in the military and its civilian sup-
port infrastructure.

Challenges in the control of infectious disease have become so
great that no single group or approach can meet them. We need ef-
forts that are organized, multidisciplinary, multiple, and parallel and
that bring the private and public sectors together in precompetitive
space to address them in accord with a new set of national policies.
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