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The utility of conventional antibiotics for the treatment of bacterial infections has become increasingly strained due to increased rates
of resistance coupled with reduced rates of development of new agents. As a result, multidrug-resistant, extensively drug-resistant,
and pandrug-resistant bacterial strains are now frequently encountered. This has led to fears of a “postantibiotic era” in which many
bacterial infections will be untreatable. Alternative nonantibiotic treatment strategies need to be explored to ensure that a robust
pipeline of effective therapies is available to clinicians. In this review, we highlight some of the recent developments in this area,
such as the targeting of bacterial virulence factors, utilization of bacteriophages to kill bacteria, and manipulation of the microbiome
to combat infections.
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The problem of antibiotic resistance in bacteria has reached the
crisis stage. Coincident with ever-increasing rates of resistance
to conventional antibiotics is the slowing in development of
novel-acting antibiotics by the pharmaceutical industry. The
convergence of these trends has led to the relatively common
occurrence of multidrug- and extensively drug-resistant bacte-
ria. The World Health Organization recently reported that “a
postantibiotic era—in which common infections and minor in-
juries can kill—far from being an apocalyptic fantasy, is instead
a very real possibility for the 21st century” [1]. To fathom such a
future, one need only ponder the past. At the beginning of the
20th century, mortality rates were 100% for endocarditis [2],
>95% for meningitis [3], 30% for pneumonia [4], and 10% for
serious skin infections [5]. Indeed, the past success of antibiotics
may be judged by the degree to which we have taken them for
granted. As conventional antibiotics become less reliable, alternate
strategies are receiving more attention. Here, we provide an over-
view of several “nonantibiotic” approaches that are being investi-
gated for the treatment and prevention of bacterial infections.
Vaccine development and modulation of host immunity have
been covered in a recent review [6] and will not be discussed here.

ANTIVIRULENCE STRATEGIES

Successful bacterial pathogens produce virulence factors, mole-
cules that allow them to resist clearance by the host, to invade

and gain access to deeper tissues, and to damage host cells. A
substantial amount of effort has been devoted to developing
agents that block the activities of virulence factors and hence
halt pathogenesis until the host immune response or adjunctive
antibiotics kill the bacteria. Such an approach is not new—
serum containing antibodies that bound and inactivated diph-
theria toxin were used to treat individuals with diphtheria in the
1800s. A frequently touted rationale for antivirulence strategies
is that resistance to such agents will be less likely because they
do not directly kill or inhibit the growth of bacterial pathogens
and therefore avoid the selective pressure that would allow re-
sistant mutants to quickly overgrow the population. However, as
recently discussed by Allen and colleagues [7], the situation is
actually more complex. For example, an inhibitor that blocks
an antiphagocytic virulence factor will result in killing of the
bacterium by neutrophils and macrophages, which in turn
will supply the selective pressure for emergence of resistance
to the inhibitor. Nonetheless, some antivirulence strategies
may indeed invoke a milder evolutionary pressure for the devel-
opment of resistance than conventional antibiotics [7].

Targeting Toxins and Secretion Systems
Secreted toxins play a major role in the pathogenesis of many
medically important bacteria, and several of these have been
targeted with the aim of blocking infection (Table 1). (Here,
we will use the term “toxin” to refer to factors secreted by bac-
teria that promote infection, including both traditional toxins
and effector proteins directly injected into host cells by special-
ized secretion systems.) Agents developed to inhibit toxins pre-
dominantly fall into 1 of 2 categories: chemical inhibitors and
antibodies.

Work done on anthrax toxin, a major virulence determinant
of Bacillus anthracis, illustrates the many vulnerabilities that
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have been exploited by toxin-directed therapeutics (Figure 1).
The most clinically advanced of these agents is raxibacumab
(GlaxoSmithKline), a fully humanized immunoglobulin G1
(IgG1) monoclonal antibody that prevents anthrax toxin bind-
ing to its host cell receptor. Raxibacumab was approved by the

US Food and Drug Administration (FDA) in 2012 for prophy-
laxis and treatment of inhalational anthrax and is now recom-
mended for the adjunctive (ie, along with conventional
antibiotics) treatment of inhalational anthrax [16]. However,
raxibacumab was approved on the basis of efficacy in animals,

Table 1. Examples of Agents That Inhibit Toxins and Secretion Systems

Name Type Target Bacterium Development Phase Reference(s)

Shigamab Monoclonal antibodies Stx-1, Stx-2 Escherichia coli Phase 2 clinical trial [8]

Bezlotoxumab Monoclonal antibody Toxin B Clostridium difficile Completed phase 3 clinical trial [9, 10]

MEDI4893 Monoclonal antibody α-hemolysin Staphylococcus aureus Phase 2 clinical trial [11]

Compounds 1–9 Small molecule Type 2 secretion Pseudomonas aeruginosa,
Burkholderia pseudomallei

Preclinical (inhibition of bacterial
secretion

[12]

Compounds 7086,
7832, 7812

Small molecules Type 3 secretion Yersinia pestis Preclinical (efficacy in cell culture) [13]

Salicylidene
acylhydrazides

Small molecules Type 3 secretion Salmonella, Shigella, Chlamydia,
Yersinia, Pseudomonas spp

Preclinical (efficacy in mice) [14]

CHIR-1 Small molecule Type 4 secretion Helicobacter pylori Preclinical (efficacy in mice) [15]

Figure 1. Strategies to block the cellular effects of anthrax toxin. Red arrows indicate critical steps in the intoxication process blocked by inhibitory compounds. Anthrax toxin
is comprised of 3 proteins: protective antigen (PA), lethal factor (LF), and edema factor (EF). In the first step of the cell entry process, PA binds to receptors such as CMG2 on the
surface of host cells. This interaction may be prevented by CMG2-Fc, a fusion protein consisting of the extracellular domain of CMG2 and human IgG Fc. Exogenously ad-
ministered CMG2-Fc acts as a decoy receptor that sequesters PA before it binds to host cells (A). The interaction of PA with host cells can also be prevented by antibodies such
as raxibacumab (GlaxoSmithKline) and obiltoxaximab (Elusys Therapeutics) that recognize and block host cell receptors (B). After binding its receptor, PA is cleaved by the host
cell protease furin, a process that is blocked by the protease inhibitor IαIp (C). This cleavage event allows PA to oligomerize and form a prepore complex capable of binding the
other 2 components of anthrax toxin, LF and EF. The monoclonal antibodies AVP-21D9 (Avanir Pharmaceuticals) and MDX1303 (PharmAthene/Medarex) block or disrupt the
formation of the oligomer (D), and a heptavalent inhibitory peptide compound [17] blocks binding of LF to the oligomerized PA (E). The prepore complex bound to LF/EF then
triggers endocytosis, and subsequent acidification of the endosome causes a structural change in the prepore complex that makes it competent to translocate LF/EF into the
cytosol. The monoclonal antibody cAB29 and dominant-negative variants of PA (eg, V377E or F427A) prevent the formation of a functioning pore, blocking translocation of LF/EF
into the cytosol (F). Likewise, the cationic compound AMBnTβCD effectively obstructs the pore (F). Once in the cytosol, LF and EF use their enzymatic activities to disrupt cellular
processes. The monoclonal antibodies p6CO1/p6FO1 and the small-molecule inhibitor PT-8541 neutralize the activity of LF, whereas the monoclonal antibody EF13D and the
small-molecule inhibitor DC-5 neutralize the activity of EF (G). A complete list of compounds targeting anthrax toxin as well as references for the preceding discussion can be
found in [18, 19].
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so human data are not available to inform decisions regarding
the optimal timing of raxibacumab administration for treat-
ment of anthrax.

Because toxins are produced in the bacterial cytosol, they
must first be transported across the bacterial cell envelope
prior to gaining access to human cells. To accomplish this, bac-
teria have evolved a number of complex secretion systems,
which themselves are attractive drug targets (Table 1). The
agents furthest along the development pipeline are inhibitors
of type 3 secretion (T3S) (reviewed in [14]). T3S systems are
complex multiprotein, needle-like apparatuses used by many
gram-negative bacteria to inject toxins directly into human
cells (Figure 2). Although the secreted toxins are typically
quite distinct, the components of the secretion apparatuses
are somewhat conserved between the T3S systems of different
bacterial species. Thus inhibitors of the T3S apparatuses may
be active against multiple different bacteria [13]. Pseudomonas

aeruginosa illustrates how agents have been developed that
block a number of steps critical for the functioning of T3S (Fig-
ure 2). Although most of these compounds are still in the pre-
clinical stage of development, inhibitors that target PcrV, a
protein on the exposed tip of the T3S needle that is essential
for appropriate insertion of a translocation pore into the plasma
membrane of host cells, have entered clinical trials (reviewed in
[20]). KB001 (KaloBios), a pegylated, humanized anti-PcrV an-
tibody Fab′ fragment, was studied in two phase 2 clinical trials.
In 35 mechanically ventilated patients colonized with P. aerugi-
nosa, a single prophylactic dose of KB001 or placebo was given
intravenously. KB001 was safe and well tolerated and showed a
trend toward decreasing the development of ventilator-associated
pneumonia [21]. In a second study, 27 P. aeruginosa–infected pa-
tients with cystic fibrosis were randomized to receive a single in-
travenous dose of KB001 or placebo. At enrollment, patients
receiving antibiotics were excluded except for maintenance

Figure 2. Overview of antivirulence agents active against the type 3 secretion (T3S) system of Pseudomonas aeruginosa. Red arrows indicate the molecular targets of agents
in development to prevent intoxication by the T3S system. ExsA is a transcriptional activator that induces expression of all genes in the T3S regulon. This induction is blocked by
N-hydroxybenzimidazoles [22] (A). T3S genes encode proteins such as the PscF monomer, which polymerizes to form the needle complex. PscF is thought to be targeted by
phenoxyacetamide compounds [23, 24] (B). PcrV is located at the tip of the needle complex and is essential for insertion of the translocation pore into the plasma membrane of
the host cell. This protein is targeted by antibodies KB001 (KaloBios) [21] and MEDI3902 (AstraZeneca) [25] (C). Effector proteins ExoU and ExoS are injected into the host cell,
where they manifest enzymatic activities that damage or subvert these cells. The activity of ExoU is inhibited by pseudolipasin A [26] and that of ExoS is inhibited by exosin and
STO1101 [27, 28] (D).
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azithromycin or inhaled tobramycin. KB001 was again found to
be safe. Although KB001-treated patients had several findings
suggesting modest reductions in inflammation, no differences
were noted in P. aeruginosa density in sputum, symptoms, or
pulmonary spirometry [29]. Due to concerns about efficacy,
there are currently no plans to further pursue this agent. An
intriguing variation in the targeting of PcrV is MEDI3902
(AstraZeneca), a chimeric bispecific monoclonal antibody that
recognizes both PcrV and the polysaccharide Psl located on the
surface of P. aeruginosa [25]. The presence of both antigen-
binding sites confers synergistic protection against P. aeruginosa
in animal models of infection [25]. A phase 2 clinical trial for
MEDI3902 is currently in the planning stages.

Several interesting approaches are being tried to maximize
the efficacy of antivirulence compounds. Because bacteria
often utilize multiple and redundant pathogenic mechanisms,
simultaneous targeting of several virulence determinants may
improve the probability of success. In an extreme application
of this principle, Rouha and colleagues identified a single
human monoclonal IgG1 antibody that neutralized α-hemoly-
sin and 4 leukocidin toxins of Staphylococcus aureus [30]. Com-
bining antivirulence compounds with conventional antibiotics
may provide synergistic enhancement of efficacy. For example,
addition of MEDI3902 to tobramycin yielded improved survival
rates in a mouse model of pneumonia compared to either agent
used alone. Interestingly, the improved survival rates persisted
even when the mice were infected with a tobramycin-resistant
strain of P. aeruginosa [25]. Thus, antivirulence compounds
may provide a way to extend the usefulness of current antibiot-
ics in an era of multidrug-resistant (MDR) bacterial infections.

Targeting Biofilms and Adherence
Biofilms growing on inert surfaces, such as catheters or pros-
thetic joints, and biofilms growing on body structures, such as
heart valves and teeth, are major sources of infections [31].
Their eradication can be difficult in part because bacteria grow-
ing in biofilms are in a physiological state that allows them to
persist in the presence of antibiotics that typically kill planktonic-
growing bacteria [31, 32]. In addition, the extracellular matrix of
the biofilm itself can prevent antibiotic penetration into the
biofilm [31, 32]. With our increased understanding of the fac-
tors required for biofilm formation and stability, novel methods
are being developed that are designed to prevent biofilm forma-
tion and to disaggregate biofilms once formed; however, to date
these newer strategies outlined below have not reached the clin-
ical testing stage (reviewed in [33]), although previous modifi-
cations of inert substances have been described.

Because many biofilms form on abiotic surfaces such as cath-
eters or plastic implants, work has progressed on coatings for
these devices that prevent bacterial adherence, the first step in
biofilm formation. Presumably, by preventing colonization,
these modifications would reduce infections. Indeed, in one

study, catheters coated with the zwitterionic polymeric sulfobe-
taine had reduced amounts of both S. aureus and Escherichia
coli adhesion, and animals treated with these catheters experi-
enced fewer infections [34]. In a rat model of infection, implants
coated with an antiadhesive glycocalyx-like compound, methyl-
cellulose, were resistant to the formation of biofilms and infected
thrombi [35]. Quorum sensing (QS) also plays an important
role in biofilm formation and has been a target of novel therapeu-
tics (discussed below). In addition, the small signaling molecule
c-di-GMP has also been a recent target to prevent infections by
biofilm-forming pathogens because it regulates the switch that al-
lows planktonically grown bacteria to form biofilms. Likewise, tar-
geting of the factors that allow bacteria in biofilms to form
persister cells that resist antibiotics is being explored with the
goal of rendering biofilms sensitive to antibiotics, and a variety
of strategies to disperse biofilms once they have developed are
also being pursued [36].Targeting adhesins required for coloniza-
tion is another strategy that has been used to prevent infections by
microbes in both the biofilm and planktonic phase of growth (re-
viewed in [37]). Notably, uropathogenic E. coli (UPEC), which
causes urinary tract infections, uses a lectin-type fimbriae adhesin
to attach to epithelial cells. Small molecules have been developed
that interfere with the binding of the fimbriae to sugarmoieties on
epithelial cell surfaces. For example, the small molecule ZFH-
04269 caused a 1000-fold reduction in the number of UPEC bac-
teria in the bladders of chronically infected mice [38].

Targeting Signaling and Regulation
QS is a cell density–dependent communication system that uti-
lizes low-molecular-weight signaling molecules (autoinducers)
to regulate virulence in many bacterial pathogens. In general,
gram-negative species use N-acylhomoserine lactones (AHLs)
or related compounds, and gram-positive species use riboso-
mally produced autoinducing peptides for QS. Two basic
drug-discovery strategies are to identify inhibitors of the synthe-
sis of the QS signaling molecules or inhibitors of the interac-
tions between these molecules and their receptors. The latter
strategy is employed by the naturally occurring halogenated
furanones and by several AHL analogues [39]. A synthetic
analogue of the furanone C-30 reduced P. aeruginosa PAO1
colony-forming units in a murine lung infection model in a
dose-dependent manner [40]. M64, a phenoxy derivative of a
substituted benzamide moiety with endocyclic aromatic
amines, follows the former strategy by inhibiting MvfR, a tran-
scriptional regulator of the 4-hydroxy-2-alkylquinoline QS sys-
tem of P. aeruginosa [26]. MvfR is required for full virulence in
several animal infection models, and no clinical isolates carry-
ing mvfR mutations have been found to date [41]. M64 exhibit-
ed efficacy in murine burn and acute pneumonia infection
models and demonstrated additive protective effects when com-
bined with an antibiotic (ciprofloxacin) at a subtherapeutic dose
in the burn infection model [41].
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A common theme throughout bacterial species is the use of
2-component systems to sense and respond to environmental
signals of either host or bacterial origin. For example, the enter-
ohemorrhagic E. coli (EHEC) membrane-bound 2-component
sensor QseC responds to the human hormones epinephrine and
norepinephrine and to the bacterial signal AI-3 [42]. Upon sens-
ing any of those signals, QseC indirectly regulates expression of
several sets of EHEC genes. QseC homologues are found in many
gram-negative species, indicating that an inhibitor may have
a relatively broad spectrum. Indeed, a small-molecular-weight
inhibitor of QseC, LED209 [N-phenyl-4-(3-phenylthioureido)
benzenesulfonamide], reduced the expression of virulence fac-
tors by EHEC, Salmonella enterica serovar Typhimurium, and
Francisella tularensis in a QseC-dependent manner in vitro.
Furthermore, administration of LED209 suppressed the patho-
genicity of Salmonella Typhimurium and F. tularensis in a
murine infection model [43].

Once environmental conditions conducive to infection are
sensed by a bacterium, this information must be relayed via a
system of regulators to cause appropriate transcription of viru-
lence determinants. In Vibrio cholerae, ToxT is the master reg-
ulator that controls expression of the genes encoding cholera
toxin and the toxin-coregulated pilus [44]. Two inhibitors, the
small molecule toxtazin B, which blocked production of an up-
stream regulator necessary for expression of the toxT gene [44],
and virstatin, which inhibited ToxT dimerization [45], each re-
duced colonization of V. cholerae in a mouse model of infection
[45, 46].

PHAGE THERAPY

Bacteriophages were used for antibacterial therapy in Russia
and Eastern Europe before the advent of antibiotics, and recent
dramatic increases in infections with MDR bacterial strains are
driving new interest in this approach [47]. Phages offer several
important advantages over traditional antibiotics. They are spe-
cific for bacteria and even particular strains and species of bac-
teria, they do not infect human cells, and they have little or no
effect on normal microbial flora. Limitations include the devel-
opment of bacterial resistance and immune responses, difficul-
ties in purification from bacterial endo- and exotoxins, and
formulation and stability issues in systemic delivery [48]. For
these reasons, most studies have been done with topical, gastro-
intestinal, or pulmonary deliveries.

As mentioned, phages have the advantage of being exquisite-
ly specific, but this is also a disadvantage, as cocktails of multi-
ple phages are required to target multiple species and even most
strains within a species. Nevertheless, several phage cocktails
have exhibited efficacy in animal infection models (reviewed
in [47]). Strikingly, a phage cocktail has been tested successfully
in a human phase 1/2 clinical trial for efficacy against P. aeru-
ginosa–mediated chronic otitis [49]. A cocktail of 6 anti–P. aer-
uginosa phages called Biophage-PA applied as a suspension

directly into the ear was more effective than placebo in decreas-
ing bacterial counts in the ears of 24 patients (12 in each group)
with chronic P. aeruginosa otitis. Of note, the patients did not
receive antibiotics during the trial. No serious adverse events
were reported, and the mild to moderate adverse events noted
were not considered to be treatment related. In summary, Bio-
phage-PA appeared to be safe and effective in this small clinical
trial.

Strategies to improve phage therapy have involved engineer-
ing phages to increase their infectivity and host range and
purifying individual phage components to target bacteria (re-
viewed in [50]). In one study, investigators repeatedly passaged
a phage on a mucoid MDR P. aeruginosa strain obtained from a
patient with cystic fibrosis to select for phage variants with en-
hanced infectivity [51]. Intranasal administration of one of
these phage variants (P3-CHA) either prior to or along with in-
oculation with the same P. aeruginosa strain in a mouse pneu-
monia model resulted in improved survival [51]. In a second
study, researchers described in vivo proof-of-principle for a rel-
atively broad-acting purified phage lysin—a phage-encoded
peptidoglycan hydrolase that normally lyses bacteria to allow
progeny phage escape [52].A single intraperitoneal dose of phage
lysin PlySs2 rescued mice with methicillin-resistant S. aureus
and Streptococcus pyogenes peritonitis and bacteremia. Con-
cerns about the relatively short in vivo half-life (20 minutes)
and the potential for the development of neutralizing antibodies
suggest that the initial use of purified lysins may be for the treat-
ment of infections of mucosal surfaces. In that regard, puri-
fied lysins have shown efficacy in an oral colonization model
for S. pyogenes, a nasal model for pneumococci, and a vaginal
model for group B streptococci (reviewed in [53]).

MODULATING THE MICROBIOME

In the past decade, our understanding of the importance of the
microbiome to human health and disease has grown exponen-
tially, and a number of striking associations have been revealed
between an individual’s microbiota and his or her disease states,
including diabetes, cardiovascular disease, and even mental
health. To date, the most successful use of the microbiome as
a therapy is in the treatment of recalcitrant or recurrent Clos-
tridium difficile infection (CDI) using a strategy called fecal mi-
crobiota transplant (FMT) (reviewed in [54]). Cure rates after
FMT are very high for recalcitrant CDI, and the introduced mi-
crobiota appears to be stable for several months (reviewed in
[54]). Recently, human stool for use in FMT has been classified
as a biological agent by the FDA and should be regulated, but
exactly how remains to be determined, and many questions re-
main regarding how to optimize FMT treatment. For instance,
how does the donor’s microbiota influence the health of the re-
cipient after recovery from CDI? Is there one “best” mixture of
microbiota to use for everyone, or would different components
be better for some people based on what microbiota they carry
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or their other medical treatments? Excitingly, microbiome ther-
apy may also be useful for treating drug-resistant bacterial infec-
tions other than CDI. For example, in mice and in people
undergoing allogeneic hematopoietic stem cell transplant,
the commensal bacterium Barnesiella protected against gas-
trointestinal colonization and subsequent bloodstream infec-
tion with vancomycin-resistant enterococci [55]. Similarly,
FMT successfully displaced an MDR strain of Klebsiella pneu-
moniae in another patient who had undergone hematopoietic
cell transplant [56].

In contrast with FMT, the use of probiotics to alter the micro-
biome and prevent or cure CDI has been less well validated, al-
though several studies indicate that Saccharomyces boulardii
and Lactobacillus species may reduce the risk of CDI and anti-
biotic-associated diarrhea (reviewed in [54]). Another infection
that may be preventable or treatable with probiotics is peridontal
disease. This approach involves applying Streptococcus salivarius
and Lactobacillus species to compete for sites with disease-
causing bacteria in the oral cavity (reviewed in [57]).

FUTURE CHALLENGES

The extraordinary success of conventional antibiotics led to a
focus on development of these agents to the exclusion of
other antibacterial strategies [58]. A silver lining in the current
dark cloud of antibiotic resistance is that these alternative strat-
egies are again being pursued, although significant challenges
remain before they can be widely adopted into clinical practice.
First, since many of these approaches are species or even strain
specific rather than broad spectrum, rapid diagnostic technolo-
gies will be necessary to identify candidate patients in a timely
manner. Second, the narrow spectrum of many of these com-
pounds and the corresponding smaller sales markets make
them less attractive for development by pharmaceutical compa-
nies. Third, it remains unclear whether these alternate antibac-
terial therapies will fall prey to the same rapid emergence of
resistance that has plagued conventional antibiotics. Fourth, it
is likely that many of these agents will require the simultaneous
use of an active antibiotic, which may be problematic for some
MDR bacteria. Finally, many of these compounds are still in the
preclinical phase of development, and a substantial investment
in time and resources will be necessary before they significantly
impact the ability of physicians to treat patients infected with
MDR bacteria. For a detailed discussion of the time and funding
required to advance nonantibiotic therapeutics to the market-
place, and of the obstacles that must be overcome for this to
occur, the reader is referred to a recent review [59]. If these dif-
ficulties can be surmounted, alternatives to antibiotics may be-
come important therapeutic options for bacterial infections.
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