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Antibiotic resistance issues necessitate the continued discovery and development of new antibacterial
agents. Efforts are ongoing in two approaches to find new compounds that are effective against
antibiotic-resistant pathogens. These efforts involve modification of existing classes including
fluoroquinolones, tetracyclines, aminoglycosides, and 3-lactams and identification of inhibitors against
previously unexploited antibacterial targets. Examples of both approaches are described here with
emphasis on compounds in late pre-clinical or clinical stages of development.
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1. Introduction

Asaresultofdecreasingattention toantimicrobial research within
the pharmaceutical industry, we are approaching a critical need for
new agents to treat increasingly resistant bacterial infections [1].
Organisms such as MRSA (methicillin-resistant Staphylococcus
aureus) and methicillin-resistant coagulase negative staphylococci
are still among the major pathogens of interest in both community
and hospital-acquired infections; however, of particular concern are
multidrug-resistant Gram-negative bacteria causing severe nosoco-
mial infections that are not sensitive to most currently approved
antibiotics. Although new antimicrobial agents are not being
developed as rapidly as in previous decades, new approaches to the
treatment of infectious diseases are still emerging. This commentary
describes some of the newer antibacterial agents that have been
described at the most recent international infectious disease meet-
ings, with a focus on those investigational compounds that are in
clinical trials. There appears to be a surprising number of potentially
useful agents in development, providing some hope for the future.

One approach to new agents has been to continue to modify
existing classes of previously successful antibiotics. New fluor-
oquinolones, aminoglycosides, tetracyclines and (3-lactams are
currently under development to treat multidrug resistant patho-
gens. In addition, combinations of 3-lactamase inhibitors with
new, and old, B-lactams are being developed to counteract the
hydrolytic activity of newer [-lactamases. Analogs of these
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familiar drug classes will be discussed in this commentary with
respect to their inhibitory properties and their development status.

Newer approaches to antimicrobial therapy include identifica-
tion of inhibitors that are operative against previously unexploited
essential bacterial targets such as peptide deformylase or
metabolic pathways such as fatty acid biosynthesis. Although
compounds in these areas have been explored in the past, progress
of some of the newer inhibitors into clinical trials has been meeting
with increased success. In addition, researchers are using
previously validated antibacterial targets to discover new com-
pounds that are chemically distinct and that interact with a
bacterial target in different ways than existing compounds. Fig. 1
summarizes the cellular sites of action for both current antibacte-
rial drugs and targets for agents under development. Perspectives
on the feasibility of investigational drugs in all these categories will
be provided in this commentary, with perhaps a more optimistic
outlook than predicted for the past five years.

2. New antibacterial agents in development
2.1. DNA replication interactions

Inhibitors of bacterial DNA replication target proteins have
provided valuable antibiotics over the years. There appear to be
enough differences between the bacterial and human DNA
replication processes to allow for the discovery and development
of selective agents. In general, these compounds have proven to be
bactericidal and effective against a number of important human
pathogens. The associated targets continue to be exploited in the
search for new antibacterial agents.
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Fig. 1. Diagram of a bacterial cell showing the targets for existing drug classes with examples of approved drugs and targets for agents currently in development.

2.1.1. Fluoroquinolones

Inhibitors of bacterial topoisomerases, exemplified by several
marketed fluoroquinolones, have been important and widely used
antibacterial agents for several decades [2-4]. One reason for the
continued effectiveness of the fluoroquinolones is that they inhibit
two essential bacterial enzymes: DNA gyrase (GyrA subunit) and
topoisomerase IV (ParC or GrlA subunit), although to varying
extents depending on the pathogen. Other topoisomerase inhibi-
tors have been identified that bind to different locations on these
targets or target the partner subunits of these enzyme hetero-
dimers (GyrB and/or ParE or GrIB), often allowing for coverage of
quinolone-resistant strains [2]. Research and development of new
inhibitors of these two validated antibacterial targets shows no
signs of ending soon [4]. We describe below several examples of
bacterial topoisomerase inhibitors that have either entered human
clinical trials or are in late stages of pre-clinical research.

Fluoroquinolones continue to be developed. JNJ-Q2 (Fig. 2, 1),
originally discovered at Johnson & Johnson, recently completed a
Phase 2 clinical trial as a new agent for the treatment of skin
infections, and will be further developed by Furiex Pharmaceu-
ticals for possible use in skin and respiratory infections. This
compound has excellent antibacterial activity against Gram-
positive pathogens with MICyp values of 0.12 pg/ml for Strepto-
coccus pneumoniae and 0.25 wg/ml for methicillin-resistant
Staphylococcus aureus (MRSA) where the majority of isolates were
ciprofloxacin-resistant [5]. Improved activity against enteric and
non-fermenter Gram-negative isolates was not observed although
MICs were comparable or lower than those obtained with
moxifloxacin. The enhanced antibacterial activity against existing
fluoroquinolone-resistant Gram-positive strains is believed to be
due to relatively balanced and potent activity against both the DNA
gyrase and topoisomerase IV target enzymes in these organisms.
This balanced potent inhibition of two essential bacterial targets
resulted in a lower potential to select for resistant mutants as
might be predicted.

Nemonoxacin, a novel non-fluorinated quinolone under devel-
opment by Taigen Biotechnology (Fig. 2, 2), possesses improved in
vitro antibacterial activity against Gram-positive pathogens as
well as Haemophilus influenzae and Moraxella catarrhalis compared
to ciprofloxacin and levofloxacin [6] although MICgos against
Enterococcus faecalis and E. faecium were 4 and 8 ug/ml,

respectively. It also displayed improved antibacterial activity over
moxifloxacin against quinolone-resistant MRSA (MICgq of 1 versus
4 png/ml) and S. pneumoniae (MICqo of 2 versus 8 pg/ml).
Antibacterial activity against Gram-negative bacilli is comparable
to levofloxacin and ciprofloxacin [7] with limited effectiveness
against Pseudomonas aeruginosa and Acinetobacter baumannii [6].
Efficacy has been demonstrated in several mouse infection models
including systemic, lung, and urinary tract infections against
several bacterial pathogens including MRSA, S. pneumoniae, E.
faecalis, and Escherichia coli [8]. In Phase 1 clinical studies,
nemonoxacin was found to be safe and well-tolerated with
favorable pharmacokinetics after oral administration [9].

Another fluoroquinolone in later stages of clinical development
is delafloxacin (Fig. 2, 3), licensed by Wakunaga to Rib-X
Pharmaceuticals. This compound was also developed for a time
by Abbott as ABT-492 [10]. Delafloxacin displays excellent
antibacterial activity against Gram-positive organisms, including
both methicillin-susceptible S. aureus and MRSA, with MICgos of
0.008 and 0.5 pg/ml, respectively [10]. Excellent antibacterial
activity was also observed against streptococci including quino-
lone-resistant pneumococci (MIC; <0.03 wg/ml). Delafloxacin
possesses antibacterial activity against Gram-negative pathogens
although reduced against quinolone-resistant isolates and espe-
cially against non-fermenters. Twelve Phase 1 and three Phase 2
clinical trials involving more than 1300 individuals have been
completed with oral and intravenous formulations for community-
acquired pneumonia (CAP) and skin and skin structure infection
(SSSI) indications [11]. These studies have shown delafloxacin to be
both clinically efficacious and safe.

2.1.2. Topoisomerase/gyrase inhibitors

NXL101 (Fig. 2, 4) is representative of a new class of quinoline
DNA gyrase and topoisomerase IV inhibitors with a Gram-positive
spectrum of antibacterial activity including MRSA and fluoroquin-
olone-resistant isolates with MICggs of <1 wg/ml [11]. Efficacy was
demonstrated in mouse sepsis and tissue infections with MRSA
including fluoroquinolone-resistant strains [13]. Interestingly, this
compound displayed target preference profiles opposite those of
fluoroquinolones, i.e., there was a preference for gyrase over
topoisomerase in staphylococci with the converse observed for E.
coli. In addition, different mutations were selected in the quinolone
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Fig. 2. Structures of bacterial DNA topoisomerase inhibitors. Compounds: 1, JNJ-Q2; 2, nemonoxacin; 3, delafloxacin; 4, NXL101; 5, ACH-702; 6, PD0326448; 7, VRT-752586.

resistance determining regions (QRDRs) [14] than those reported
for fluoroquinolones. The antibacterial activity profile and appar-
ent lack of or reduced cross-resistance with existing fluoroquino-
lone strains resulted in the initiation of Phase 1 clinical trials by
Novexel in 2006 for hospital-based infections including CAP and
SSTI caused by Gram-positive pathogens. There was also the
potential for both oral and intravenous dosage formulations.
Clinical trials were discontinued in 2008 due to QT interval
prolongation observed in healthy human subjects during early
clinical development [15]. It is unclear whether other candidates
from this class are currently under investigation.

ACH-702 (Fig. 2, 5) is an isothiazoloquinolone (ITQ) structurally
related to the quinolone class [16]. This compound possesses
potent antibacterial activity against Gram-positive bacterial
pathogens including quinolone-resistant strains and many
Gram-negative organisms as well although activity is limited
against quinolone-resistant Enterobacteriaceae and non-fermen-
ters [17]. It is particularly active against MRSA including
quinolone-resistant isolates with an MICyp of 0.25 pg/ml. The
mechanism of action of ITQs was determined in staphylococci and
found to be based on excellent balanced inhibition of both bacterial
DNA gyrase and topoisomerase IV, essentially allowing it to act as a
dual target inhibitor. This probably accounts for the effectiveness

of ACH-702 against quinolone-resistant strains and the low
propensity to select for resistant mutants. The compound
displayed efficacy in three mouse infection models and currently
in development for topical indications due to extensive metabo-
lism after systemic administration [17].

Researchers from Pfizer Global Research and Development
recent described a new class of bacterial gyrase and topoisomerase
inhibitors designated quinazolinediones (QDs) also structurally
related to the quinolones [18,19]. PD 0305970 and PD0326448
(Fig. 2, 6) were developed as new antibacterial agents that were
orally active and covered some gaps in coverage of the quinolone
class. QDs were found to target the same enzymes (gyrase and
topoisomerase IV) as the quinolones but at sites on different
subunits: GyrB and ParE versus GyrA and ParC [20]. These
compounds display highly potent in vitro and in vivo activities
versus susceptible and resistant Gram-positive and fastidious
pathogens with an MICoo of 0.25 pg/ml reported for highly
quinolone-resistant isolates of S. aureus [18]. Activity versus
Gram-negative organisms was generally less than that seen with
quinolones probably at least in part due to efflux [18,19]. Efficacy
against Streptococcus pyogenes and E. faecalis was demonstrated in
a mouse sepsis model [21]. The current development status of
these compounds is unclear at present.
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Another new class of bacterial DNA gyrase and topoisomerase IV
inhibitors, the aminobenzimidazoles as exemplified by VRT-752586
(Fig. 2, 7), was recently reported by Vertex Pharmaceuticals. Potent
antibacterial activity was observed against susceptible and antibi-
otic-resistant staphylococci, enterococci, streptococci with MICggs
ranging from 0.5 to 4 pwg/ml, and against the respiratory Gram-
negative pathogens, H. influenzae and M. catarrhalis, although some
H. influenzae isolates displayed MICs of >16 pwg/ml [22]. The
spectrum of activity suggested utility in both nosocomial and
community settings including use for SSSI and respiratory infections
caused by drug-susceptible and -resistant pathogens. The com-
pound exhibited good pharmacokinetic properties in animals and
demonstrated efficacy in animal models of infection [22]. VRT-
752586 possesses dual targeting activities in S. aureus, E. faecalis, and
S. pneumoniae inhibiting both the GyrB and ParE subunits of DNA
gyrase and topoisomerase 1V, respectively. The essential ATPase
activities of these enzymes are required for the strand-passage
reaction and represent a mechanism of action distinct from the
fluoroquinolones for antibacterial drug discovery. This dual target-
ing mechanism results in excellent antibacterial activity and low
frequency of resistance development at concentrations that would
be expected in clinical situations [23]. Also, since there are no
currently marketed antibiotics targeting GyrB/ParE ATPase activity,
compounds such as VRT-752586 or derivatives should not be cross-
resistant with fluoroquinolones or any other antibiotics. Therefore,
the aminobenzimidazoles represent a promising new class of
antibacterial agents for combating the problem of drug resistance
thatinhibit arelatively less exploited target. However, a 16-fold shift
in MICs was observed in the presence of 50% human serum [22],
suggesting that high protein binding may affect in vivo potency.
Pharmacokinetic/pharmacodynamics studies in animal models
should provide insights regarding the actual effects on bacterial
infections. The current development status of this compound class is
unknown at present.
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2.2. Fatty acid biosynthesis inhibitors

Bacterial fatty acid biosynthesis is an essential process that is
involved in the formation of such cellular constituents as
lipopolysaccharides, phospholipids, lipoteichoic acid, and lipopro-
teins. Inhibition of this pathway leads to disruption of membrane
structure and function and cell death. This fatty acid synthase II
(FASII) pathway in bacteria is quite distinct from that in
mammalian cells (FASI) suggesting the possibility of inhibitor
selectivity. Fatty acid biosynthesis enzymes in bacteria have been
validated as targets for antibacterial drugs in that there are several
examples of inhibitors that have effects on both the targets in vitro
and on the growth of bacterial cells [24,25]. These include
compounds such as cerulenin, thiolactomycin, isoniazid, triclosan,
and, most recently, platensimycin and platencin [26,27]. However,
the validity of bacterial fatty acid biosynthetic enzymes as drug
targets has recently been challenged [28] as data were reported
that showed that streptococci and staphylococci could utilize
unsaturated fatty acids from human serum in sufficient quantities
as to render de novo synthesis of fatty acids unnecessary for
survival. In addition, FASII knock-out mutants in Streptococcus
agalactiae were found to grow in the presence of human serum or
exogenous fatty acids. Thus, FASII as a therapeutic target is a
controversial issue, as the clinical significance for these observa-
tions is unknown. Clearly, more basic research is warranted prior
to major resource investment into these targets.

However, others have continued research and development of
inhibitors of fatty acid biosynthesis. Recently, a compound from
Affinium Pharmaceuticals, AFN-1252 (Fig. 3, 8), entered Phase 1
human clinical trials as an oral anti-staphylococcal antibiotic. This
compound is closely related to inhibitors previously described by
researchers at GlaxoSmithKline [29] and targets Fabl, an essential
enzyme that catalyzes the reduction of trans-2-enoyl-acyl carrier
protein (trans-2-enoyl-ACP) to acyl-ACP, the final step in elongation
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Fig. 3. Structures of fatty acid biosynthesis inhibitor, peptide deformylase inhibitors, and neoglycoside. Compounds: 8, AFN-1252; 9, BB 83698; 10, LBM415; 11, ACHN-490.
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cycle for bacterial fatty acid biosynthesis [25]. However, AFN-1252
has a narrow antibacterial spectrum as alternative enzymes or
rescue pathways are present in other pathogens [30]. Fabl is the sole
enoyl-ACP reductase present in staphylococci, H. influenzae, M.
catarrhalis, and E. coli. AFN-1252 was identified through an iterative
structure-guided chemistry effort and optimized for the staphylo-
coccal enzyme. It displayed excellent in vitro selectivity with an ICsq
>100 pM for human FASI and 14 nM for S. aureus Fabl.

AFN-1252 inhibited all methicillin-susceptible and methicillin-
resistant isolates of S. aureus and Staphylococcus epidermidis tested
at concentrations <0.12 pg/ml with MICggs of <0.008 g/ml for
multi-drug resistant strains [31]. Interestingly, this compound was
less active against vancomycin-resistant than vancomycin-sus-
ceptible S. aureus isolates (MICgos of 0.06 versus <0.008 pg/ml,
respectively). As expected from the target profile, AFN-1252 was
inactive against non-staphylococcal Gram-positive pathogens and
Gram-negative pathogens with MICs >4 pg/ml. However, despite
the possession of Fabl as their sole enoyl-ACP reductase enzyme, M.
catarrhalis, E. coli, and Klebsiella pneumoniae were non-susceptible
to AFN-1252 possibly due to efflux [31]. AFN-1252 has demon-
strated in vivo efficacy in a murine subcutaneous abscess model
using a strain of MRSA [32] and in other animal infections
including the thigh infection model [33].

2.3. Protein synthesis inhibitors

Inhibition of bacterial protein synthesis has yielded several
important classes of antibacterial agents including the macro-
lides, tetracyclines, and, more recently, the oxazolidinones.
Although primarily bacteriostatic, these drugs have been invalu-
able in the treatment of bacterial infections for decades. Recent
advances in our knowledge of prokaryotic ribosome structures
have provided new opportunities to identify additional bacterial
protein synthesis inhibitors.

2.3.1. Peptide deformylase inhibitors

Bacterial peptide deformylase (Pdf), encoded by the def gene, is
the enzyme that catalyzes the removal of the N-formyl group from
the N-terminal methionine following translation during protein
synthesis. This enzyme has several properties that support that it is
a good antibacterial target [34,35]. Pdf is present in all pathogenic
bacteria and def has been shown to be an essential gene for
bacterial growth and survival in both Gram-negative and Gram-
positive bacteria [36]. There is also no functional homologue in
mammalian cells which suggests that inhibitors would have a good
chance for selectivity against bacteria, although a human
mitochondrial homolog of Pdf has been reported that is inhibited
by inhibitors of the bacterial enzyme [37]. A major area of concern
is that mutants that lack Fmt, the transformylase that formylates
methionine can survive in the laboratory [38] thus predicting the
possibility for rapid resistance development against novel
inhibitors. At least two compounds, BB 83698 ([39]; Fig. 3, 9)
and LBM415 ([40]; Fig. 3, 10), were previously advanced into Phase
1 clinical trials, however, development of both were halted in 2004
for reasons that were not reported [41].

Despite the potential risks suggested by the prior failure of two
Pdf inhibitor compounds to advance in clinical development and
potential resistance emergence issues, efforts have continued to
find new inhibitors of this antibacterial target. Researchers at
GlaxoSmithKline have recently described GSK1322322, a 4-
hydrazinopyrimidine whose chemical structure has not been
published to date, which was the result of a structure-based design
program. Structural information was used to design multiple non-
peptidic inhibitors that were optimized in an iterative chemistry
effort that resulted in clinical candidate GSK1322322. This
compound showed good in vitro antibacterial activity against

Gram-positive pathogens S. aureus, S. pneumoniae, and S. pyogenes
and the Gram-negative respiratory pathogens H. influenzae and M.
catarrhalis with MICs ranging from 0.5 to 4 ug/ml [42]. Efficacy was
observed in a rat respiratory infection model against both S.
pneumoniae and H. influenzae and in a mouse groin abscess model
against MRSA after oral administration. This compound was safe
and well-tolerated in Phase 1 clinical studies and has advanced to
Phase 2a clinical trials focused on acute bacterial skin and skin
structure (abSSSI) infections [43].

2.3.2. Aminoglycosides

Ever since the discovery of streptomycin in the 1940s, the
aminoglycoside class of antibiotics has been an important
component of our antibacterial arsenal [44]. Their mechanism of
action involves binding to the 16S rRNA subunit of the 30S
bacterial ribosome at the A site and interfering with normal protein
synthesis. They have been particularly valuable in the treatment of
infections caused by Gram-negative pathogens; however, their
usefulness has been eroded over the years by increased resistance
and by toxicity issues. Their spectrum of activity, bactericidal
properties, and ability to act synergistically with other antibiotic
classes has led to a renewal of research into the development of
new and improved aminoglycoside antibiotics [44]. At least one of
these newer aminoglycosides has advanced into human clinical
trials.

ACHN-490 (Fig. 3, 11), a next generation neoglycoside under
development at Achaogen, Inc., is a semi-synthetic compound
derived from sisomicin [45]. Structural modifications render this
compound resistant to the effects of aminoglycoside modifying
enzymes (AMEs) thus allowing for activity against aminoglyco-
side-resistant bacterial isolates. In fact, virtually all AMEs that
modify gentamicin and amikacin do not affect ACHN-490 in a
variety of bacterial species [46]. Included in the Gram-negative
pathogen coverage are isolates that possess extended-spectrum [3-
lactamases (ESBLs), AmpC cephalosporinases, carbapenemases,
and metallo--lactamases as well as fluoroquinolone resistance
[45]. MICgqq values for E. coli, Klebsiella spp., and Enterobacter spp.
were 1-2 pg/ml. However, MICqps for Proteus mirabilis, Acineto-
bacter spp., and P. aeruginosa were 8, 32, and 64 pg/ml,
respectively. Efflux is believed to account for the higher MICs
observed in these Gram-negative pathogens [46]. However,
resistance has also been reported in isolates of Enterobacteriaceae
harboring ArmA and RmtC 16S rRNA methylases [47]. The MICqq
was found to be 2 pg/ml for staphylococci.

Achaogen recently reported data that demonstrated the efficacy
of ACHN-490 in a murine model of a urinary tract infection with
uropathogenic E. coli (UPEC) and indicated that further testing
using drug-resistant UPEC would provide additional non-clinical
data to support utility in the treatment of UTIs caused by resistant
isolates [48]. These results, combined with the fact that ACHN-490
produced high Cpnax and AUC values in human Phase 1 trials,
suggest that this compound has the potential to be an effective
therapeutic option for UTIs caused by UPEC and other pathogens.
ACHN-490 has advanced into Phase 2 clinical trials for pneumonia
and cUTI [49].

SelectX Pharmaceuticals has also reported the development of a
new aminoglycoside, SXP2523, which is claimed to be significantly
differentiated from any other Gram-negative antibiotics either in
development or on the market [50]. This compound has potent
antibacterial activity against MDR Gram-negative clinical isolates
including P. aeruginosa, K. pneumoniae, A. baumannii, and E. coli, as
well as S. aureus (MICgos < 4 ug/ml). Other desirable properties
include bactericidal with rapid killing kinetics, low frequencies of
resistance selection, and synergy with (3-lactam and glycopeptide
antibiotics. Efficacy has been demonstrated in several animal
infection models. SXP2523 is also predicted to have an excellent
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safety margin and therapeutic index. The structure of this
compound has not been made public and the current stage of
development is not clear.

2.3.3. Macrolides

New macrolides that are currently under development are 14-
membered ketolides, with a 3-ketone substitution rather than the
3-cladinose found in macrolides such as erythromycin (Fig. 4).
Ketolides are noted for their potent activity against Gram-positive
respiratory pathogens, especially against the erythromycin-resis-
tant pneumococci containing mefE and ermB mutations [51].

Cethromycin (ABT-773, Fig. 4, 12) from Advanced Life Sciences is
a once-a-day orally bioavailable ketolide with an NDA (New Drug
Application) considered for the treatment of outpatient community
acquired bacterial pneumonia (CABP) [52]. In addition, the FDA has
granted it orphan drug status for biodefense indications including
anthrax, plague and tularemia. Its spectrum of activity is similar to
other ketolides like telithromycin, covering both Gram-negative and
Gram-positive respiratory pathogens [53]. In vitro studies showed
that cethromycin MICs tended to be 2-4-fold lower than telithro-
mycin MICs against recent pneumococcal isolates [54]. Both

ketolides were 2-fold less potent than azithromycin against the
Gram-negative respiratory pathogens M. catarrhalis and H. influen-
zae [51]. Full development studies of cethromycin have been
completed, including two double-blind non-inferiority clinical trials
conducted in mild- to moderate-community-acquired pneumonia
with clarithromycin as the comparator [52]. Although an FDA
Advisory Committee voted in June 2009 that the drug was safe, the
efficacy was questioned, with suggestions that a superiority trial be
designed, enrolling more patients with macrolide-resistant patho-
gens, using mortality as an endpoint [54]. However, no new trials are
currently in progress [43].

Solithromycin (CEM-101), a fluoroketolide with fluorine
substituted at position 1 (Fig. 4, 14), demonstrated potent
activity in vitro against common pathogens associated with
community-acquired respiratory diseases or skin infections [55].
When tested against macrolide-susceptible and macrolide-
resistant pneumococci, solithromycin MIC ranges were 0.002-
0.016 pg/ml against macrolide-susceptible pneumococci and
0.004-1 p/ml against recent macrolide-resistant S. pneumoniae
isolates [56]. Like many ketolides, solithromycin displayed some
activity against MRSA, with an MICso/MICgq values of 0.06 and
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Fig. 4. Structures of ketolides, oxazolidinones and tetracyclines. Compounds 12, cethromycin; 13, solithromycin; 14, torezolid phosphate; 15, radezolid; 16, omadacycline
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>4 mg/ml, respectively [55]. Solithromycin has successfully
completed preclinical testing and escalating dose Phase 1 studies,
and is currently entering Phase 2 therapeutic trials under the
direction of Cempra Pharmaceuticals [57].

2.3.4. Oxazolidinones

Oxazolidinones are bacteriostatic agents with activity primarily
against Gram-positive cocci, although some compounds in the
class have demonstrable activity against H. influenzae. The only
compound that is clinically available in this class is linezolid; when
it was approved in 2000 by the FDA, it represented the first new
molecular class of antibacterial agent in over 20 years. Linezolid
has remained relatively robust in its low selection of resistance in
Gram-positive cocci, although it has been recently challenged with
the identification of a mobile methyltransferase that confers
resistance by methylating C-8 of the 23S rRNA base A2503 at the
site of oxazolidinone inhibitory activity [58].

Torezolid (TR-700, DA-7157, DA-70157), a novel oxazolidinone
is the active component of torezolid phosphate (TR-701, DA-7218,
DA-70218), licensed by Trius Pharmaceuticals from Dong-A
Pharmaceuticals, a South Korean company. Torezolid MICs tend
to be 4-8-fold lower than linezolid MICs against staphylococcal,
enterococcal and streptococcal isolates [59]. Both oxazolidinones
have MICsq values > 8 mg/ml against most strains of H. influenzae.
Following acceptable preclinical evaluations, the compound
successfully completed Phase 1 dose-ranging studies for IV and
oral formulations [60] and a Phase 2 clinical trial in complicated
SSSI with oral dosing [61].

Radezolid (RX-1741); a novel biaryloxazolidinone from Rib-X
Pharmaceuticals (Fig. 4, 15), has recently completed two Phase 2
clinical trials for CAP and for uncomplicated SSSI [62]. In vitro
potency of this oxazolidinone is generally 2-4-fold greater than
linezolid against Gram-positive cocci; against H. influenzae
radezolid MICso/MICqg values were 0.5/1 ug/ml, at least 16-fold
more potent than linezolid [63]. When tested against S. aureus
clinical isolates bearing the cfr methyltransferase, linezolid MICs
were 16-64 pg/ml compared to wild type MICs for linezolid of
<2 wng/ml; the highest oxazolidinone MICs were associated with
the presence of both the cfr gene and mutations in ribosomal
protein L3 [58]. In contrast to linezolid, MICs for the investigational
oxazolidinones were increased less dramatically. Radezolid MICs
ranged from 2 to 8 pg/ml against these linezolid-resistant isolates,
whereas torezolid MICs did not exceed 2 pg/ml for any of these
strains [58]. Both torezolid and radezolid are being developed for
intravenous (IV), as well as oral, usage [60,62].

2.3.5. Tetracyclines

Tetracyclines, broad-spectrum bacteriostatic antibiotics that
inhibit bacterial growth by binding to the 30S ribosome, have been
a staple of the antibacterial armamentarium for over 50 years.
Widespread resistance to the original set of tetracyclines emerged
due to ribosomal protection or efflux mechanisms. However, in the
past decade, a new family of tetracyclines has been developed,
based on the glycylcyclines as exemplified by tigecycline [47]. As
shown below, these new tetracyclines can evade common
resistance mechanisms while retaining the same activity spectrum
as tigecycline against both Gram-positive and Gram-negative
pathogens. None of these new protein synthesis inhibitors,
however, have useful activity against P. aeruginosa [64].

Omadacycline (PTK0797), an aminomethylcycline (Fig. 4, 16),
was discovered by scientists at Paratek and is being co-developed
with Novartis. Its broad spectrum of activity is similar to that of
tigecycline in vitro, with potent bacteriostatic activity against
Gram-positive cocci including MRSA, multidrug-resistant S.
pneumoniae and vancomycin-resistant enterococci. MICs of 0.5-
8 mg/ml were reported for susceptible and drug-resistant E. coli, K.

pneumoniae and H. influenzae [65,66]. Although 75% of the K
pneumoniae and A. baumannii tested had PTK0796 MICs <4 pg/ml,
MICs were uniformly > 8 pg/ml against the Proteae and P.
aeruginosa [66]. Omadacycline is currently in Phase 3 comparative
clinical studies for the treatment of complicated SSSI [43]. Because
it has the advantage of being orally bioavailable, it can be
developed for use in both hospital and community settings where
IV and oral formulations provide dosing versatility [67].

TP-434 [68] is a fluorocycline from Tetraphase that has
entered Phase 2 clinical trials for the treatment of community-
acquired complicated intra-abdominal infections (cIAls) [69]. In
vitro studies demonstrated that TP-434 inhibited protein
synthesis equally in the presence and absence of the ribosomal
protection mechanism Tet(M) [70]. TP-434 MICs against MRSA
(n=137) and vancomycin-resistant E. faecium (n=43) isolates
were reported as < 0.5 pg/ml [22]. MICgq values were < 2 p.g/ml
against a set of 372 Enterobacteriaceae isolates, including K.
pneumoniae strains producing carbapenemases and extended-
spectrum [3-lactamases (ESBLs) [70]. Supportive in vivo data in
animal models of septicemia, pyelonephritis and lung infections
[71] suggest that this fluorocycline may be useful in treating
some of the more recalcitrant infections caused by both
multidrug-resistant enteric bacteria and Gram-positive cocci.
An oral formulation that is being investigated [69] would add to
the attractiveness of this agent.

2.4. Cell wall inhibitors

The bacterial cell wall has been an attractive and effective
drug target throughout the history of antibiotics. Agents that
interfere with bacterial cell wall synthesis include glycopeptides
and the B-lactam antibiotics. Although Gram-positive bacteria
have become resistant to these agents primarily through
mutations in their killing targets, the penicillin-binding proteins
(PBPs), resistance to the 3-lactams in Gram-negative bacteria is
most frequently due to the production of inactivating enzymes
[72]. Unfortunately, the efficacy of the (3-lactams, including the
penicillins, cephalosporins, monobactams and carbapenems, has
been severely compromised by the rapid expansion of hydrolytic
capabilities of over 1000 [3-lactamase variants with broad-
spectrum activities [73]. As a result, new [-lactams, or -
lactamase inhibitors, have been designed that can counteract the
hydrolytic activity of multiple 3-lactamases, several of which
may appear in a single bacterial strain.

2.4.1. Monocyclic B-lactams

Although monocyclic B-lactams have been described in the
literature for over 30 years, only the monobactam aztreonam has
been widely used clinically, and with only limited commercial
success. Nonetheless, the exclusively Gram-negative spectrum of
monobactams is still attractive in this era of infections caused by
multidrug-resistant Gram-negative pathogens. The stability of
monobactams in the presence metallo-f3-lactamases (MBLs) has
prompted the study of combinations of (-lactams that may be
useful in treating infections caused by a variety of 3-lactamase-
producing organisms, including those with transferable zinc-
containing [3-lactamases [74].

BAL 30376 (Fig. 5, 18, 19, 20) was a unique triple combination
from Basilea Pharmaceutica that utilized the siderophore mono-
bactam BAL19764 (Fig. 5, 18) for rapid entry into Gram-negative
bacteria by using iron uptake pathways. BAL19764 was formerly
known as Syn2416 which originated from SynPhar Laboratories,
now NAEJA Pharmaceuticals. This siderophore monobactam, with
lability to hydrolysis by AmpC cephalosporinases and ESBLs, was
combined with the bridged monobactam BAL29880 (Fig. 5, 19)and
with clavulanic acid (Fig. 5, 20) to inhibit AmpC enzymes and



Table 1

Antibacterial spectrum of activity for new antimicrobial agents.

Antimicrobial class Compound Spectrum of activity Reference
Gram-positive Respiratory Enteric Gram-negative Non-fermenters
Gram-negative/Atypicals
Fluoroquinolones JNJ-Q2 S. aureus/MRSA H. influenzae Fluoroquinolone-susceptible strains NAP [5]
MDR?-streptococci L. pneumophila
M. catarrhalis
Nemonoxacin Fluoroquinolone- H. influenzae Fluoroquinolone-susceptible strains Fluoroquinolone-susceptible strains [7]
susceptible S. aureus
MDR-streptococci
Delafloxacin S. aureus/MRSA H. influenzae Fluoroquinolone-susceptible strains Fluoroquinolone-susceptible strains [10]
MDR-streptococci L. pneumophila
M. catarrhalis
Topoisomerase/gyrase inhibitors NXL101 S. aureus/MRSA NA NA NA [12]
MDR-streptococci
ACH-702 S. aureus/MRSAMDR- H. influenzae Fluoroquinolone-susceptible strains Fluoroquinolone-susceptible strains [17]
streptococci L. pneumophila
M. catarrhalis
Quinazoline-diones S. aureus/MRSA H. influenzae Some strains Some strains [18]
MDR-streptococci L. pneumophila
M. catarrhalis
VRT-752586 S. aureus/MRSA M. catarrhalis NA NA [22]
MDR-streptococci
Fatty acid synthesis inhibitors AFN-1252 S. aureus/MRSA NA NA NA [30,31]
Peptide deformylase inhibitors GSK1322322 S. aureus/MRSA H. influenzae NA NA [42]
MDR-streptococci M. catarrhalis
Aminoglycosides ACHN-490 S. aureus/MRSA ND¢ Not P. mirabilis, indole+ Proteae Aminoglycoside-susceptible [46,47]
SXP2523 S. aureus/MRSA ND Many strains Many strains [50]
Macrolides Cethromycin S. aureus/some MRSA H. influenzae NA NA [51,52,54]
MDR-streptococci L. pneumophila
M. catarrhalis
Solithromycin S. aureus/some MRSA H. influenzae NA NA [55-57]
MDR-streptococci L. pneumophila
M. catarrhalis
Oxazolidinones Torezolid MDR-enterococci/VRE Chlamydia pneumoniae NA NA [59,60]
S. aureus/MRSA L. pneumophila
MDR-streptococci
Radezolid MDR-enterococci/VRE H. influenzae NA NA [63]
S. aureus/MRSA M. catarrhalis
MDR-streptococci
Tetracyclines Omadacycline MDR-enterococci/VRE ND Many strains ND [65,66]
S. aureus/MRSA No Proteae
MDR-streptococci
TP-434 MDR-enterococci/VRE L. pneumophila Many strains ND [69,70]
S. aureus/MRSA
MDR-streptococci
tRNA synthetase inhibitors GSK’'052 ND ND All strains tested Some strains of P. aeruginosa [88]
Monocyclic B-lactams BAL30376 NA ND Many strains unless multiple Many strains of P. aeruginosa [72,75]
AmpC/ESBLs
BAL30072 NA ND Non-ESBL producing enterics P. aeruginosa, including MBLs? [74]
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Table 1 (Continued )

Reference

Spectrum of activity

Compound

Antimicrobial class

Non-fermenters

Enteric Gram-negative

Respiratory

Gram-positive

Gram-negative/Atypicals

ND

[77.78]

ESBL- and serine carbapenemase- Many strains of P. aeruginosa

producing enterics

NA

NXL104 + ceftazidime

B-lactamase inhibitor

combinations

[79]

NA

ESBL- and serine carbapenemase-

producing enterics

ND

S. aureus/MRSA

NXL-104 + ceftaroline

MDR-streptococci

[80,81]

Most strains of P. aeruginosa

Many ESBL- and serine

H. influenzae

Group A and Group B

streptococci

CXA-101 +tazobactam

carbapenemase-producing enterics
ESBL- and serine carbapenemase-

producing enterics

[82]

Most strains of P. aeruginosa

H. influenzae

MDR-streptococci

MK-7655 +imipenem
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M. catarrhalis

2 MDR, multidrug resistant.
> NA, no useful activity.
¢ ND, no data reported.

4 MBL, metallo-B-lactamase.

ESBLs, respectively [75]. Although microbiological activity was
noted for some MBL-producing strains, higher MICs were observed
for organisms that produced multiple 3-lactamases in different
classes. This combination does not seem to be under further
development, but the concept of a combination drug with multiple
[3-lactamase inhibitors remains of interest.

More recently, the siderophore monosulfactam BAL30072
(Fig. 4, 21), also from Basilea, was designed to act as a “Trojan
horse” agent that readily enters the Gram-negative cell using an
iron uptake system before binding to essential cell wall
synthesizing enzymes and causing cell death [72]. Although iron
transport is involved in cell entry, the broad spectrum Gram-
negative antibacterial activity of the sulfactam is dependent upon
binding to several bifunctional PBPs that cause rapid cell death and
lysis. The spectrum of activity of this compound includes many
non-ESBL-producing Enterobacteriaceae, as well as P. aeruginosa,
including strains that produce metallo-[3-lactamases. MICso/MICgg
values for Bal30072 against A. baumannii isolates were 0.5 and
4 g/ml, respectively [74]. Unlike other siderophore-bearing
monocyclic B-lactams, resistance selection was very low, as the
sulfactam does not select for mutants in the iron uptake pathways,
reinforcing the observation that it must not depend solely upon
iron uptake for its antibacterial activity [74]. BAL30072 has entered
Phase 1 dose-ranging studies [43].

A second siderophore monocyclic 3-lactam, MC-1 has been
introduced by Pfizer scientists [76] In vitro data indicated that this
monocarbam also had broad-spectrum Gram-negative activity
including many resistant isolates of Enterobacteriaceae and P.
aeruginosa. Its development status is not known.

2.4.2. B-Lactamase inhibitor combinations

Combinations of a 3-lactam with a 3-lactamase inhibitor have
been successfully used to combat [3-lactamase-mediated resis-
tance since the introduction of clavulanic acid combinations in the
mid-1980s, followed by sulbactam and tazobactam combination
drugs. However, the emergence of so many recent [3-lactamase
variants, appearing in multiple forms within a single organism, has
made these early combinations ineffective. In order to counteract
the effects of enzymes that may hydrolyze multiple classes of 3-
lactams, many companies are continuing to develop new inhibitors
for these enzymes.

NXL104 is a novel bicyclic, non-B-lactam [-lactamase
inhibitor initially developed by Novexel that is now under
clinical development through a collaborative agreement be-
tween AstraZeneca and Forest Laboratories (Fig. 5, 22). This
inhibitor has broad spectrum inhibitory activity that includes
class A and class C B-lactamases, including the class A KPC
carbapenemase family of enzymes [77]. The NXL104-ceftazi-
dime combination provides a drug with in vitro activity against
multidrug-resistant Enterobacteriaceae that produce ESBLs and
serine carbapenemases (KPC enzymes), as well activity against
many P. aeruginosa isolates [78]. The NXL104-ceftaroline
combination provides coverage against most of the same
Enterobacteriaceae that do not express high enzyme levels;
pseudomonal isolates are not sensitive, due to the intrinsically
high ceftaroline MICs against P. aeruginosa [79]. However, due to
the inherent activity of ceftaroline against MRSA, its combina-
tion with NXL104 provides an agent with potential clinical value
against both Gram-positive and Gram-negative pathogens.
NXL104 has been combined with ceftazidime in Phase 2 studies
for the treatment of cUTI (complicated urinary tract infections)
and combined with ceftaroline in Phase 2 studies for the
treatment of cUTI and cIAI [43].

CXA-101 (FR 264205, Fig. 5, 23) is an extended-spectrum
cephalosporin that was selected for development based on its
potent anti-pseudomonal activity [80]. Although the compound is
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Fig. 5. Structures of cell wall inhibitors and B-lactamase inhibitors. Compounds BAL 30376, a triple combination of 18, BAL 19764, 19, BAL29880, and 20, clavulanic acid; 21,

BAL 30072, 22, NXL-104; 23, CXA-101.

labile to hydrolysis by ESBLs and carbapenemases, activity against
ESBL-producing Enterobacteriaceae can be restored in vitro by the
addition of 8 ug/ml of tazobactam [81], an inhibitor that can be
dosed at high levels. It is currently being studied in combination
with tazobactam by Cubist Pharmaceuticals in trials initiated by
Calixa Therapeutics. A Phase 2 clinical trial for the treatment of
cUTI has been completed, with a Phase 2 trial in progress for
treatment of cIAI [43].

MK-7655 is a class C and class A 3-lactamase inhibitor that was
first described publicly by scientists from Merck in September
2010 [82]. When tested in vitro at concentrations of <8 g/ml, it
restored the antibacterial activity of imipenem against class A
(serine) carbapenemase-producing Enterobacteriaceae and multi-
drug-resistant P. aeruginosa isolates [82]. Although the structure of
MK-7655 has not been published by the Merck scientists, the
structure is in the same family as the bicyclic NXL104 structure,
and corresponds to a compound described in “Merck patent
W02009091856)” in the patent literature [83]. MK-7655 is
currently undergoing Phase 1 clinical trials, with studies con-
ducted in the presence of imipenem [43].

2.5. Efflux pump inhibitors

Efflux pumps are ubiquitous among Gram-negative bacteria,
accounting for much of the intrinsic resistance observed for many
antibiotic classes. Using an approach similar to the development of
B-lactamase inhibitors, several companies have established
programs to identify novel compounds that will inhibit specific
pumps, especially those in the Resistance/Nodulation/Cell Division
Family (RND) that affect many known antibiotics in Gram-negative
organisms [84]. Mpex Pharmaceuticals has been at the forefront of
the companies working in this area, with a variety of inhibitors of
RND pumps that have been shown to potentiate the activity of 3-
lactams, oxazolidinones, fluoroquinolones and/or macrolides in

Enterobacteriaceae or P. aeruginosa [85]. Compounds identified
include narrow spectrum and broad spectrum inhibitors, with the
clinical candidate MP-601,205 that entered Phase 1 clinical trials in
cystic fibrosis patients [85]. Development, however, was discon-
tinued due to tolerability issues, a potential problem with broad
spectrum pump inhibitors that are non-specific in their action.
Although no other clinical candidate has yet to be identified, Mpex
scientists are currently working with GlaxoSmithKline to identify a
lead compound for development.

2.6. Peptides

Higher order species including humans possess antimicrobial
peptides (AMPs) that act as a first line of defense against microbial
invaders. These will only be briefly mentioned here and were
recently reviewed by Findlay et al. [86]. Many, but not all, AMPs
work through selective membrane disruption that leads to
depolarization, lysis, and cell death. Much work has been done
in attempts to advance peptides as antimicrobial therapeutic
agents so that there are now over 1200 peptides listed in the
antimicrobial peptide database [87]. AMPs offer such advantages
as lack of cross-resistance to existing agents and reduced
development of resistance, but offer disadvantages in regard to
pharmacokinetics, delivery, and toxicity. None to date have been
successfully marketed as a systemic agent although topical
applications seem quite promising. Research in this area is
expected to be quite active for some time.

3. Commentary

Concern has been raised in the infectious disease community
about whether we have reached the stage of untreatable infections
[47]. Although the pharmaceutical industry has continued to
shrink its efforts in antibiotic discovery and development, many
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smaller companies are providing a diversity of compounds that are
advancing into early stages of development (Table 1). Some of
these new agents are based on well-established antibacterial
drugs, whereas novel targets or novel molecular scaffolds
represent an opportunity for innovative mechanisms to be the
source for clinical development candidates. There is always
substantial risk associated with inhibitors against targets that
have not yet been clinically validated; more basic research would
undoubtedly help with this issue. One should also consider the fact
that inhibitors against single bacterial targets may not result in the
most optimal drugs, due to rapid emergence of resistance as a
result of point mutations in the target gene [89]. It is likely that
there will be high attrition among the first compounds related to
these newer approaches. Nonetheless, the impetus to develop high
risk/high benefit drugs is encouraging. Although rate of resistance
development may ultimately determine the utility of these new
agents, alternative approaches continue to move forward.
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