BIOCHEMICAL PHARMACOLOGY 71I (2006) 991-995

available at www.sciencedirect.com

science( (] /bireECT®

journal homepage: www.elsevier.com/locate/biochempharm

Unmet medical needs in antibacterial therapy

Louis B. Rice*

Louis Stokes Cleveland VA Medical Center and Case Western Reserve University, Medical Service 111(W), 10701 East Blvd., Cleveland,
OH 44106, USA

ARTICLE INFO ABSTRACT

Article history:
Received 15 August 2005
Accepted 21 September 2005

The innate and evolutionary resourcefulness of bacterial pathogens virtually guarantees
that there will always be important areas in which antimicrobial therapy can be improved.
Current areas of need, or ones that are anticipated to be problematic in the near future
include nosocomial infections caused by multi-resistant Gram-negative bacteria, where the
variety and prevalence of multidrug efflux pumps provides a particular challenge to the
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trimethoprim-sulfamethoxazole resistance, and the growing prevalence of fluoroquinolone

resistance in Escherichia coli portend a need for new classes of oral agents to address this
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Porins important need. On the Gram-positive side, the rapid increase in virulent community-
Biofilms acquired methicillin-resistant Staphylococcus aureus (MRSA) infections as a cause of pneu-
Resistance monia emphasizes the importance of developing more agents that are active against MRSA

and that are effective for treating pneumonia. Finally, the importance of indwelling devices
as a nidus for nosocomial infections emphasizes the need for effective agents for treating

biofilm-associated device infection both inside and outside of the hospital.
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Bacterial infections remain major causes of morbidity and
mortality in hospitals around the world. One recent study
estimated that nosocomial Staphylococcus aureus infections
alone resulted in 2.7 million days in excess length of stay, 9.5
billion dollars in extra hospital charges and nearly 12,000
inpatient deaths per year [1]. As S. aureus is estimated to be
responsible for roughly 16% of nosocomial infections in the
U.S,, the tremendous toll of nosocomial bacterial infections in
the United States is obvious. That these numbers exist despite
the large number of antimicrobial agents that are available to
practicing physicians indicates that some portion of the
morbidity and mortality associated with bacterial infections
may well be immune to the impact of current antimicrobial
therapy. Factors such as the increasing age of the inpatient
population, underlying diseases, advanced immunosuppres-
sion, immobility and lapses in appropriate infection control
practices all contribute to infectious morbidity in ways that
antibiotics may be able to impact only minimally. Moreover,
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current antimicrobial therapy is increasingly compromised by
the emergence and spread of bacteria resistant to commonly
used antimicrobial agents. This resistance is due largely to the
substantial quantities of antibiotics that are administered in
health care, and even non-health care settings. Empiric use of
antimicrobial agents for questionable infections, spectra of
therapy that are more broad than are indicated by likely
pathogens, prolonged therapy after successful treatment and
widespread use of antibiotics in food industries all contribute
in significant ways to the growing problem of resistance. Some
of the more problematic resistant bacteria that have emerged
in recent years and that will be discussed in this paper are
listed in Table 1.

Clearly, however, with such staggering numbers for
morbidity and mortality there must be ways in which
antibiotic therapy can be improved. In this paper, 1 will
discuss the unmet needs in antibacterial therapy of human
infections. In order to put these unmet needs in perspective, it
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Table 1 - Evolving and persistent unmet needs in antibacterial therapy

Evolving needs

Persistent need

Multi-resistant Gram-negative bacteria
Pseudomonas aeruginosa, Acinetobacter baumanni,
Stenotrophomonas maltophilia, Community-acquired (CA) UTI

Escherichia coli
CA- and hospital-acquired pneumonia
Staphylococcus aureus

Antibiotics for biofilm-related infections

Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus spp.,
Escherichia coli, Klebsiella pneumonia, Enterobacter spp.,
Pseudomonas aeruginosa, Acinetobacter baumanni,
Stenotrophomonas maltophilia

is worthwhile to spend a few moments discussing the
evolution of antimicrobial therapy that has brought us to
our current position.

The introduction of the first antibacterial compounds
(streptomycin, sulfa, penicillin) met the major needs of the
time by providing effective therapy for staphylococcal,
streptococcal and mycobacterial infections. S. aureus, Strepto-
coccus pyogenes and pneumoniae and Mycobacterium tuberculosis
were major scourges that filled hospitals and sanitariums. The
impacts of the first antibacterial compounds have been
described as miraculous by many observers [2]. Soon,
however, this impact was muted by the emergence of
resistance, particularly in S. aureus and M. tuberculosis. The
remarkable success of these agents against their primary
targets also led to the emergence of previously ignored
bacteria, primarily Gram-negative bacilli, as important patho-
gens. New classes of antibiotics, such as the cephalosporins,
monobactams and carbapenems were developed over the
years to address the emergence of progressively resistant
Gram-negative bacilli. Similarly, semi-synthetic penicillins,
vancomycin, macrolides and tetracyclines provided important
and expanded coverage for many Gram-positive bacteria.

1. The emergence and spread of resistance in
Gram-positive bacteria

By the mid- to late-1980s, there was a general sentiment (in all
but the infectious diseases community) that the problem of
antimicrobial resistance had been conquered and that the
antibiotic market was saturated, leading to the first wave of
pharmaceutical companies abandoning the field of antibac-
terial development. After all, we now had agents from several
classes (penicillins, cephalosporins, monobactams, carbape-
nems, fluoroquinolones and aminoglycosides) that had
clinically important activity against that most resistant and
troublesome nosocomial pathogen, Pseudomonas aeruginosa.
There were rumblings of increasing problems associated with
methicillin resistance in staphylococci, but vancomycin
remained universally active against virtually all clinically
important Gram-positive pathogens, rendering concerns
about S. aureus less urgent.

Then came the emergence and rapid spread of vanco-
mycin resistance in ampicillin-resistant strains of Entero-
coccus faecium (VRE) [3]. Infections caused by these bacteria
appeared virtually untreatable, and were afflicting increas-
ing numbers of patients in intensive care units and
transplant wards. Moreover, genetic studies had suggested

that enterococci and staphylococci were able to exchange
genetic materials [4], raising fears that the mobile enter-
ococcal determinants would enter staphylococci and create
untreatable staphylococcal infections. Several companies
within the pharmaceutical industry responded by ramping
up efforts to identify compounds that would be active
against multi-resistant Gram-positive pathogens. Strategies
included poring over old chemical libraries to identify
compounds with the required activity, reviving antibiotics
that had been shelved because of toxicities or other
problems and investing heavily in genomics to try to identify
new targets for inhibition.

These efforts have to a large extent paid off, yielding no
fewer than four newly licensed agents in the past 5 years that
have in vitro activity against both methicillin-resistant S.
aureus (MRSA) and VRE. Three of these agents (quinupristin—
dalfopristin, linezolid and daptomycin) have spectra that are
restricted to Gram-positive bacteria, only one of which
(linezolid) is available in oral form. The fourth compound,
tigecycline, also has significant Gram-negative activity, but its
spectrum does not include P. aeruginosa. So it is reasonable to
say that the problem of antimicrobial therapy of infections
caused by most resistant Gram-positive bacteria is in a far
better state than it was a decade ago, and will improve even
further as new agents currently being tested make their way to
the market.

An issue of major and growing concern is the prevalence of
methicillin-resistant MRSA in both the community and
hospital settings [5,6]. In the hospital, data from the National
Nosocomial Infection Surveillance indicate that nearly 60% of
S. aureus strains are now resistant to methicillin, indicating
resistance not only to all B-lactams, but also to most other
commonly used antibiotics [7]. These strains are common
causes of ventilator-associated pneumonia. In the commu-
nity, aggressive strains of MRSA are now common causes of
soft tissue infections, and are being increasingly recognized as
causes of community-acquired pneumonia [8]. It is primarily
in the area of pneumonia that the major danger exists. Recent
data suggest that vancomycin, which does not achieve
significant concentrations in the alveolar lining fluid, may
be inferior to linezolid for treatment of MRSA pneumonia [9].
Daptomycin was found to be ineffective for treating pneu-
monia in its clinical trials. Quinupristin-dalfopristin is active
against MRSA, butit does not have an FDA approved indication
for treating pneumonia. Moreover, there is often a reluctance
to use quinupristin-dalfopristin in many areas because of its
high cost and the muscle aches that often accompany its
administration. Linezolid is indicated for treatment of
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pneumonia, and tigecycline clinical trials for pneumonia
treatment are in progress. However, neither of these agents is
bactericidal, so development of a bactericidal agent that would
be effective for treating MRSA pneumonia would have great
appeal. The development of cephalosporins with activity
against MRSA will be followed with great interest, given the
long and successful history of these agents in treating
pneumonia [10].

This progress has occurred amidst a second exodus of
pharmaceutical firms from the antibacterial field. Much of the
exodus has been attributed to similar “saturation” arguments
that were made in the past. While resistant bacteria are
important, they represent a relatively small percentage overall
of bacterial infections. For many resistant bacteria, we already
have several agents with clinical efficacy. The relative rarity of
multi-resistant infections, the almost invariable association of
resistant infections with prior antimicrobial therapy and the
need to perform clinical trials of new antibiotics on ‘“‘anti-
biotic-naive” patients makes enrolling patients with resistant
infections difficult, and therefore more expensive. The advent
of the “blockbuster” drug era has made shareholders less
enamored of drugs that are unlikely to yield yearly revenues
under one billion dollars. Finally, translating genomic infor-
mation into reasonable targets, and then identifying inhibitors
of the new targets that will be deliverable to the appropriate
site within the bacterium has proved to be a more daunting
challenge than first imagined.

2. The re-emergence of resistant Gram-
negative bacteria

The shrinking pool of large pharma firms willing to invest in
antibacterial research, along with the almost exclusive focus
of those that remain on drugs with activity against resistant
Gram-positive bacteria, has been associated with a dearth of
research into antimicrobial agents with activity against
resistant Gram-negative bacteria. Unfortunately, the selective
pressure exerted by current antibiotics against Gram-negative
bacteria has continued, resulting in a growing resistance
problem in many hospitals in this country.

The problem of multi-resistant Gram-negative bacilli is
indeed a daunting one for current pharmaceutical firms. One
of the major problems is that the most problematic resistant
bacteria are among the most naturally resistant organisms
even in the absence of antimicrobial selective pressure. P.
aeruginosa, Acinetobacter baumanni and Stenotrophomonas mal-
tophilia are three important pathogens that are resistant to
many commonly used antibiotics. Moreover, in the presence
of selective pressure they can emerge resistant to even the
relatively few antibiotics that have activity. It is worthwhile to
consider the common characteristics of these bacteria.

P. aeruginosa, A. baumanni and S. maltophilia are all Gram-
negative bacteria that are primarily important as causes of
infections in immunocompromised patients, especially
patients in intensive care units. Lower respiratory tract
infections, wounds infections, urinary tract infections and
bacteremias are common clinical syndromes associated with
these species. Of the three, P. aeruginosa has been the most
extensively studied. P. aeruginosa has many intrinsic char-

acteristics that make it less susceptible to the activity of
commonly used antimicrobial agents. The porins inserted into
its outer membrane (the channels through which most
antibiotics enter the periplasmic space) have a considerably
slower transit times than do the porins of most other common
Gram-negative pathogens [11]. This slow transit time is
important since it can improve the odds that other defense
mechanisms will be effective. P. aeruginosa is also able to
decrease the quantities of specific porins in response to
antimicrobial selective pressure. The best example of this is
the reduction in quantities of the OprD2 porin in response to
imipenem exposure [12]. Imipenem enters into the P.
aeruginosa periplasmic space primarily through the OprD2
porin. As a zwitterion, imipenem traverses this porin quickly,
offering it an advantage in overcoming the relatively weak
(against imipenem) p-lactamase expressed from the P.
aeruginosa chromosome. Prior studies have indicated that
neither increased expression of the B-lactamase alone nor
reduction of the OprD2 porin alone will yield imipenem
resistance [12]. However, when both conditions are present,
clinically important levels of resistance result. High levels of P.
aeruginosa chromosomal B-lactamase are always present after
exposure to imipenem, since that antibiotic is a very potent
inducer of expression of that enzyme. Reductions of the OprD2
porin also appear easy for P. aeruginosa to achieve, since nearly
40% of patients treated with imipenem for a lower respiratory
tract infection will yield a resistant strain before the end of
therapy [13].

In addition to reduced access, P. aeruginosa also expresses a
wide variety of modifying enzymes that reduce the activity of
antibiotic once they have entered the cell. Alarge number of B-
lactamases have been described in P. aeruginosa. The chro-
mosomal cephalosporinase has been well described, and
confers resistance to cephalosporins (with the possible
exception of the fourth generation compounds cefepime
and cefpirome), as well as penicillins, aztreonam and, under
the proper circumstances (see above) imipenem. In addition, a
variety of plasmid-mediated enzymes of different classes have
been described that hydrolyze a broad spectrum of B-lactam
agents. P. aeruginosa also expresses a variety of aminoglyco-
side-modifying enzymes, reducing the activities of that class
of antibiotics.

Perhaps most important from the perspective of designing
new drugs with activity against P. aeruginosa is the expression
of multi-drug efflux pumps. The most important of these are
the three component resistance-nodulation-cell-division
(RND) pumps. Genomic analysis indicates that P. aeruginosa
likely has 12 such pumps [14]. Seven have been characterized
to date, with six of these confirmed to efflux antibiotics [15].
Only one (MexAB-OprM) is expressed under basal conditions,
but other can be activated when the primary pump is not
expressed, or when exposure to a specific antibiotic makes
pump activation advantageous for the organism. The pumps
serve two important roles in expression of resistance. The first
is obviously to confer resistance by themselves, although the
level of resistance conferred by most pumps alone is relatively
modest [16]. The second is to provide an environment in which
other resistance mechanisms confer a high enough level of
resistance to allow selection in an antimicrobial-rich environ-
ment. This sort of collaboration is particularly important for
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selection of fluoroquinolone resistance, in which significant
levels of resistance often require two individual mutations in
cellular topoisomerase genes. The combination of a single
mutation (which by itself would not confer selectable levels of
resistance) with a pump activation can yield selectable levels
of resistance, allowing time for the second topoisomerase
mutation to occur—yielding resistance even in the absence of
pump activation.

Although less is known about A. baumanni and S.
maltophilia, the above description of P. aeruginosa largely
applies to them as well. Both have been shown to express a
variety of modifying enzymes. S. maltophilia produces a
metallo-B-lactamase that confers intrinsic resistance to
carbapenems [17]. S. maltophilia only became a significant
pathogen in intensive care units after imipenem was
introduced as a clinical agent. A. baumanni expresses a variety
of enzymes, including an intrinsic chromosomal cephalos-
porinase and a variety of plasmid-encoded acquired enzymes,
including some metallo-enzymes that hydrolyze carbape-
nems [18]. Both A. baumanni and S. maltophilia have been
shown to encode RND-type pumps [19,20], although the
number of these pumps within the species and their specific
activities are not as well characterized as those of P. aeruginosa.

The importance of RND-type efflux pumps cannot be
understated as a challenge for developing new antimicrobials
with activity against these pathogens. These are general
pumps, designed to efflux a variety of materials that are toxic
to the bacterial cell. This broad spectrum, combined with the
number of different pumps encoded by the species, makes it
conceivable, and perhaps even likely, that these species will be
able to efflux virtually any compound that proves to be toxic.
Target-based antimicrobial discovery programs therefore run
the risk of large investments to identify a novel target and an
effective inhibitor, only to find that the compound cannot
achieve concentrations high enough at the target to effectively
inhibit it.

Creating pump inhibitors has tremendous appeal. The
ability to negate the activity of these efflux pumps could return
activity not only to currently available antibiotics, but may
preserve the activity of antibiotics to come [16]. There are
significant challenges to this strategy, however. Selective
pump inhibitors tend to yield mutants in which a second
pump has assumed the duties of the inhibited one. Broad-
spectrum pump inhibitors are more difficult to develop, and
may run a greater risk of being toxic to human cells, since we
use similar pumps to detoxify our own cells. Still, the potential
yield from an effective pump inhibitor is so great that further
investigations are clearly warranted.

Gram-negative bacteria are common causes of commu-
nity-acquired infections as well. In particular, E. coli continues
to predominate as a cause of urinary tract infections in
community-dwelling females. Ampicillin resistance rates are
above 30%, and in some geographic areas trimethoprim-
sulfamethoxazole resistance levels exceed 20%, making these
antimicrobial agents inefficient for empiric treatment of
urinary tract infections [21]. Many physicians are therefore
using fluoroquinolones as first line agents. While at the
moment a fluoroquinolone is a reliable empirical choice, rising
fluoroquinolone resistance rates throughout the world and in
the U.S. suggest that this strategy may not be effective into the

future. As such, there is a clear unmet need for additional
classes of antimicrobial agents that will be effective for
empiric treatment of community-acquired urinary tract
infections.

3. Biofilm resistance

Resistance to antimicrobial activity comes in many forms.
Even strains that may be highly susceptible to antibiotics
when grown in planktonic cultures may be quite resistant
when grown in a biofilm. Most bacteria, and virtually all of the
problematic multi-resistant nosocomial strains, have been
shown to produce biofilms under the appropriate circum-
stance. The development of these microbial communities is a
result of remarkable intracellular communication. In Gram-
negative bacteria, this communication occurs most com-
monly through the elaboration of homoserine lactones,
whereas Gram-positive bacteria communicate through the
use of small peptides. Originally thought of as a barrier to
antibiotic entry, biofilms have more recently shown to be
penetrated rather well by some antibiotics. The real problem
with bacterial resistance in biofilms appears to be some
change in the bacterial characteristics that make them less
susceptible to antibiotics. The nature of these changes is an
area of intense investigation. One recent paper analyzed a
transposon mutant of P. aeruginosa that was able to form
phenotypically normal biofilms, but that was susceptible to
antimicrobial agents of different classes (aminoglycosides,
chloramphenicol and quinolones) [22]. The mutation in this
case was mapped to the nduB gene, which is required for
synthesis of periplasmic glucans. These periplasmic glucans
were further shown to bind tobramycin, leading the authors to
hypothesize that the products of nduB, which is transcribed
only in biofilm cells, bind and sequester tobramycin within the
periplasmic space, thereby preventing movement to the target
ribosome in the cellular cytoplasm. There was some strain
variation in the impact of the ndvB mutation, suggesting that it
is not the entire explanation of biofilm resistance.

Biofilms form when bacteria (not bacterial) colonize foreign
material, such as intravascular or urinary catheters, orthope-
dic devices and other implantable material. Approximately
one-half of the nosocomial infections occurring each year in
the United States are associated with indwelling devices [23].
Therefore, biofilms are major players in the hospital setting.
The lack of activity of most antibiotics against biofilm bacteria
necessitates, in many cases, removal of the infected device to
optimize the chances for successful therapy. This necessity
adds dramatically to the morbidity and mortality associated
with nosocomial infections every year. Development of
antimicrobial agents that have activity against biofilm
bacteria, and which prove to be effective in treating infections
without device removal, would be a major advance in
antimicrobial therapy.

4, Conclusions

We have many highly effective antimicrobial agents that allow
us to treat the majority of bacterial infections that occur in the
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community and in the nosocomial setting. However, the
constant evolution of our microbial flora in response to
antimicrobial selective pressure creates inevitable gaps in
coverage. Current gaps and those to be anticipated in the near
future include drugs to effectively treat multidrug-resistant
Gram-negative pathogens, effective oral therapy for treatment
of community-acquired urinary tract infections and drugs
active against MRSA that will be bactericidal and effective in
treating pneumonia. Another substantial but largely unad-
dressed area of need is the treatment of biofilm-related
infections. Development of effective agents in these areas will
serve an important medical need and should find large enough
markets to be financially rewarding.
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