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Learning Objectives:
Upon reading this article, the reader will be able to:
1. Describe the various resistance mechanisms utilized
by Pseudomonas aeruginosa.
2. Differentiate

resistance mechanisms in P. aeruginosa.

between acquired and innate

3. List the antimicrobial-modifying enzymes expressed
by P. aeruginosa.

4. Name the mechanism used by P. aeruginosa to resist
the activity of each of the antimicrobial agents that
are used in treatment.

ABBREVIATIONS: NHSN = National Healthcare
Safety Network; HAI = healthcare-associated infections;
OprF = outer membrane protein F.

INDEX TERMS: Pseudomonas aeruginosa, —anti-

microbial resistance, membrane efflux.
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Pseudomonas aeruginosa is one of the leading causes of
healthcare-associated infections (HAI). In the more
severe infections such as bacteremia and pneumonia,
mortality rates are high, and the infection is often
difficult to treat because there are limited drugs with

anti-pseudomonal activity. Infections caused by P.
aeruginosa may be treated with antimicrobial agents
from three major groups based on mechanism of action:
aminoglycosides (interference with protein synthesis)
such as tobramycin or amikacin; beta-lactams
(inhibition of cell wall synthesis) such as piperacillin,
ticarcillin, 3™ and 4™ generation cephalosporins
(ceftazidime and cefepime), and carbapenems like
imipenem or meropenem; or fluoroquinolones (cipro-
floxacin) (interference with nucleic acid replication). In
2005, the National Healthcare Safety Network
(NHSN) began collecting, summarizing and reporting
data on antimicrobial-resistant pathogens that cause
HAI As described in their 2008 report, HAI pose an
“ongoing and increasing challenge to hospitals, both in
the clinical treatment of patients and in the prevention
of the cross-transmission of these problematic

pathogens”.!

As reported by the NHSN, increases in antimicrobial
resistance have significantly limited the number of
available treatment options.* Production of new classes
of antibiotics has stalled in the last two decades, and
novel agents with activity against P. aeruginosa will not
be available in the foreseeable future, thus continuous
surveillance of the development of resistance to current
therapeutic agents is vital as is the appropriate utili-
zation of antimicrobial agents to minimize the
development of resistance.

To investigate the development of resistance to beta-
lactam antibiotics, one group followed 132 intensive
care unit (ICU) patients over a three-year period.” They
tracked the antibiogram of P. aeruginosa isolated from
these patients over time along with the type of beta-
lactam the patient was prescribed. They found that the
P. aeruginosa isolated from patients on imipenem and
piperacillin/tazobactam became resistant to those drugs
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more than when patients were prescribed amoxicillin-
clavulanic acid, ceftazidime, or cefepime.’ Obritsch and
colleagues analyzed the resistance of P. aeruginosa to
antimicrobial agents from data collected from 1993-
2002 in the Intensive Care Unit Surveillance Study
(ISS) database.® They found that P. aeruginosa became
significantly more resistant to ciprofloxacin, imipenem,
tobramycin and aztreonam over the ten year period that
was studied. In addition, resistance to multiple drugs
also increased. An interesting study performed by Kallel
et al” tracked the usage of antimicrobial agents and
resistance of P. aeruginosa to those agents. They found
that when imipenem and ciprofloxacin were given to
ICU patients, P. aeruginosa showed increasing resistance
to imipenem and ciprofloxacin. On the other hand,
when the usage of imipenem and ciprofloxacin
decreased, the resistance of P. aeruginosa to those drugs
also decreased. These studies clearly demonstrate that 2.
aeruginosa is becoming increasingly more resistant to
antimicrobial agents.

But how do bacteria, specifically P. aeruginosa, develop
antibiotic resistance? Resistance occurs through a variety
of mechanisms, such as: 1) intrinsic resistance to
antimicrobial agents via a large selection of genetically-
encoded resistance mechanisms; 2) mutations in
chromosomal genes; or 3) acquisition of additional
resistance mechanisms from other bacterial organisms in
the form of plasmid-encoded genes.®

The genome of P. aeruginosa is among the largest
amongst bacteria with 5567 genes encoded in 6.26
Mbp as compared to Escherichia coli K12 that has 4.64
Mbp encoding 4279 genes and Haemophilus influenzae
Rd that has 1714 genes in 1.83 Mbp of DNA.” This
comparatively large genomic size allows for greater
genetic capacity, especially when only about 1500 genes
are needed for the organism to grow and replicate, and
presumably accounts for its highly adaptable nature,
including its ability to develop resistance to antibiotics.’

Intrinsic or Inherent Resistance

P.  aeruginosa is inherently resistant to certain
antimicrobial agents by three different mechanisms
including decreased permeability of the outer cell
membrane preventing the agent from getting into the
cell, the use of mechanical efflux pumps which actively
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pump the antimicrobial agent out of the cell and the
production of enzymes that degrade the antimicrobial
agent destroying its activity.

Permeability of outer cell membrane

Although the drugs typically used to treat P. aeruginosa
infections have different mechanisms of actions, they all
must first cross the bacterial cell wall in order to reach
their target. All gram-negative bacteria have an outer
cell membrane as a component of its cell wall that
naturally prevents large, hydrophilic molecules from
passing through it. In order to get inside the cell, these
molecules must pass through porins, which are protein
channels that span the outer membrane. With regard to
antimicrobial agents, beta-lactams and quinolones must
diffuse through porin channels in the outer membrane
of the gram negative cell wall, but aminoglycosides and
colistin interact with lipopolysaccharide on the outside
of the outer membrane changing the permeability of the
membrane so that they can pass through the membrane.

There are two major classes of porin channels produced
by bacteria: general and specific. General porins will
allow almost any hydrophilic molecule to pass through
it whereas specific porins have binding sites to which
certain molecules will bind orienting the molecule so
that it passes through the porin in the most energy-
efficient manner." The specific porins are particularly
important for moving certain molecules into the cell
especially when that molecule is in short supply, but
just about any molecule can pass through a specific
porin similarly to a general porin. Most gram negative
organisms have lots of general porins and relatively few
specific porins, but P. aeruginosa is opposite in that it
has mainly specific porins in its outer membrane."

P. aeruginosa produces several different porin channels
and these porins contribute to the inherent resistance of
the organism to antimicrobial agents. The major general
porin of P. aeruginosa is outer membrane protein F
(OprF). While most molecules can pass through OprF,
the channels are often very narrow and practically not
many molecules pass through. There have been mutant
strains lacking OprF reported in the literature, but loss
of OprF has not been found to be a major cause of

antibiotic resistance.!!

Specific porins found in P.
aeruginosa along with their substrate include:
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= OprB specific for glucose
= OprP specific for phosphate
- OprO specific for polyphosphate and

= OprD specific for positively charged amino acids
such as lysine.

Imipenem and the other carbapenems cross the outer
membrane through OprD, although other beta-lactams
cannot use this porin to cross the outer membrane.’
Loss of this porin has been associated with increased
resistance to carbapenems, but as expected, not to other

beta-lactams.?

In fact, the minimum inhibitory
concentration of imipenem increases from 1-2 mg/L to
8-32 mg/L when OprD expression is lost.” OprD must
not be the only porin through which the carbapenems
cross, however, because the loss of OprD does not affect

the susceptibility of the organism to meropenem.’

Unlike the beta-lactams and quinolones, which utilize
porin channels to cross the outer membrane to get to
their target, the aminoglycosides bind to the
lipopolysaccharide (LPS) on the outer membrane
surface, increasing the permeability of the membrane so
that the aminoglycoside can get to the cytoplasmic
membrane. OprH is an outer membrane protein that
protects LPS from being bound by the aminoglycosides.
Aminoglycoside resistance due to the overexpression of
OprH has been observed in laboratory strains but not in
many clinical isolates.” Resistance of P. aeruginosa to
aminoglycosides is due to other mechanisms which will
be discussed below.

Efflux pumps

The second mechanism by which P. aeruginosa exerts
resistance to antimicrobial agents is by actively pumping
the drug out of the cell through efflux pumps. The
presence of efflux pumps in P. aeruginosa was first
reported in 1993." Many clinically relevant gram-
negative organisms possess efflux pumps. The efflux
pumps of P. aeruginosa are multi-drug resistance
(MDR) transporters that use a proton motive force to
move the drug out of the cell. In particular, the MDR
transporters of P. aeruginosa are part of the resistance-
nodulation-cell division (RND) family."” The efflux
pumps are comprised of three proteins: an RND
exporter protein embedded in the cytoplasmic

membrane that is an energy-dependent pump, a mem-
brane fusion protein in the periplasmic space that links
the RND exporter protein to the third protein, an outer
membrane porin.” The RND exporter protein and the
membrane fusion protein are named multidrug efflux
(Mex) along with a letter, e.g. MexA and MexB. The
outer membrane proteins are called Opr’s like the
porins described above used by the beta-lactams to enter
the cell." P. aeruginosa has twelve RND efflux systems,
but only half of them have been characterized." The
efflux pumps that remove antimicrobial agents along

with some of their substrates are:"’

= MexAB-OprM: Beta-lactams, fluoroquinolones

= MexXY-OprM:  Fluoroquinolones, beta-lactams,
aminoglycosides

= MexCD-Orp]: Beta-lactams, fluoroquinolones

= MexEF-OprN: Fluoroquinolones

- MexJK-OprM: Tetracycline, erythromycin

- MexPQ-OpmE: Fluoroquinolones

= MexGHI-OpmD: Fluoroquinolones

Most antimicrobial agents are pumped out by these
efflux pumps. Only the polymyxins are not removed
from the cell via efflux pumps.

Antimicrobial modifying enzymes

The production of enzymes that degrade antimicrobial
agents is the third way P. aeruginosa resists the
inhibitory effects of antimicrobial agents. Most of these
enzymes are encoded on plasmids that are acquired by
P. aeruginosa from the environment and will be
discussed later. AmpC is one antimicrobial-degrading
enzyme that is encoded in the genome. AmpC encodes a
beta-lactamase. Beta-lactamases are enzymes that cleave
the beta-lactam ring, opening up the structure and
destroying the ability of the beta-lactam to bind to its
target. The AmpC of P. aeruginosa is an inducible
cephalosporinase that confers resistance to all beta-
lactams except the carbapenems.

Acquired Resistance

P. aeruginosa is inherently resistant to antimicrobial
agents because of restricted access of extracellular
antimicrobial agents to intracellular targets, active efflux
of antimicrobial agents out of the cell and production of
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enzymes that degrade antimicrobial agents. P. aerugi-
nosa has also been observed to acquire resistance to
antimicrobial agents either through mutations to
chromosomal genes or through the acquisition of
plasmids encoding genes conferring resistance.

Mutations to chromosomal genes

With regard to mutations in chromosomal genes,
several genes have been identified that when mutated
confer resistance. First of all, mutation of the gyr4 gene
changes the structure of DNA gyrase which is the target
of the quinolones.” The structure of the 30S subunit of
the ribosome can also be changed by mutation resulting
in resistance to streptomycin but not to other anti-
pseudomonal aminoglycosides. The gene encoding the
penicillin-binding  protein when mutated confers
resistance to beta-lactams.” Mutations in genes that
regulate the expression of genes involved in the
resistance of the organism to antimicrobial agents can
also increase the resistance of the organism. For
example, mutations in ampR, the gene that regulates the
expression of ampC, results in the overexpression of
ampC and thereby increases resistance to beta-lactams."

Acquisition of resistance genes on plasmids

Many different resistance genes are encoded on
plasmids that have been shown to be acquired by P.
aeruginosa. These genes either confer resistance to beta-
lactams or to the aminoglycosides. Several types of beta-
lactamases with differing substrate specificity have been
identified in many bacterial organisms. P. aeruginosa has

been shown to produce the following beta-lactamases:"

Class A serine beta-lactamases (PSE, CARB, and
TEM)

Class A extended-spectrum beta-lactamases (ESBL)
(TEM, SHV, CTX-M, PER, VEB, GES, and IBC)

Class D OXA-type ESBLs

Class B metallo-beta-lactamases that degrade all

beta-lactams including the carbapenems (IMP,
VIM, SPM, and GIM) and

Class A Carbapenemases (KPC) that degrade the

carbapenems.

P. aeruginosa also acquires plasmids encoding amino-
glycoside-modifying enzymes.' The aminoglyco-side-
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modifying enzymes found in P. aeruginosa either
phosphorylate (aminoglycoside phosphoryltransferase
(APH)), acetylate (aminoglycoside acetyltransferase
(AAC)), or adenylate (aminoglycoside nucleotidyl-trans-
ferase (ANT)) the aminoglycoside. P. aeruginosa can
express one or more aminoglycoside modifying enzymes
increasing the spectrum of resistance with increasing
expression of enzymes.'® The major aminoglycoside
modifying enzymes and their substrates are:

- AAC(6')-1 confers resistance to tobramycin,
netilmicin and amikacin

= AAC(6’)-II  confers resistance to gentamicin,
tobramycin and netilmicin

= AAC(3)-I confers resistance to gentamicin

= AAC(3)-II confers resistance to gentamicin,
tobramycin and netilmicin

- AAC(6')-1 confers resistance to tobramycin,
netilmicin and amikacin.

= ANT(2)-1 confers resistance to gentamicin and
tobramycin and

- APH(3’)-VI confers resistance to amikacin and
isepamicin.

As evident from above, P. aeruginosa possesses a wide
repertoire of mechanisms allowing it to be resistant to
most anti-pseudomonal drugs. Resistance can be
chromosomally-mediated as in expression of efflux
pumps or acquired through mutation of chromosomal
genes or expression of plasmid-encoded resistance genes.
Rising rates of nosocomial infections, increasing rates of
antibiotic resistance and no new drugs with activity
against P. aeruginosa scheduled to be produced in the
future has increased the concern about treatment
measures for infections caused by P. aeruginosa. The
next article in this series will discuss the treatment
modalities that are currently recommended for P.
aeruginosa.
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