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Can B-Lactam Antibiotics Be Resurrected to

Combat MRSA?

Timothy J. Foster'*

The use of B-lactam antibiotics to treat infections caused by Staphylococcus
aureus has been severely compromised by the acquisition by horizontal gene
transfer of a gene that encodes the p-lactam-insensitive penicillin-binding
protein PBP2a. This allows methicillin-resistant S. aureus (MRSA) to proliferate
in the presence of B-lactam antibiotics. Paradoxically the dependence on
PBP2a for the essential transpeptidase activity in cell wall peptidoglycan
biosynthesis is the ‘Achilles heel’ of MRSA. Compounds that disrupt the
divisome, wall teichoic acid, and functional membrane microdomains act
synergistically with B-lactams against MRSA. These include drugs such as
statins that are widely used in human medicine. The antibiotics vancomycin and
daptomycin are also synergistic with -lactams, and combinations have been
employed to treat persistent MRSA infections. An additional benefit of exposing
MRSA to B-lactams could be a reduction in virulence mediated by interfering
with the global regulator Agr. The mechanistic basis of synergy is discussed,
and the possibility that p-lactams can be resurrected to combat MRSA
infections is explored.

B-Lactam Antibiotic Resistance in S. aureus

B-Lactams are the most successful chemical class of antibiotic ever used to treat infections in
humans. This is due to their wide spectrum of activity, oral availability, excellent pharmacoki-
netics, lack of toxicity, and bactericidal action. They would be the drugs of choice for treating
serious invasive infections caused by S. aureus [1]. However, their usefulness has been
compromised by the development of resistance [2]. Resistance to penicillin was observed
soon after its introduction and involved expression of B-lactamase. Following the development
of the B-lactamase-insensitive penicillin derivative methicillin and the isoxazoyl penicillins
(e.g., oxacillin), strains acquired SCCmec cassettes by horizontal transfer which encoded a
penicillin-binding protein (PBP2a) that could not be inactivated by B-lactams [3]; these are
called MRSA strains.

The first MRSA strains were mainly confined to hospitals and carried type |, ll, or lll
SCCmec cassettes [2,3]. The hospital-associated HA-MRSA strains express high levels
of resistance to oxacillin and typically cause invasive infections manifested as bacteraemia
in hospitalized patients who are immunocompromised or who have undergone surgery [4].
During the past 15 years strains carrying a type IV SCCmec cassette have emerged in the
community and are particularly widespread in North America, Australia, and New Zealand
[5], while community-associated MRSA (CA-MRSA) strains bearing a type V SCCmec
cassette have emerged in Asia [6]. CA-MRSA strains typically express a low level of
resistance to oxacillin and cause serious skin and soft-tissue infections in individuals
who were previously healthy.
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The clinical usefulness of the broad-spectrum B-lactam amoxycillin was extended by coad-
ministration with the B-lactamase inhibitor clavulanic acid [7]. Other successful combinations of
B-lactam and B-lactamase inhibitor are ampicillin—sulbactam and piperacillin—tazobactam.
Thus there are precedents for resensitizing resistant bacteria to B-lactams by combination
of a B-lactam with a molecule that enhances its activity.

Several molecules have been identified that potentiate B-lactam activity towards MRSA. These
include drugs that are already licensed for treating human diseases which fortuitously inhibit
targets that compromise the integrity of PBP2a making bacteria reliant upon the B-lactam-
susceptible housekeeping PBP2 [8-10]. Daptomycin is used to treat serious MRSA infections,
particularly since strains have emerged that are insensitive to the previous drug of choice,
vancomycin (VISA). B-Lactams and daptomycin act synergistically, and combinations have
been used to treat persistent invasive MRSA/VISA infections [11]. In addition, MRSA that have
acquired resistance to daptomycin paradoxically become susceptible to B-lactams —which has
also allowed successful treatment of persistent infection [12].

This review examines the mechanistic basis of synergy between B-lactams and molecules that
interfere with factors that are required for the integrity of PBP2a — viz. wall teichoic acid and
functional membrane microdomains — or which disrupt the integrity of the divisome; it also
examines the synergy that occurs between B-lactams that target different PBPs.

Cell Division in MRSA

Cell division is initiated by the assembly of the divisome complex at the nascent septum at the
mid-cell [13,14] (Figure 1). The membrane-bound FtsA protein acts as an anchor for FtsZ, the
tubulin-like protein that forms the Z-ring. The divisome is a machine that coordinates the
formation of the septum with the synthesis of peptidoglycan in the new cell wall that eventually
separates the dividing cells. FtsZ undergoes slow ‘treadmilling’ at the new mid-cell and initiates
the initial invagination of the membrane at the new septum [15]. The lipid Il fippase MurdJ then
arrives at the divisome (Figure 2). Lipid Il is translocated to the outer face of the membrane
which acts as a signal for recruiting PBP2 (and presumably PBP2a in MRSA). Massive synthesis
of peptidoglycan begins, which becomes the driving force for cytokinesis.

Peptidoglycan synthesis in S. aureus involves several penicillin-binding proteins [16] (Figure 1).
PBP1 has a functional transpeptidase domain but its main role is to initiate peptidoglycan
biosynthesis in coordination with the assembly of the divisome [17]. PBP2 is an essential
bifunctional transglycosylase-transpeptidase [18], while the normally dispensable PBP4
provides the final cross-linking to peptidoglycan [18].

In MRSA, synthesis of new cell wall peptidoglycan in the presence of B-lactam antibiotics that
block the active site of PBP2 transpeptidase requires PBP2 to act in concert with the imported
SCCmec-encoded PBP2a [19]. PBP2 provides the transglycosylase activity, and PBP2a
provides the cross-linking transpeptidase [19]. Peptidoglycan formed under these circum-
stances in HA-MRSA strains is functional but cross-linking is incomplete. In CA-MRSA strains,
cross-linking is inadequate and requires the activity of PBP4 otherwise cells become depen-
dent on PBP2 and susceptible to oxacillin [20]. The transpeptidase active site of PBP2a is
buried in a deep cleft that is inaccessible to all B-lactam antibiotics except the fifth-generation
cephalosporin ceftaroline fosamil, which has the ability to activate the allosteric binding site
which opens the active transpeptidase site to a second molecule [21-23].
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Figure 1. Events Occurring at the
Cell Division Septum in Methicillin-
Resistant Staphylococcus aureus
(MRSA). Cell division is initiated by the
assembly of the divisome at a site on the
membrane at the mid-cell. Key compo-
nents are shown in the expanding sep-
tum, including FtsA, FtsZ, and PBP1. The
bifunctional transglycosylase (TG) trans-
peptidase (TP) domains of the mem-
brane-anchored PBP2 and PBP2a are
shown attached to a functional mem-
brane microdomain (FMM) rich in staphy-
loxanthin (grey box) and incorporating
dimers of flotillin (Flo), while PBP1 is
shown in association with the divisome
(CW, cell wall synthesis initiation domain).
This is inferred from [9]. Wall teichoic acid
(WTA) synthesized locally acts as a signal
for the attendance of PBP4 which com-
pletes cross-linking of peptidoglycan
symbolized in the blue boxes. The black
boxes with cross-hatching symbolize the
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Wall teichoic acid (WTA) is intimately involved in peptidoglycan biosynthesis by MRSA. Firstly,
WTA acts as a platform/scaffold for PBP2a [24]. Secondly, newly synthesized WTA is a
temporal signal and marker for the localization of PBP4, the transpeptidase which completes
the cross-linking of peptidoglycan formed by PBP2/PBP2a.

Functional membrane microdomains (FMMs) are lipid rafts that are enriched in the triterpenoid
carotenoid staphyloxanthin and contain the protein flotillin. FMMs promote efficient oligomeri-
zation of protein complexes involved in export, secretion, and signalling [9]. Although not
essential for cell division in vitro, FMMs enhance the process in MRSA by promoting the
oligomerization and stability of PBP2 and PBP2a. There are fewer FMMs in mutants defective in
staphyloxanthin biosynthesis, and the remaining FMMs are less likely to occur at the septum.

As well as allowing S. aureus to proliferate in the presence of B-lactam antibiotics, paradoxically

PBP2a itself is the ‘Achilles heel’ of MRSA. The mecA gene that encodes PBP2a was imported
from other species of staphylococci on mobile genetic elements [25,26]. Unlike PBP2, it

28  Trends in Microbiology, January 2019, Vol. 27, No. 1

Cell

REVIEWS



Cell

REVIEWS

Krisynomycin
actinocarbasin

BPEI
N @ Vancomycin

= _PBP4

Ticlopidine

Daptomycin @@ ;
i pp

%

VA
N
Z
Statins \Z/ Targocil UppsS Lipid II
N N
VA .
N Clomiphene
4
’ /\ C15-PP
8 x C5-PP
PC190723 Humimycin A-17S
TXA707

Trends in Microbiology

Figure 2. Targets for Inhibitors That Act Synergistically with B-Lactams against Methicillin-Resistant Staphylococcus aureus (MRSA). Summary of
events occurring at the cell division septum in MRSA and the site of action of molecules that impair the process and render cells susceptible to B-lactams. They key
events at the divisome shown in Figure 1 are incorporated at the centre of the diagram with a functional membrane microdomain (FMM) in a staphyloxanthin (SX)-rich
lipid raft (grey box) incorporating dimers of flotillin (Flo). The housekeeping penicillin-binding proteins PBP1, PBP2, and PBP4 are shown and their transpeptidase (TP),
transglycosylase (TG), and cell-wall-initiating (CW) domains are indicated. Also included is PBP2a. Factors that also support PBP2a are the PrsA chaperone and
glycosylated wall teichoic acid (WTA) shown (red circles, polyribitol phosphate; blue hexagons, hexoses attaching ribitol phosphate attached to C55 isoprenoid
precursor, double black line; green hexagons, B-0-GlcNAc). The TarG flippase is shown as a light blue oval. The right hand side summarizes the synthesis of the
peptidoglycan precursor lipid Il (red hexagons, N-acetylmuramic acid and N-acetylglucosamine; blue circles, amino acids, including p-alanines, unfilled) which is flipped
to the exterior face of the cytoplasmic membrane by the Murd “flippase’ (green oval) and is then incorporated into peptidoglycan by PBP2 and PBP2a. The left hand side
shows the Sec secretion system (yellow oval) and the SpsB signal peptidase. The targets for molecules that act synergistically with B-lactams are indicated. The black
boxes with cross-hatching symbolize the incompletely cross-linked peptidoglycan produced by PBP2/PBP2a and the final product produced by PBP4.

requires a chaperone, the peptidyl-prolyl cis—trans isomerase PrsA in order to fold correctly
[27], and, as mentioned above, it requires WTAs and FMMs which provide a scaffold for its
localization to, and retention at, the septum.

Molecules That Potentiate p-Lactam Antibiotic Activity

The imported PBP2a allows MRSA to proliferate in the presence of B-lactam antibiotics.
However, MRSA is vulnerable to combinations of a B-lactam and molecules that destabilize
the divisome or disrupt the platform/scaffold required for PBP2a integrity.
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Statins Inhibit Functional Membrane Microdomains

Drugs in the statin family are widely used to treat hyperlipidaemia in the prevention of
cardiovascular disease [28]. Statins inhibit the enzyme 3-hydroxy 3-methylglutamyl coenzyme
A reductase (HMCR) in the mevalonate pathway [29]. Mevalonate is a precursor of the lipid
cholesterol. There are considerable clinical and epidemiological data to indicate that patients
receiving statin therapy have a significantly better outcome from serious infections including
sepsis, pneumonia, and bacteraemia [30]. Two large meta-analyses demonstrated protective
effects, but considerable differences occurred in statin exposure prior to, or during, hospitali-
zation [31,32]. A recent cohort study in the USA of S. aureus bacteraemia patients concluded
that continued statin therapy after hospitalization was beneficial but that there was no benefit if
treatment was discontinued after hospitalization or if treatment started after hospitalization [33].
Similar results were seen in a controlled trial of sepsis patients [34].

There is considerable evidence to indicate that statins have immunomodulatory effects which
could result in a reduced cytokine storm during sepsis. In mice and humans administered with
lipopolysaccharide (LPS), statins reduce the level of proinflammatory cytokines TNF-a., IL-18,
and IL-6 as well as the expression of TLR2 and TLR4 on monocytes [35,36]. Also peripheral
blood mononuclear cells from humans taking statins have lower responses to LPS ex vivo [37].

Statins reduce the uptake and killing of S. aureus by human neutrophils but paradoxically
increase the level of killing following prolonged exposure. Statin treatment increases the release
of phagocyte DNA which form extracellular traps containing bactericidal proteases, antimicro-
bial peptides, and histones [38]. In a murine model of pneumonia caused by S. aureus, more
extracellular traps were evident in statin-treated animals — which could explain the lower level of
bacteria in the lungs.

In S. aureus, statins inhibit the synthesis of staphyloxanthin, an unphosphorylated membrane
saccharolipid that gives the bacterial colonies their golden yellow colour [39]. Staphyloxanthin is
an antioxidant that helps to protect S. aureus cells from the oxidative burst following uptake by
phagocytic cells [40]. Statins inhibit staphyloxanthin biosynthesis by targeting staphylococcal
HMCR which prevents synthesis of the staphyloxanthin precursor mevalonate.

Very recently it has become apparent that the cytoplasmic membrane of prokaryotes has lipid
raft-like domains called FMMs [9] (Figures 1 and 2). These are rich in isoprenoid lipids (staph-
yloxanthin in the case of S. aureus) combined with dimers of the membrane protein flotillin (FloA)
[41]. FMMs act as scaffolds for assembly of multimeric protein complexes involved in secretion
and signalling. Interestingly, FMMs are also important for the integrity of PBP2a in MRSA [9].
Extracted FMMs contain PBP2a, while FloA and PBP2a were shown to interact by two-hybrid
and pull-down experiments. Inhibition of staphyloxanthin synthesis with the statin zaragozic
acid resulted in reduced PBP2a oligomerization in the membrane and rendered the MRSA cells
susceptible to B-lactam antibiotics in vitro and in a mouse infection model.

Thus, statins are excellent candidates for combination with B-lactams to treat MRSA infections.
Not only do they sensitize MRSA to B-lactams but they also reduce virulence by promoting
extracellular trap formation which enhances bacterial killing, and reduce excessive production
of proinflammatory cytokines.

FtsZ Inhibitors

PC190723 is the forerunner of a series of compounds that bind to the tubulin-like protein FtsZ
and block formation of the Z-ring at the septum [42]. TXA709 is a prodrug derivative with
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improved oral availability and pharmacokinetics [43]. The inhibitors are potent and rapidly
bactericidal. Cells continue to grow and expand in the presence of the FtsZ inhibitors but they
cannot divide and eventually lyse.

A genetic knockdown screen was employed to identify genes that are required for resistance to
B-lactams in MRSA strains [44]. It revealed components of the divisome, including FtsZ, to be
important. It was shown that the FtsZ inhibitor PC190723 acted synergistically with B-lactam
antibiotics (Figure 2). Fluorescence microscopy with green fluorescent protein (GFP) fusions
revealed that FtsZ and PBP2a colocalized at the septum and that treatment with PC190723
caused both to become dislocalized. Synergy stems from a reduction in the concentration of
B-lactams needed to inhibit residual housekeeping PBPs during perturbation of the integrity of
the septum/divisome [10,44]. Indeed, the degree of synergy with a particular B-lactam depends
on its affinity for PBP2 [10].

One difficulty with PC190723 and TXA709 is the high frequency of resistance that can be
selected in a single step [42,45]. Mutants occur primarily at two glycine residues, substitutions
at which block access of the drug to its binding site. While the high mutation frequency will likely
preclude development of these drugs for monotherapy, several factors indicate that combina-
tion with a B-lactam could be successful: (i) the frequency of mutation to PC190723 was 10-
fold lower in the presence of a B-lactam; (i) PC190723-resistant mutants had greatly increased
susceptibility to B-lactams (imipenem MIC >0.5 mg/ml compared to 32 >mg/ml); and (i)
resistant mutants were less virulent in a mouse infection model [45].

Another member of this chemical class, TXA6101, has structural flexibility that allows it to avoid
steric clashes with G193 and G196 substitutions that are responsible for resistance to
PC190723 and TXA707/709 [46]. The molecule retains activity against conventional
FtsZ-resistant mutants and has an 8-fold lower MIC against wild-type S. aureus.

Signal Peptidase Inhibitors

The cyclic depsipeptide antibiotic krisynomycin and the lipoglycopeptide actinocarbasin
showed synergistic activity with the carbapenem imipenem against the HA-MRSA strain
COL and a panel of clinical MRSA isolates [47]. Their molecular target is the essential cell-
surface-located signal peptidase SpsB that cleaves the N terminal secretory signal sequence
from proteins as they pass through the Sec secretion pathway (Figure 2). It is likely that reduced
secretion of PBP2a and other proteins involved in cell wall peptidoglycan biosynthesis and cell
division renders MRSA more dependent on housekeeping PBPs and thus susceptible to
B-lactam antibiotics. In vivo efficacy was demonstrated in a deep tissue wound infection
model and in a bacteraemia/kidney abscess model. An added bonus of inhibiting protein
secretion is likely to be a reduction in secretion of cell-wall-associated and extracellular
virulence factors and that pathogenesis is likely to be compromised.

WTA Inhibitors

WTA is a polymer of ribitol phosphate that is covalently linked to peptidoglycan during cell wall
synthesis. It is a major component of the cell wall of S. aureus and has important roles in
determining cell shape and host colonization [48,49]. The precursor is assembled in the
cytoplasm using the C55 undecaprenyl lipid carrier that is also used in assembling the
peptidoglycan precursor lipid Il [50,51] (Figure 2). The first step in the WTA pathway is catalysed
by TarO which adds GlucNAc to C55-P to form C55-PP-GIcNAc (reviewed in [50,51]). The
completed WTA precursor is flipped to the outer face of the cytoplasmic membrane by the
membrane-bound TarG protein. WTA is not essential for cell survival in vitro, but cells lacking

Cell

REVIEWS

Trends in Microbiology, January 2019, Vol. 27, No. 1~ 31




WTA cannot complete cell division efficiently, lack fithess, and have reduced virulence [52].
MRSA lacking WTA becomes sensitive to B-lactam antibiotics because PBP2a relies on
glycosylated WTA to act as a scaffold/platform [24,53]. Specifically, the addition of 3-O-GIcNAc
residues to the WTA backbone catalyzed by the glycosyltransferase encoded by TarS is
required for PBP2a function [24]. Furthermore, newly synthesized WTA is a temporal and
spatial signal for the correct localization of PBP4 at the septum [54]. In MRSA where peptido-
glycan synthesis is catalysed inefficiently by PBP2/PBP2a, PBP4 is required to complete cross-
linking [20]. If PBP4 is disrupted, cells become susceptible to B-lactams that target PBP2.
Thus, inhibitors of WTA synthesis act synergistically with B-lactams both by misdirecting PBP4
and also by destabilizing PBP2a [53] (Figure 2).

The antibiotic tunicamycin has modest activity towards MRSA but acts synergistically with
B-lactams [55]. It inhibits enzymes, including TarO in WTA biosynthesis, that transfer hexose-1-
phosphates to membrane-bound lipid carriers to synthesize lipid-PP-hexoses. This was the
first study to indicate the link between WTA and peptidoglycan biosynthesis and paved the way
for the discovery of other molecules that potentiate B-lactams against MRSA.

Targocil inhibits the latter stages of WTA synthesis by blocking the transporter TarG [51,56]
(Figure 2). Although it apparently lacks synergy with B-lactams against MRSA in standard
chequerboard assays, it does potentiate B-lactams is a mouse infection model where impaired
fitness and loss of virulence will magnify the synergistic effect.

Repurposing drugs that have been approved for other clinical indications is particularly
attractive because of their well established safety, bioavailability, and pharmacokinetics.
Screens of previously approved drugs for molecules with the ability to act synergistically with
B-lactams against MRSA identified ticlopidine and clomiphene.

Ticlopidine is an antiplatelet drug that inhibits ADP-dependent platelet activation [57]. Like
tunicamycin, it inhibits the synthesis of C55-PP-GlcNac by TarO (Figure 2), and although
lacking antimicrobial activity itself ticlopidine potentiates the activity of B-lactams that target
PBP2. Clomiphene is a widely used and safe nonsteroidal oestrogen receptor modulator [58]. It
was identified in an antagonism screen for molecules that suppressed the activity of the TarG
inhibitor targocil [59]. Clomiphene has modest antibacterial activity (MIC 8 wg/ml) but poten-
tiates the activity of B-lactams against MRSA. It inhibits undecaprenyl diphosphate synthase
(UppS) that is involved in C55 isoprenocid biosynthesis and thus inhibits both WTA and
peptidoglycan biosynthesis (Figure 2). These molecules could be useful lead compounds
for development of more potent synergistic combinations.

Branched polyethylenimines bind directly to WTA in the cell wall through phosphate—amide
electrostatic interactions [60] (Figure 2). They act synergistically with B-lactams in vitro most
likely by preventing correct localization of PBP2a and PBP4 at the septum. The polyethyle-
nimines should be evaluated for in vivo efficacy, lack of toxicity, and appropriate pharmacoki-
netics to determine if they have potential to be used therapeutically.

Murd Flippase Inhibitors

The Murd is a conserved essential membrane protein that flips lipid Il from the cytoplasmic face
of the membrane to the outer face where it provides the substrate for peptidoglycan biosyn-
thesis and acts as a signal for recruitment of PBP2 to the divisome [15] (Figure 2). Molecules
that block Murd activity, including the N-acylated linear heptapeptide antibiotic humimycin A
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[61] and two unrelated synthetic chemicals [62], have antibacterial activity and act synergisti-
cally with B-lactams against MRSA.

Daptomycin

Daptomycin is a lipopeptide antibiotic that complexes with Ca®* to form oligomers that insert
into bacterial membranes by binding to negatively charged phosphatidylglycerol head groups
[63,64]. This results in depolarization, permeabilization, leakage of ions, and ultimately cell
death. Daptomycin is an important weapon in the treatment of serious infections caused by
MRSA and is the preferred option for invasive infections caused by strains with elevated MICs to
vancomycin [65]. B-Lactam antibiotics enhance the bactericidal activity of daptomycin and
have been employed clinically to treat bacteraemia that is refractory to conventional therapy.
Evaluation of data from several centres suggests that the outcome of endovascular and bone/
joint infections can be improved by using this combination, but these data are only from case
reports and observational studies (reviewed in [66]). An ongoing randomized clinical trial is
designed to provide statistically significant results [67].

The mechanistic basis of synergy between B-lactams and daptomycin is due to inhibitory
activity of the B-lactam towards PBP1 [68] (Figure 2). Indeed, carbapenems such as
imipenem that specifically target PBP1 have greater synergy than those B-lactams that bind
PBPs 1-4 and have a lower affinity for PBP1 than carbapenems [69].

PBP1 is primarily responsible for the initiation of cell division rather than peptidoglycan
biosynthesis per se [17] (Figures 1 and 2). The pbpA gene that encodes PBP1 is part of
the cell wall/cell division cluster and is induced in response to daptomycin-induced membrane
damage [3,68]. The initial response of cells to daptomycin is to increase septation and sites of
cell division. This compensatory response to daptomycin-induced stress renders cells particu-
larly susceptible to PBP1-targetting carbapenems [68].

Daptomycin Resistance

Daptomycin treatment failure often occurs due to acquisition of gain-of-function mutations
affecting the MprF protein, a membrane-bound enzyme that converts phosphatidylglycerol to
lysyl-phosphatidylglycerol [63,64]. The introduction of positively charged lysine residues at the
outer face of the membrane serves to repel Ca*-daptomycin and prevents it from entering the
membrane. Another consequence of the lack of phosphatidylglycerol is reduced lipidation of
the lipobox cysteines by Lgt acetyltransferase needed for anchorage of lipoproteins to the outer
face of the membrane [70]. These include the peptidyl-prolyl cis—trans isomerase chaperone
PsrA that is required for the correct folding of PBP2a [27,71] (Figure 2). Thus, daptomycin-
insensitive mutants of MRSA paradoxically become susceptible to B-lactams that target
PBP2-the so-called ‘see saw’ effect — due to the failure to express the PrsA chaperone
[12]. Indeed, invasive S. aureus infections that fail to respond to daptomycin have been
successfully treated with B-lactams [72,73].

Ceftaroline fosamil is a fifth-generation cephalosporin that has been approved for treating
community-acquired bacterial pneumonia and serious skin and soft-tissue infections [23].
Infections such as infective endocarditis and osteomyelitis that involve a high density of MRSA
with persistent bacteraemia are often recalcitrant to treatment with vancomycin or daptomycin.
Ceftaroline acts synergistically with daptomycin against MRSA, including VISA and
daptomycin-insensitive strains [74-76]. A small number of cases that did not respond to
conventional monotherapy have been treated successfully (salvage therapy) with a combina-
tion of daptomycin and ceftaroline [77]. In vitro studies showed that ceftaroline enhanced
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daptomycin-induced membrane depolarization and enhanced kiling by the antimicrobial
peptide cathelicidin [76].

Vancomycin

Vancomycin is a glycopeptide antibiotic that is the mainstay for treatment of invasive MRSA
infections in hospital patients. It binds to the terminal p-alanine residues of lipid Il and prevents
transglycosylation and transpeptidation by PBP2 and PBP2a [78] (Figure 2). Treatment failure is
due to the emergence during prolonged exposure of strains that have acquired several
mutations in chromosomal genes that affect cell wall biosynthesis and homeostasis. These
variants have a vancomycin MIC just above the breakpoint and are called vancomycin-
intermediate Staphylococcus aureus (VISA) [79,80]. The development of VISA is complex
and can occur by many different pathways. The underlying mechanism of nonsusceptibility is
an increase in thickness and altered architecture of the cell wall [79]. This requires the antibiotic
to travel further to encounter lipid Il. Also, the reduced cross-linking provides false targets that
sequester the drug.

Several studies have reported that vancomycin acts synergistically with B-lactams against
MRSA and VISA (reviewed in [66]). The mechanistic basis of synergy has not been investigated
but could be due to a combination of (i) decreased expression of PBPs, (i) disrupted function of
PBPs, and (iii) B-lactam activity reducing the thickness of the cell wall allowing easier access of
vancomycin [81].

Clinical data on the combination of vancomycin and B-lactams has been confined to a
restrospective cohort study and a controlled randomized trial which demonstrated trends
towards successful outcomes [66]. A larger trial that includes daptomycin/B-lactam synergy
(see above) is ongoing [67].

Synergistic Combinations of B-Lactam Antibiotics
In addition to the synergistic combinations described above, combinations of B-lactams that
target different PBPs act synergistically against some MRSA strains.

Oxacillin and Cefoxitin

The combination of a B-lactam antibiotic that targets PBP4 (cefoxitin) with one that blocks the
transpeptidase activity of PBP2 (oxacillin) is synergistic against the CA-MRSA strain LAC but
not against the HA-MRSA strain COL [20,82]. CA-MRSA express a lower level of resistance to
oxacillin, compared to HA-MRSA, and the peptidoglycan synthesized by the combination of
PBP2 and PBP2a during exposure to oxacillin is poorly cross-linked and requires completion by
PBP4. Indeed, a mutant of CA-MRSA lacking PBP4 becomes susceptible to oxacillin whereas
a similar mutant of COL remains resistant [20]. When PBP4 is inactivated by cefoxitin, CA-
MRSA cells become vulnerable to oxacillin because the lower level of PBP2a provides insuffi-
cient cross-linking, and they require the activity of PBP2 to survive.

The SCCmec type | element of COL was exchanged for the type IV element of CA-MRSA strain
MW?2 by genetic manipulation [83]. The construct did not express the low level of oxacillin
resistance seen in MW2, which indicates that critical factors that control the level of, or activity
of, PBP2a are not expressed by genes contained within the SCCmec element. The reciprocal
swap of the CA-MRSA SCCmec type IV element for the type | element of COL was not
reported.
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The combination of oxacillin with cefoxitin has not been tested in animal infection models. The
clinical usefulness of the combination is yet to be explored and will be compromised by the
need for clinicians to know if the infection is caused by a CA-MRSA strain. This might be
appropriate in geographic regions such as the USA, Australia, and New Zealand, where CA-
MRSA strains are widespread, but not in regions such as Europe where CA-MRSA is less
important.

Meropenem, Tazobactam, and Piperacillin

The combination of a carbapenem (meropenem) with the ureidopenicillin piperacillin and the
B-lactamase inhibitor tazobactam has synergistic activity towards HA-MRSA strains [84]. The
explanation for this effect is that meropenem inhibits PBP1 as well as activating the allosteric
site in PBP2a to open up the buried transpeptidase active site to a second inhibitory molecule of
the carbapenem and/or to piperacillin. Meanwhile, tazobactam inhibits B-lactamase which
allows the B-lactamase-susceptible piperacillin to block the transpeptidase activity of PBP2
[84]. The combination was effective in reducing mortality in a neutropenic mouse peritonitis
model of S. aureus infection.

This combination should be examined in more detail by probing the mechanistic basis of
synergy and determining if it applies to a well characterized collection of MRSA strains,
including the predominant HA-MRSA and CA-MRSA. More rigorous animal infection model
studies should be performed as well as the pharmacokinetics of administering a combination of
three drugs. Investigating whether the B-lactamase-susceptible piperacilin could be
exchanged for oxacillin could make it possible to dispense with tazobactam.

Other Effects of 3-Lactam Antibiotics

Nafcillin (and presumably other penicillin derivatives such as oxacillin) renders S. aureus more
susceptible to damage by cationic antimicrobial peptides and consequently to enhanced killing
following opsonization by human neutrophils in vitro and in whole blood [85]. The mechanistic
basis of this phenomenon deserves thorough investigation. It is likely to be related to the finding
that exposing CA-MRSA to subinhibitory concentrations of oxacillin reduces the expression of
toxins and renders the cells more susceptible to opsonophagocytosis, phenomena that involve
altered expression of the global virulence regulator Agr [86]. (Incidentally, a molecule that blocks
binding of the Agr response regulator to its operator sites in the agr locus and reduces density-
dependent induction of expression of virulence factors also sensitizes MRSA to B-lactams [87].
However, the mechanistic basis of this phenomenon is unclear.) A word of caution [88] is due
because the naficillin study was performed with hospital-associated MRSA strains that caused
bacteraemia and endovascular infections and which have high MICs to B-lactams. In contrast,
the oxacillin-toxin study was conducted with a single CA-MRSA strain that has a low MIC to
B-lactams and predominantly causes skin and soft-tissue infections. High-toxin-expressing
CA-MRSA strains struggle to grow well in serum and often acquire mutations that reduce toxin
expression during a bloodstream infection which increases their fitness in vivo [89,90]. Also,
there have been contradictory reports of the effects of B-lactams on toxin expression, sug-
gesting that effects are strain-specific and dependent on in vitro growth conditions [86,88].

Concluding Remarks and Future Prospects

This review has discussed the mechanisms of action of a diverse array of molecules that act
synergistically with B-lactam antibiotics and have the potential to resurrect this important class
of drugs to combat MRSA infections in the hospital and the community.
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Outstanding Questions

Will clinical trials prove the effective-
ness of synergistic combinations, pav-
ing the way for licensing by regulatory
authorities?

Do PBPs act in multiprotein complexes
as suggested by studies with func-
tional membrane microdomains?

What is the nature of the signal for
PBP4 localization to the divisome?

What is the mechanistic basis of oxa-
cillin reducing toxin expression con-
trolled by Agr in CA-MRSA?

Does inhibition of virulence by B-lac-
tams extend to HA-MRSA?
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Synergy stems from the vulnerability of PBP2a due to its dependence on functional membrane
microdomains, WTA, and the PrsA chaperone. Molecules that interfere with any of these
elements have the effect of impairing PBP2a and exposing sensitive housekeeping PBPs to
B-lactam attack.

Clinical evidence that combination therapy could be effective is limited and comes from studies
with vancomycin and daptomycin. So far these are restricted to case reports and observational
studies, so the outcome of a large clinical trial is eagerly awaited. Preclinical studies with other
synergistic molecules must be completed, including testing for activity against the diversity of
CA-MRSA and HA-MRSA. Then properly empowered clinical trials like those with vancomycin
and daptomycin will be required (see Outstanding Questions).

Unexpected beneficial consequences of exposing MRSA to some of the molecules discussed
above could be a reduction in expression of virulence factors and rendering bacteria more
susceptible to host defences. The positive effect of long-term statin use on the outcome of
serious infections and sepsis was detected in patients who were not being treated with
B-lactams. It will be interesting to determine if B-lactam/statin synergy gives a positive outcome
in infected patients beginning therapy who were not previously exposed to statins compared to
those previously on long-term statins therapy.

In conclusion, there is every reason to be hopeful that B-lactam therapy of MRSA infections by
combination with a synergistic molecule can become a bona fide treatment option and that this
important class of antibiotics can be re-employed against serious MRSA infections.
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