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The treatment of Gram-negative infections is increasingly compromised by the spread of resistance. With few agents currently in
development, clinicians are now considering the use of unorthodox combination therapies for multidrug-resistant strains. Here
we assessed the in vitro activity of the novel lipoglycopeptide telavancin (TLV) when combined with colistin (COL) versus 13
Gram-negative type strains and 66 clinical isolates. Marked synergy was observed in either checkerboard (fractional inhibitory
concentration index [FICI], <0.5; susceptibility breakpoint index [SBPI], >2) or time-kill assays (>2-log reduction in viable
counts compared with starting inocula at 24 h) versus the majority of COL-susceptible enterobacteria, Stenotrophomonas malto-
philia, and Acinetobacter baumannii isolates, but only limited effects were seen against Pseudomonas aeruginosa or strains with
COL resistance. Using an Etest/agar dilution method, the activity of TLV was potentiated by relatively low concentrations of
COL (0.25 to 0.75 �g/ml), reducing the MIC of TLV from >32 �g/ml to <1 �g/ml for 35% of the clinical isolates. This provides
further evidence that glycopeptide-polymyxin combinations may be a useful therapeutic option in the treatment of Gram-nega-
tive infections.

Multidrug-resistant (MDR) bacteria represent an enor-
mous challenge to modern health care systems. Although

some new agents have been introduced in the last 10 years (e.g.,
linezolid, daptomycin, and tigecycline) (12, 14), these agents
predominantly target Gram-positive bacteria, many of which
still remain susceptible to older, conventional drugs (e.g., gly-
copeptides, macrolides, and fluoroquinolones). The problem is
now most acute with respect to Gram-negative infections (7).
In hospitals, MDR strains of Acinetobacter baumannii (5) and
Pseudomonas aeruginosa (3) are increasingly responsible for
infections in the critically ill. In both hospitals and the com-
munity, the emergence and rapid spread of extended-spectrum
�-lactamases (CTX-M) and carbapenemases (KPC, NDM-1)
in Enterobacteriaceae (e.g., Escherichia coli and Klebsiella spp.)
threaten the treatment of even mild infections with these or-
ganisms (6, 27). With very few options now left, unorthodox
combination therapies are increasingly being considered.

Previously, we investigated the activities of the glycopeptides
vancomycin (4) and teicoplanin (25) combined with low concen-
trations of colistin (COL) versus MDR A. baumannii. Potent syn-
ergy was observed with both agents in vitro, and the combination
was also effective in an invertebrate model of A. baumannii infec-
tion (8), a phenomenon thought to be mediated by the ability of
colistin to permeabilize the Gram-negative outer membrane to
large hydrophobic molecules, which are usually excluded (21).

Telavancin (TLV) is a novel lipoglycopeptide antibiotic, struc-
turally related to vancomycin, that was approved in 2009 in the
United States and Canada for the treatment of complicated skin
and skin structure infections (cSSSI) caused by susceptible Gram-
positive bacteria and was recently approved in Europe for treat-
ment of nosocomial pneumonia, including ventilator-associated
pneumonia known or suspected to be caused by methicillin-resis-
tant Staphylococcus aureus (MRSA). Telavancin is highly active
against most aerobic and anaerobic Gram-positive bacteria but
differs from vancomycin by the addition of a decylaminoethyl side

chain (Fig. 1). This lipophilic side chain anchors the molecule in
the bacterial cytoplasmic membrane, increasing the affinity for
peptidoglycan precursor targets located at the base of the cell wall
as well as directly destabilizing the cell membrane (13). Although
telavancin has no useful activity against Gram-negative bacteria
alone, its activity could potentially be improved if given in com-
bination with other antimicrobial agents. In this study, we as-
sessed the in vitro activity of telavancin when combined with colis-
tin against A. baumannii and other common Gram-negative
pathogens.

(This work was presented in part at the European Congress of
Clinical Microbiology and Infectious Diseases 2011 in Milan, Italy.)

MATERIALS AND METHODS
Antimicrobial compounds. Colistin sulfate was obtained from Sigma-
Aldrich Ltd. (Poole, Dorset, United Kingdom), and telavancin was ob-
tained from Astellas Pharma Europe (lot no. 07-2460). Stock solutions of
10,000 �g/ml (COL) and 2,000 �g/ml (TLV) were prepared in sterile
distilled water and 100% dimethyl sulfoxide (DMSO), respectively, and
diluted with Iso-Sensitest broth (Oxoid, Basingstoke, United Kingdom)
to working-strength concentrations.

Bacterial strains. Representative bacterial type strains were obtained
from the National Collection of Type Cultures (NCTC; Health Protection
Agency, London, United Kingdom) and consisted of A. baumannii
(ATCC19606 NCTC 12156), E. coli NCTC 12241, E. coli NCTC 11954,
Enterobacter aerogenes NCTC 9735, Enterobacter cloacae NCTC 10005, E.
cloacae NCTC 13380, Klebsiella pneumoniae NCTC 13368, Proteus mira-
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bilis NCTC 13376, P. aeruginosa NCTC 27853, Serratia marcescens NCTC
13382, and Stenotrophomonas maltophilia NCTC 10258. The MICs of
COL and TLV were determined individually for each isolate by Etest (bio-
Mérieux, Marcy l’Étoile, France) on Iso-Sensitest agar (Oxoid), by broth
microtiter dilution and, when grown in 10 ml of Iso-Sensitest broth, with
rapid shaking prior to performing time-kill assays.

Telavancin-colistin checkerboard assays. Synergy between telavan-
cin and colistin was assessed in microtiter plate checkerboard assays.
Plates were set up with increasing concentrations of telavancin (0 to 128
�g/ml) in each column and colistin (0 to 8 �g/ml) in each row. Wells were
inoculated with 105 CFU/ml of the test organism and incubated at 37°C
for 18 h in 5% CO2. Checkerboards containing S. maltophilia as the test
organism were incubated at 30°C (10). Plates were assessed for turbidity
by eye, and absence of growth in nonturbid wells was confirmed by the
addition of 5 �l of alamarBlue reagent (Invitrogen, Paisley, United King-
dom), a redox dye that turns red in the presence of metabolically active
bacteria. Fractional inhibitory concentration indices (FICI) were calcu-
lated as follows: [(MIC of TLV in combination with COL)/(MIC of TLV
alone)] � [(MIC of COL in combination with TLV)/(MIC of COL
alone)], and a FICI of �0.5 in the well with the lowest FIC was used to
define synergy. Synergy was also assessed using the susceptibility break-
point index (SBPI), which was calculated as follows: [(susceptibility
breakpoint of TLV)/(MIC of TLV in combination with COL)] � [(sus-
ceptibility breakpoint of COL)/(MIC of COL in combination with TLV)]
(15). An SBPI of �2 indicated synergistic activity resulting in a MIC for
the combination that was lower than the clinical breakpoint of either
drug. The U.S. FDA and EUCAST breakpoint of �1 �g/ml for staphylo-
cocci was used to define susceptibility of the test organism to telavancin
(http://www.astellas.us/docs/us/VIBATIV_PI_Final.pdf).

Time-kill assays. The bactericidal activity of the TLV-COL combina-
tion was assessed over 24 h by performing viable counts of bacteria grown
in Iso-Sensitest broth, supplemented with or without COL and/or TLV.
TLV was added at a fixed concentration of 20 �g/ml, corresponding to the
predicted 12-h steady-state plasma drug concentration after administra-
tion of 10 mg/kg of body weight to healthy subjects (19). COL was added
at one dilution below (0.5� MIC) the concentration required to prevent
growth of the organism in 10 ml of Iso-Sensitest broth after incubation for
24 h with vigorous shaking (250 rpm), up to a maximum concentration of
256 �g/ml. A starting inoculum of approximately 106 CFU/ml prepared
from an overnight culture was used, and serial dilutions were plated onto
Iso-Sensitest agar plates at 0, 2, 4, 6, and 24 h. Bactericidal activity was
defined as a �3-log reduction in the viable count at each time point, and
synergy was defined as a �2-log reduction in viable count at 24 h com-
pared to the starting inoculum.

Synergy screen of clinical isolates. A screen for TLV-COL synergy
was also conducted using the 13 type strains and 66 random COL-suscep-
tible Gram-negative clinical isolates. These bacteria consisted of 43 non-
fermenters (A. baumannii [n � 35], S. maltophilia [n � 8]) and 23 Entero-
bacteriaceae (K. pneumoniae [n � 12], E. aerogenes [n � 6], E. coli [n � 4],
E. cloacae [n � 1]) obtained from the clinical laboratory at Barts and The
London NHS Trust, London, United Kingdom. Isolates were identified by
matrix-assisted laser desorption ionization–time of flight mass spectrom-
etry (Bruker UK Limited, Coventry, United Kingdom), and all A. bau-
mannii isolates were confirmed by the species-specific blaOXA-51-like PCR
described by Woodford et al. (26). Routine susceptibility testing was con-
ducted using the MicroScan WalkAway system (Siemens, Sacramento,
CA). Screening for synergy between the two compounds was performed
using an Etest method with COL added to Iso-Sensitest agar plates at fixed
subbreakpoint concentrations of 0.25 to 0.75 �g/ml. TLV MIC50 and
MIC90 values and mean fold reductions in the MICs of TLV (“sensitiza-
tion factor”) (23) were calculated on this medium and compared to those
obtained on unsupplemented Iso-Sensitest agar.

RESULTS
Synergy between TLV and COL in checkerboard assays. The 11
bacterial type strains were all highly resistant to TLV, with MICs of
�32 �g/ml when determined by Etest and �128 �g/ml in broth
microtiter dilution plates. The P. mirabilis NCTC 13376 and S.
marcescens NCTC 13382 isolates were both highly resistant to
COL (MICs, �256 �g/ml), a property intrinsic to these species, as
was one of the E. cloacae type strains (NCTC 10005). The remain-
ing eight organisms were considered susceptible to COL (MICs,
�2 �g/ml by Etest) (Table 1). COL MICs were between 2- and
64-fold higher when determined by broth microtiter dilution and
up to 256-fold higher in the kinetic assays (Table 1).

In checkerboard assays, synergy (FICI, �0.5) was observed
when TLV was combined with COL for all of the COL-susceptible
isolates with the exceptions of E. cloacae NCTC 13380 and P.
aeruginosa NCTC 27853. The combination had no significant ef-
fects on any of the COL-resistant strains. Calculation of the sus-
ceptibility breakpoint indices for strains with a TLV-COL FICI of
�0.5 revealed an SBPI of �2 for each (range, 3 to 10), suggesting
that the strength of the interaction observed was consistent with
currently accepted TLV and COL pharmacodynamic breakpoints
(Table 1).

Time-kill assays. Killing of each of the type strains by TLV (20

FIG 1 Comparative structures of vancomycin and telavancin. (These structures are in the public domain.)
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�g/ml), COL (0.5� MIC), and TLV in combination with COL
was assessed over 24 h using a time-kill methodology. TLV alone
had no effect, and viable counts were comparable to untreated
controls. A subinhibitory concentration of COL was initially bac-
tericidal against all COL-susceptible isolates, but this was not sus-
tained, and each isolate was able to regrow to a bacterial density
higher than the starting inoculum, except for K. pneumoniae
NCTC 13368 (Fig. 2). However, the addition of TLV (20 �g/ml)
resulted in continued bactericidal activity and synergy (�2-log
reduction in CFU/ml) after 24 h for five of the type strains tested
(Table 1).

Activity of TLV-COL versus clinical isolates. TLV Etests and
COL-supplemented Iso-Sensitest plates were used as a method of
easily assessing synergy within the constraints of a routine diag-
nostic laboratory (Fig. 3). Each of the isolates studied was suscep-
tible to COL (MIC, �2 �g/ml), and all of the A. baumannii isolates
were MDR (susceptible only to COL and tigecycline). The mean
reduction in the TLV MIC was �5-fold for all of the Gram-nega-
tive isolates tested, with 35% rendered susceptible based on the
FDA/EUCAST staphylocococcal breakpoint (�1 �g/ml). MIC50

and MIC90 values and mean fold reductions in the TLV MICs for
each species are shown in Table 2.

DISCUSSION

The erosion of effective treatments by resistance, combined with a
drug development pipeline that is almost dry, has renewed interest
in using unorthodox therapies for Gram-negative infections. In
this study we looked at the effects of combining the polymyxin E
derivative COL with the novel lipoglycopeptide TLV. Using a
number of methods, we demonstrated that in vitro, TLV was
highly active when combined with COL against A. baumannii, E.
coli, K. pneumoniae, Enterobacter spp., and S. maltophilia type
strains and representative clinical isolates. When used together,
the drugs were not only synergistic but also bactericidal and pre-
vented the regrowth of COL-exposed bacteria in time-kill assays,
with the exception of S. maltophilia NCTC 10258. These data sug-
gest that a TLV-COL combination could be a useful option for the
treatment of complicated Gram-negative bacterial infections.

We were unable to demonstrate significant synergy versus any

of the isolates exhibiting COL resistance, most likely due to the
inability of COL to disrupt the outer membrane of these strains. In
P. mirabilis and S. marcescens, resistance to COL is an intrinsic
property mediated by modifications to phosphate residues within
the lipopolysaccharide (LPS) core region. This alters the net
charge on the LPS molecule, which inhibits electrostatic binding
of COL to lipid A and its ability to destabilize the membrane (9).
Mutations in either the LPS biosynthetic genes or the regulators of
two-component systems involved in their expression have also
been shown to lead to acquired COL resistance in a number of
Gram-negative species (1, 11), making it unlikely that a TLV-COL
combination would be active against these isolates as well. A num-
ber of other cell-permeabilizing peptides have been shown to be
active against COL-resistant organisms, notably mastaparan (24,
28), and it may prove useful to investigate the activities of glyco-
peptides in combination with these compounds.

The combination was also only found to be synergistic versus
P. aeruginosa NCTC 27853 in the time-kill assay, despite the strain
appearing to be fully susceptible to COL when we used static
methods (Etest or broth microtiter dilution). When polymyxins
have been combined with other antimicrobials usually inactive
against P. aeruginosa (e.g., macrolides or rifampin), marked syn-
ergy has been reported, suggesting that COL is at least capable of
permeabilizing the membrane of this organism (22). Interestingly,
the NCTC 27853 strain has recently been shown to exhibit a het-
eroresistant phenotype when subjected to population analysis (2).
This could explain our observations in the time-kill assay,
whereby COL exposure led to the selection of a COL-resistant
subpopulation that was susceptible to the action of TLV. Hetero-
resistance to COL is increasingly reported in both type strains and
clinical isolates. Although we did not undertake a formal popula-
tion analysis, this appears to be a property of the E. coli NCTC
12241 isolate, as COL resistance was readily selected at 0.5� MIC
even when combined with TLV (Fig. 2).

TLV is the latest glycopeptide to be studied in combination
with COL. Its antimicrobial activity can clearly be potentiated by
COL, not just toward MDR A. baumanii but also a wider range of
Gram-negative species. Although these in vitro studies did not
evaluate other glycopeptides, the selection of TLV may have pro-

TABLE 1 Summary of the in vitro activity of telavancin combined with colistin versus bacterial type strains

Organism Strain

MIC, in �g/ml (method) Synergy testing results

TLV
(Etest)

COL
(Etest)

COL
(microtiter
dilution)

COL (shaken
in broth)a

Lowest
FICI SBPI

TLV MIC by Etest
(concn of COL in agar)b

Synergy by
time-kill?

A. baumannii ATCC 19606 �32 0.125 1 2 0.252 8 0.25 (0.125) Yes
E. coli NCTC 12241 �32 0.125 2 16 0.141 8.5 0.25 (0.125) No
E. coli NCTC 11954 �32 0.5 1 8 0.252 8 1 (0.125) Yes
E. aerogenes NCTC 9735 �32 0.25 1 32 0.5 6 0.125 (0.25) Yes
E. cloacae NCTC 10005 �32 �256c �8 �256 2 � 0.13 �32 (0.75) No
E. cloacae NCTC 13380 �32 0.125 0.25 0.5 2 8 1 (0.125) No
K. pneumoniae NCTC 13368 �32 0.5 1 8 0.258 3 1 (0.25) Yes
P. mirabilis NCTC 13376 �32 �256c �8 �256 2 � 0.13 �32 (0.75) No
P. aeruginosa NCTC 27853 �32 0.5 1 2 2 2 �32 (0.125) Yes
S. marcescens NCTC 13382 �32 �256c �8 �256 2 � 0.13 �32 (0.75) No
S. maltophilia NCTC 10258 �32 0.125 8 32 0.033 10 1 (0.25) No
a Concentration of COL required to prevent visible growth in 10 ml of Iso-Sensitest broth with vigorous shaking at 37°C for 24 h.
b Highest concentration (in �g/ml) supporting semiconfluent growth on Iso-Sensitest agar.
c COL-resistant isolate.
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vided some practical advantages. In contrast to other glycopep-
tides, TLV has potent and rapidly bactericidal activities against
Gram-positive bacteria and retains activity against vancomycin-
intermediate S. aureus strains, which may be advantageous when
mixed Gram-positive and Gram-negative infections are sus-
pected. The drug exhibits linear pharmacokinetics when admin-
istered as a once-daily infusion (16), and unlike vancomycin and
teicoplanin, there is no requirement for therapeutic monitoring of
drug levels. The incidence of adverse events, such as pruritus,
rashes, and “red man syndrome,” appears to be lower than those
reported following administration of vancomycin (20). TLV is
associated with renal toxicity, which has been reported more fre-
quently than with vancomycin in a number of clinical trials. As
COL administration alone is also associated with significant neph-
rotoxicity (17), there may be concerns over its use in combination
with TLV or other glycopeptides. Nevertheless, it should be
stressed that the concentrations of COL required to mediate TLV
synergy in vitro are relatively low, which may reduce the risk of
developing renal impairment if the agents are given together. A

FIG 2 Time-kill assays with TLV (20 �g/ml), COL (0.5� MIC), and the TLV-COL combination versus COL-susceptible type strains.

FIG 3 TLV-COL synergy testing by the Etest/agar dilution method. The MICs
of TLV versus MDR A. baumanii with (�) and without (�) COL supplemen-
tation are shown.
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pharmacokinetic study will be needed to assess how best to dose
and monitor the two drugs in combination before any firm con-
clusions can be drawn.

TLV is approved in Europe (although not in the United States
or Canada) for the treatment of nosocomial pneumonia, includ-
ing ventilator-associated pneumonia known or suspected to be
caused by MRSA. Accurate identification of the organisms re-
sponsible for these conditions is challenging, but Gram-negative
organisms are increasingly implicated. Therapy is often empirical
and selected to target the most likely organisms involved in indi-
vidual patients. A TLV-COL combination would cover both
Gram-positive and COL-susceptible Gram-negative bacteria,
which may be synergistic in some cases. Concerns over TLV-COL
nephrotoxicity may also be less important if COL were to be ad-
ministered in aerosolized form. Nebulized polymyxins have been
increasingly used in the treatment of MDR Gram-negative respi-
ratory tract infections in a number of settings (e.g., ventilator-
associated pneumonia, chronic cystic fibrosis infections), and
there is little evidence to suggest they promote renal impairment
when delivered via a nebulizer (18).

A number of other glycopeptides (e.g., dalbavancin, oritavan-
cin) are in development, as well as novel polymyxin derivatives
that have been engineered to improve their antimicrobial and per-
meability effects while reducing nephrotoxicity (23, 24). The po-
tential synergistic effects of these novel glycopeptides and poly-
myxin derivatives could be assessed to determine the optimum
combination to maximize activity against Gram-negative organ-
isms while minimizing potential adverse events.

Although we were able to show synergy against a range of COL-
susceptible bacteria, this was still species and strain specific. In
view of this, we do not advocate use of COL-glycopeptide combi-
nations without prior in vitro evidence of potential benefit. This
may prove to be a problem, as current methods for assessing the
strengths of antimicrobial combinations are not practical for most
routine diagnostic laboratories. Synergy testing using a time-kill
methodology is extremely labor-intensive, as are checkerboard
assays if custom-made prediluted plates are not available. Auto-
mated platforms are also usually not configured to assess the ac-
tivities of drugs in combination. Laboratories are likely to be asked
to investigate the potential of an unorthodox combination on a
case-by-case basis, either due to multidrug resistance or compli-
cations with conventional therapies. We suggest that an Etest-
based method, such as the one used here, may be the most adapt-
able methodology to employ in such a setting.

In summary, we have provided further evidence that glycopep-

tide-COL combinations have useful antimicrobial activities
against Gram-negative bacteria. With very few new agents likely to
become available for the treatment of MDR Gram-negative bac-
teria in the next 5 to 10 years, combinations such as these could be
considered potential therapies that can help bridge the develop-
mental gap. Further in vivo and clinical studies will be required to
support this suggestion.
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