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Abstract

Since their reintroduction into the clinic in the 1980s, the polymyxin antibiotics colistin—
administered intravenously as an inactive prodrug, colistin methanesulfonate (CMS)—and
polymyxin B have assumed an important role as salvage therapy for otherwise untreatable gram-
negative infections. However, the emerging pharmacodynamic and pharmacokinetic data on CMS/
colistin and polymyxin B indicate that polymyxin monotherapy is unlikely to generate plasma
concentrations that are reliably efficacious. Additionally, regrowth and the emergence of resistance
with monotherapy are commonly reported even when concentrations exceed those achieved
clinically. Given this situation, polymyxin combination therapy, which is increasingly being used
clinically, has been suggested as a possible means of increasing antimicrobial activity and
reducing the development of resistance. Although considerable in vitro data support this view,
investigations of polymyxin combination therapy in patients have only recently commenced. The
currently available clinical data for polymyxin combinations are generally limited to retrospective
analyses and small, low-powered, prospective studies using traditional dosage regimens that
achieve low plasma concentrations. Considering the potential for rapid development of resistance
to polymyxins, well-designed clinical trials that include higher-dose polymyxin regimens are
urgently required to provide a more definitive answer regarding the role of polymyxin combination
therapy compared with monotherapy. In this article, we provide an overview of key in vitro and
clinical investigations examining CMS/colistin and polymyxin B combination therapy.
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The polymyxin antibiotics colistin—administered intravenously as colistin methanesulfonate
(CMS), the sulfomethylated derivative and prodrug of colistin—and polymyxin B were first
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used clinically in the 1950s before toxicity concerns, primarily nephrotoxicity and
neurotoxicity, led to a substantial decline in their use.l: 2 However, with few novel
antimicrobial agents in development? and an increasing incidence of infections caused by
multidrug-resistant (MDR) gram-negative organisms,* polymyxins are increasingly being
used as salvage therapy for otherwise untreatable infections. Recent pharmacodynamic (PD)
and pharmacokinetic (PK) data on CMS/colistin and polymyxin B suggest that polymyxin
monotherapy is unlikely to generate reliably efficacious plasma concentrations®: 6;
additionally, in vitro regrowth and the emergence of resistance with monotherapy may occur
even when concentrations greatly exceed those achieved clinically.”- 8 Consequently,
polymyxin combination therapy has been suggested as a way to increase antimicrobial
activity and reduce the emergence of resistance,> @ and, indeed, it is increasingly being used
clinically.1%-17 However, combination therapy has potential disadvantages including
increased cost and risk of drug toxicity.18 In this article, we provide an overview of key in
vitro and clinical investigations examining CMS/colistin and polymyxin B combination
therapy; other aspects of polymyxin pharmacology are reviewed elsewhere.19 As significant
shortcomings exist with current animal studies, these are not reviewed.

In vitro Studies

Time-kill methods, both static and PK/PD (dynamic), use serial viable counting to provide a
picture of antimicrobial activity over time and thus have an important advantage over the
more commonly used fractional inhibitory concentration (FIC) index and Etest methods,
which provide only inhibitory data at a single time point; consequently, only time-kill
studies are reviewed in this article. In time-kill studies, synergy and antagonism are most
commonly defined as a 100-fold increase or decrease, respectively, in killing at 24 hours (as
measured by colony counts) with the combination relative to its most active component,
although variations of these definitions (e.g., at times other than 24 hrs) abound. For the
polymyxins, most existing combination studies use colistin rather than polymyxin B, most
likely because of colistin’s wider geographical use. Pseudomonas aeruginosa, Acinetobacter
baumannii, and Klebsiella pneumoniae are the organisms most commonly studied and are
the focus of this review.

Static Time-Kill Studies

Pseudomonas aeruginosa—A study investigated bacterial killing and resistance
emergence over 48 hours with nine colistin/imipenem combinations (the majority using
clinically achievable concentrations) against five clinical isolates and a reference strain at
two inocula (~108 and ~108 colony-forming units [CFU]/ml); isolates included colistin- and
imipenem-susceptible and -resistant strains, and MDR and non-MDR strains.29 Regrowth
occurred with colistin monotherapy (0.5x minimum inhibitory concentration [MIC], 4x
MIC, and 16x MIC for susceptible isolates; 1, 4 and 32 mg/L for resistant isolates) with all
isolates (Figure 1). However, the addition of imipenem (0.5x MIC, 4x MIC, and 16x MIC
for susceptible isolates; 1, 8 and 32 mg/L for resistant isolates) to colistin at both inocula
generally resulted in substantial improvements in bacterial killing over equivalent
monotherapy across 48 hours against MDR isolates resistant to either antibiotic (Figure 1);
enhanced killing also occurred across approximately the first 6 hours against isolates
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susceptible to both antibiotics but was less pronounced at later time points. At each
inoculum, colistin resistance in colistin-susceptible isolates emerged with both colistin
monotherapy and combination therapy in a similar fashion (Figure 1B,C, right panels);
however, this result is in contrast to later studies using PK/PD models (discussed below).
Other studies combined colistin (0.12—16 mg/L) with meropenem (0.06-8 mg/L)?! or
doripenem (0.03-128 mg/L).22 Synergy with sub-MIC concentrations was reported against
13 (25.5%) of 51 isolates of P aeruginosa at 24 hours with colistin/meropenem
combinations (colistin MIC 0.25-2 mg/L, meropenem MIC 0.12-256 mg/L) and 19 (76.0%)
of 25 isolates with colistin/doripenem combinations (colistin MIC 0.12-32 mg/L, doripenem
MIC 0.12-256 mg/L); a majority of isolates in the latter study were included in the former
study.

Acinetobacter baumannii—These studies also combined colistin with meropenem?! or
doripenem?2 against clinical isolates of A. baumannii. Colistin (0.06-8 mg/L) and
meropenem (0.03-64 mg/L) showed synergy against 49 (94.2%) of 52 isolates (colistin MIC
0.12-128 mg/L, meropenem MIC 0.12-256 mg/L) at 24 hours, whereas colistin (0.12-16
mg/L) and doripenem (0.06-32 mg/L) showed synergy against 25 (100%) of 25 isolates
(colistin MIC 0.12-32 mg/L, doripenem MIC 0.25-128 mg/L); a majority of isolates in the
latter study were included in the former study. Another study23 examined colistin plus
doripenem against five extensively drug-resistant (XDR; defined as resistant to all agents
except polymyxins and tigecycline) but colistin-susceptible isolates of A. baumanniitaken
from solid organ transplant recipients. Colistin monotherapy (0.25-1x MIC) was
bacteriostatic against all isolates, but the combination of colistin (0.125-0.259x MIC) plus
doripenem (8 mg/L) resulted in undetectable bacterial concentrations at 8 hours without
evidence of regrowth by 24 hours (Figure 2).

One study examined colistin (6 mg/L), rifampin (5 mg/L), imipenem (20 mg/L) and
ampicillin/sulbactam (50 mg/L) alone or in double (colistin plus each of the second drugs)
or triple (colistin/rifampin/imipenem, or colistin/rifampin/ampicillin/sulbactam)
combinations against nine isolates of MDR A. baumannii-producing oxacillinase (OXA)-58
carbapenemase.24 Colistin was most active with double and triple combinations generally
having similar activity to colistin monotherapy. However, in another study, triple therapy
with polymyxin B, doripenem, and rifampin was more effective than monotherapy or double
combination therapy against five non-metallo-p-lactamase (MBL)- or Klebsiella
pneumoniae carbapenemase (KPC)-producing isolates; all isolates were polymyxin B
susceptible and doripenem resistant.2> Against five MDR colistin-susceptible isolates of A.
baumannii, colistin (1 mg/L) plus vancomycin (20 mg/L) or teicoplanin (20 mg/L)
dramatically suppressed regrowth in 4 of 5 isolates (vancomycin) or all isolates (teicoplanin)
compared to monotherapy, with ~5-fold to more than 8-fold logyg CFU/ml greater killing at
24 hours.25: 27 |t has been suggested that the observed activity against gram-negative
bacteria in such circumstances by antibiotics normally inactive against these organisms (e.qg.,
glycopeptides, rifampin, and macrolides) may be due to substantial changes in the outer
membrane occurring as a result of colistin resistance, increasing membrane permeability.28
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Klebsiella pneumoniae and Other Enterobacteriaceae—A study examined colistin
plus tigecycline against eight KPC-producing enterobacterial clinical strains (four K.
pneumoniae, two Escherichia coli, one Enterobacter cloacae, and one Serratia marcescens);
all produced KPC-2 carbapenemase and were susceptible to colistin (MIC 0.5-1 mg/L) and
(with one exception) tigecycline (MIC 0.25-4 mg/L).2° Each antibiotic was tested at 1x
MIC, 2x MIC, and 4x MIC. Combinations substantially improved bacterial killing across 24
hours and were synergistic at 1x MIC and 2x MIC against most organisms at 4 and 8 hours;
at 4x MIC, synergy was reported at 24 hours against all strains. Another study3C examined
colistin (2 mg/L) plus doripenem (8 mg/L) against 23 KPC-2-producing strains of K.
pneumoniae, each containing a variant mutant gpmK35 porin gene. The median colistin and
doripenem MICs were 4 mg/L (range 0.125-128 mg/L) and 32 mg/L (range 4-256 mg/L),
respectively. Colistin MICs were >2 mg/L against 14 of 23 strains. The combination was
synergistic at 24 hours against four strains with doripenem MICs of <8 mg/L, although there
was no overall difference in median bacterial killing for strains with doripenem MICs >8
mg/L (synergy in 6 [32%] of 19 strains). Notably, insertions encoding glycine and aspartic
acid at amino acid (aa) positions 134 and 135 (ins aal34-135 GD [n=8]) and ompK36
promoter 1S 5mutations (n=7) were associated with significantly higher doripenem MICs and
diminished efficacy of colistin/doripenem combinations.

Fewer studies address MBL-producing strains compared to KPC-producing strains. One
examined colistin (5 mg/L) plus imipenem (10 mg/L) against 42 unique clinical isolates of
bla Verona integrin-encoded metallo-B-lactamase (VIM)-1-type MBL-producing K.
pneumoniae3! Synergy at 24 hours was reported against 12 (50%) of 24 colistin-susceptible
isolates, but antagonism was observed against 10 (55.6%) of 18 colistin-resistant isolates.
Another study32 conducted over 200 time-kill experiments against two VIM-1-type and two
New Delhi metallo-p-lactamase (NDM)-1-type K. pneumoniae strains (all colistin
susceptible, MIC 0.125 mg/L). At 24 hours, colistin plus fosfomycin (MIC 4-256 mg/L)
was bactericidal and synergistic against three of the four strains (both NDM-1-types [each
fosfomycin resistant] and one VIM-1-type), whereas the triple combination of colistin/
fosfomycin/meropenem was bactericidal against three and synergistic against all strains.

Pharmacokinetic and Pharmacodynamic Studies

Three studies used one-compartment PK/PD models to mimic the PK of antibiotics in
patients. These examined killing of planktonic (free-floating) bacteria at two inocula (~108
and ~108 CFU/ml) across 72-96 hours.33-35 All employed clinically relevant concentrations
of colistin administered as a continuous infusion to simulate the “flat” profiles of formed
colistin observed in critically ill patients at steady state after CMS administration.>: 36
Colistin (constant concentrations of 0.5 or 2 mg/L) was combined with doripenem
(maximum concentration [Cpax] Of 2.5 or 25 mg/L given every 8 h; half-life 1.5 hrs) against
MDR P aeruginosa® and K. pneumoniae,3® and with an additional colistin concentration of
5 mg/L, with rifampin (Cax of 5 mg/L given every 24 h; half-life 3 hrs) against MDR A.
baumannii3* 1n all cases, improvements in bacterial killing were generally observed across
72-96 hours at both inocula (Figure 3, left panels). Improvements were often dramatic, with
no viable bacteria detected on at least one occasion at both inocula against all three bacterial
species; some combinations even resulted in eradication of a MDR-colistin—resistant isolate
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of A, aeruginosa at the low inoculum.33 Importantly and in contrast to the static time-till
investigation discussed previously2° (Figure 1), colistin combination therapy in all cases
substantially suppressed or eliminated the emergence of colistin resistance (Figure 4).
Recently, enhanced bacterial killing and suppression of the emergence of colistin resistance
has also been reported with colistin (constant concentrations of 1.25 or 3.50 mg/L)
combined with doripenem (Cpax 0f 25 mg/L given every 8 h; half-life 1.5 hrs) against
biofilm-embedded MDR £, aeruginosa.3’

Clinical Studies of CMS or Polymyxin B Combination Therapy

Clinical data for CMS or polymyxin B are generally limited to retrospective analyses and
small, low-power, prospective studies, with studies examining the efficacy of polymyxin
combination therapy versus monotherapy virtually absent from the literature. Consequently,
most data reviewed below are from investigations that examined the general clinical benefits
of polymyxin therapy and provided the greatest insights into specific situations where
polymyxin combination therapy appears to be of promise or significant value.

For K. pneumoniae, studies have demonstrated reduced mortality with combination therapy
compared to monotherapy for KPC-producing K. pneumoniae bacteremia, especially with
colistin or polymyxin B combined with a carbapenem or tigecycline.38-40 In a retrospective
cohort analysis examining KPC-producing K. pneumoniae bacteremia, 19 patients received
monotherapy, with most receiving CMS or polymyxin B (7 patients), tigecycline (5
patients), or a carbapenem (imipenem or meropenem [4 patients]), whereas 15 patients
received antibiotic combinations (CMS or polymyxin B combined with unspecified
carbapenems [5 patients], tigecycline [1 patient] or a fluoroquinolone [1 patient];
polymyxin-free combinations included tigecycline plus a carbapenem [3 patients] or an
aminoglycoside [2 patients]).38 Combination treatment was the only significant predictor of
survival, with a 28-day mortality of 13.3% (2/15 patients) for monotherapy compared to
57.8% (11/19 patients) for combinations. Notably, 1 (14.2%) of 7 patients receiving
polymyxin combination therapy died compared with 4 (57.1%) of 7 patients receiving
polymyxin monotherapy. One study*C similarly reported a significant reduction in 30-day
mortality with combination therapy compared to monotherapy for KPC-producing K.
pneumoniae bacteremia. In this study, 51 patients received CMS combination therapy
(mainly combined with tigecycline, gentamicin, or meropenem), and 22 patients received
CMS monotherapy. Unfortunately, individual mortality rates for each combination regimen
were not stated. Although polymyxin combination therapy may be of benefit for severe
infections such as bacteremia, the cumulative assessment of all infection types, including
patients considerably less ill, suggests that polymyxin monotherapy may be sufficient.4!

Few studies examined polymyxin combinations against 2. geruginosa. One study
prospectively compared CMS monotherapy (10 patients) and combination therapy (13
patients) with amikacin or an antipseudomonal B-lactam in patients infected with MDR A,
aeruginosa, infections were diverse and included pneumonia, bacteremia, and
intraabdominal infections.*2 No significant difference in response was noted between the
groups, although coinfection with other pathogens in 11 patients may have confounded the
results. A similar study involving MDR P, aeruginosa likewise concluded that polymyxin B
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combinations (mainly with imipenem) did not provide additional benefit over polymyxin B
monotherapy for pneumonia.*3 Overall, the limited existing clinical data do not support the
use of polymyxin combination therapy over monotherapy for treatment of infections with
MDR £ aeruginosa.

For A. baumannii, two recent prospective studies that compared CMS monotherapy to a
CMS/rifampin combination for treatment of ventilator-associated pneumonia (VAP)6 or
diverse infections (mainly VAP but also bloodstream infections, hospital-acquired
pneumonia, and intraabdominal infections)14 caused by A. baumanniifound no significant
difference in clinical response or 30-day mortality, respectively, between the two groups.
However, microbiological clearance was obtained significantly more quickly with
combination therapy (mean £+ SD 4.5 £ 1.7 days for monotherapy, 3.1 + 0.5 days for
combination) in the first study,'8 whereas eradication of A. baumanniiwas significantly
higher with the addition of rifampin (60.6% vs 44.8%) in the second study.1* At present,
existing clinical data do not show a benefit with polymyxin combination therapy for
treatment of MDR A. baumanni.

Although the potential benefits of polymyxin combination therapy over monotherapy
suggested by in vitro data are less apparent in existing clinical studies (as discussed above),
it is important to recognize that virtually all clinical studies using CMS (the majority of
clinical studies) administer CMS in a traditional manner; such administration is unlikely to
achieve colistin plasma concentrations in many patients sufficient to treat severe
infections. 6 Recent studies suggest the use of a CMS loading dose followed by 9 million
units/day in divided doses.#4-47 The low concentrations obtained with currently employed
dosage regimens may explain why studies examining polymyxin use for a variety of MDR
gram-negative pathogens and infection sites have been indecisive in differentiating between
the value of monotherapy and combination therapy.46: 48-51 Given the limitations associated
with existing clinical data, future randomized controlled trials with robust study designs and
that will include higher-dose polymyxin regimens are urgently required to more fully
understand the utility of CMS- or polymyxin B-based combinations.

Conclusion

Although polymyxins retain activity against many problematic MDR gram-negative
organisms, the emergence of polymyxin resistance during monotherapy is worrisome.
Attention has now shifted toward identifying antibiotic combinations that increase bacterial
killing and suppress the emergence of resistance. Whereas in vitro data suggest potential
clinical benefits with many polymyxin combinations at clinically achievable concentrations,
the practical and ethical considerations involved when undertaking clinical investigations
comparing polymyxin monotherapy and combination therapy means that the existing clinical
data on polymyxin combination therapy are inconclusive. Well-designed clinical trials are
required to elucidate the true value of polymyxin combinations in patients. Given the ethical
and logistical challenges of conducting such investigations, however, data derived from
preclinical models will continue to provide essential information toward optimization of
polymyxin therapy.
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concentrations of colistin (Col) and imipenem alone and in combination at an inoculum of
~106 colony-forming units (CFU)/ml against three strains of Pseudomonas aeruginosa. (A)

19,147 n/m (colistin-resistant, imipenem-susceptible, multidrug-resistant (MDR), (B) 20,509

n/m (colistin- and imipenem-susceptible, non-MDR) and (C) 20,891 n/m (colistin-
susceptible, imipenem-resistant, MDR). Right panels show the respective population
analysis profiles (PAPSs) at baseline (0 hour) and after 48 hours of exposure to colistin

monotherapy, colistin/imipenem combination therapy, or neither antibiotic (control). The y
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axis starts from the limit of detection, and the limit of quantification (LOQ) is indicated by
the horizontal broken line. (Adapted from reference 20 with permission.)
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Representative time-kill curves with colistin and doripenem alone, and in combination,
against an extensively drug-resistant (XDR) isolate of Acinetobacter baumannii. (Adapted

from reference 23 with permission.)
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Left panels: Time-Kkill curves with various clinically relevant dosage regimens of colistin
(Col) and rifampin (Rif) alone and in combination at an inoculum of ~108 colony-forming
units CFU/mI (panel A) and ~108 CFU/mI (panel B) against an MDR colistin-susceptible
clinical isolate (FADDI-ABOQ30) of Acinetobacter baumannii. Right panels: Population
analysis profiles (PAPs) at baseline (0 hr) and after 72 hours of exposure to colistin
monotherapy, colistin-rifampin combination therapy, or neither antibiotic (control). (Adapted

from reference 34 with permission.)
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Figure 4.
Population analysis profiles (PAPs) against Pseudomonas aeruginosa ATCC 27853 with

colistin monotherapy, colistin plus doripenem combination therapy, or neither antibiotic
(control) at 108 colony-forming units CFU/ml inoculum (left panels) and 108 CFU/ml
inoculum (right panels), at 24 hours (panels A and B), 72 hours (panels C and D), and 96
hours (panels E and F). Baseline (0-hr) PAPs are shown in all panels. Colonies growing on
24 mg/L colistin are considered resistant. The y axis starts from the limit of detection, and
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the limit of quantification (LOQ) is indicated by the horizontal dashed line. (Adapted from
reference 33 with permission.)
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