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Abstract

Background

The optimal therapy for infections caused by Stenotrophomonas maltophilia (S. maltophilia)
has not yet been established. The objective of our study was to evaluate the efficacy of tri-
methoprim/sulfamethoxazole (SXT), minocycline, tigecycline, moxifloxacin, levofloxacin,
ticarcillin-clavulanate, polymyxin E, chloramphenicol, and ceftazidime against clinical iso-
lated S. maltophilia strains by susceptibility testing and carried out time-kill experiments in
potential antimicrobials.

Methods

The agar dilution method was used to test susceptibility of nine candidate antimicrobials,
and time-killing experiments were carried out to evaluate the efficacy of SXT, minocycline,
tigecycline, moxifloxacin, levofloxacin, and ceftazidime both alone and in combinations at
clinically relevant antimicrobial concentrations.

Results

The susceptibility to SXT, minocycline, tigecycline, moxifloxacin, levofloxacin, ticarcillin-cla-
vulanate, chloramphenicol, polymyxin E, and ceftazidime were 93.8%, 95.0%, 83.8%,
80.0%, 76.3%, 76.3%, 37.5%, 22.5%, and 20.0% against 80 clinical consecutively isolated
strains, respectively. Minocycline and tigecycline showed consistent active against 22 SXT-
resistant strains. However, resistance rates were high in the remaining antimicrobial agents
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against SXT-resistant strains. In time-kill experiments, there were no synergisms in most
drug combinations in time-kill experiments. SXT plus moxifloxacin displayed synergism
when strains with low moxifloxacin MICs. Moxifloxacin plus Minocycline and moxifloxacin
plus tigecycline displayed synergism in few strains. No antagonisms were found in these
combinations. Overall, compared with single drug, the drug combinations demonstrated
lower bacterial concentrations. Some combinations showed bactericidal activity.

Conclusions

In S. maltophilia infections, susceptibility testing suggests that minocycline and SXT may
be considered first-line therapeutic choices while tigecycline, moxifloxacin, levofloxacin,
and ticarcillin-clavulanate may serve as second-line choices. Ceftazidime, colistin, and
chloramphenicol show poor active against S. maltophilia. However, monotherapy is inade-
quate in infection management, especially in case of immunocompromised patients. Com-
bination therapy, especially SXT plus moxifloxacin, may benefit than monotherapy in
inhibiting or killing S. maltophilia.

Introduction

S. maltophilia has increasingly become an important opportunistic pathogen in hospital set-
tings. Hospital-acquired pneumonia (HAP) is the most common such infection, most often
affecting immunosuppressed or debilitated patients [1]. Results from the SENTRY Antimicro-
bial Surveillance Program showed that this bacterium being the 6™ and 9™ most frequent
occurrence of organisms isolated from patients hospitalized with pneumonia (2009-2012) in
the USA and Europe and the Mediterranean region [2]. The characteristic of colonization in a
variety of inanimate or animated surfaces such as catheters, water taps, the hands, and the
respiratory tract grants its potential threat in hospital settings [1]. Although considered to be of
limited pathogenicity, this bacillus is associated with high rates of morbidity and mortality,
especially among immunosuppressed or debilitated patients [3]. Due to its intrinsic resistance
to a variety of antimicrobials, including most -lactams, quinolones, aminoglycosides, and tet-
racyclines, therapeutic options are often limited [1,3]. Based on in vitro activity, the “drug of
choice” has long been SXT [1,3]. However, adverse reactions from, and resistance to, this anti-
microbial are not uncommon [1,3]. Adverse reactions from SXT may occur in anywhere from
50% to 100% of patients infected with the human-immunodeficiency virus (HIV) who are at
high risk of infection by this organism [4]. The worldwide rate of resistance is no more than
10%, although it may be as high as 100% in some regions of the world [1]. In addition, there
are obvious discrepancies regarding in vitro activity among potential antimicrobials in different
regions and different studies [5]. Thus, determining the most useful drugs to combat this bacte-
rium is of critical importance.

In order to evaluate the efficacy of these drugs, we carried out susceptibility testing against
80 consecutively isolated and 22 SXT-resistant strains of S. maltophilia with candidates that
have been shown in previous studies to demonstrate in vitro antimicrobial activity, including
SXT, minocycline, tigecycline, moxifloxacin, levofloxacin, ticarcillin-clavulanate, ceftazidime,
polymyxin E, and chloramphenicol [1,3].

Despite a lack of clinical data, treatment of S. maltophilia with combination antimicrobials
is generally recommended for serious infections or when SXT therapy is ineffective [1]. Time-
kill curves are considered more relevant in the clinical setting than other methods of
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combination testing such as checkerboard testing, or etest methods [6,7]. Based on the out-
come of susceptibility testing, bactericidal characteristics, and the clinical uses of certain drugs,
we selected SXT, minocycline, tigecycline, moxifloxacin and ceftazidime alone and in combina-
tions against 12 clinical isolated strains of S. maltophilia (including 6 SXT-resistant strains) in
time-killing experiments. Given that some previous time-killing studies using drug concentra-
tions based on Minimal Inhibitory Concentration (MIC) or peak levels in serum may not be
achievable in the clinical setting [8,9], we carried out our experiments using clinically achiev-
able antimicrobial concentrations.

Materials and Methods
Microorganisms and susceptibility testing

The 80 clinical consecutively isolated S. maltophilia strains were collected between March and
November 2013 and the 22 SXT-resistant strains were isolated between January 2012 and
October 2013 at our hospital. All strains were identified using the Vitek II system standard and
biochemical methods. Of the consecutively isolated strains, 63 (78.8%) were recovered from
respiratory tract specimens, followed by 10 (12.5%) from catheter-related specimens, 4 (0.05%)
from urinary specimens, and 3 (0.04%) from blood specimens. In contrast, in the 22 SXT-resis-
tant isolates, 17 (77.3%) were from respiratory tract specimens and 5 (22.7%) were from uri-
nary specimens. Antimicrobial susceptibility testing for SXT, minocycline, tigecycline,
moxifloxacin, levofloxacin, ticarcillin-clavulanate, ceftazidime, polymyxin E, and chloram-
phenicol was performed by agar dilution according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines [10]. Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27853 were chosen as quality control strains in each batch of tests. SXT, minocycline,
levofloxacin, ticarcillin-clavulanate, ceftazidime, and chloramphenicol standards were pur-
chased from the National Institute for the Control of Pharmaceutical and Biological Products
(NICPBP, Beijing, China). Tigecycline and moxifloxacin were obtained from Wyeth Pharma-
ceutical (Wyeth Pharmaceutical, Philadelphia, PA, USA) and Bayer Healthcare (Bayer Pharma,
Wuppertal, AG, Germany), respectively. Antibiotic solutions except for unstable ones were
prepared two weeks in advance and stored at -80°C. The unstable tigecycline ticarcillin-clavula-
nate and ceftazidime were freshly prepared on the day of use. Mueller-Hinton agar was pur-
chased from Becton, Dickinson and Co. (Difco, Franklin Lakes, NJ, USA).

Time-kill experiments

Twelve isolates were chosen in the time-kill assays according to the method described previ-
ously, using an overnight inoculum of approximately 10° CFU/ml [6]. Considering susceptibil-
ity and in vitro antimicrobial characteristics, we chose SXT, minocycline, tigecycline,
moxifloxacin and ceftazidime in our experiments. Antibiotic concentrations used in the study
were close to their mean free area under the antibiotic concentration-time curve (AUC)
steady-state serum concentrations in health human populations calculated by literature data as
earlier study described (based on AUC in serum or plasma over 24 h divided by 24 h) [11]. The
pharmacokinetic parameters incorporated in time-kill experiments are showed in Table 1. For
SXT, the susceptible concentration 38/2 mg/L was used due to a lack of the other data. The fol-
lowing concentrations were used: 2 mg/L for minocycline [12], 0.25 mg/L for tigecycline [13],
1.8 mg/L for moxifloxacin [14], and 5.3 mg/L for ceftazidime [15]. Of the twelve strains
selected for the time-kill studies, six were resistant to SXT, three were resistant to minocycline,
six were resistant to moxifloxacin and ten were resistant to ceftazidime. Details are shown in
Table 2. SXT plus moxifloxacin, SXT plus minocycline, SXT plus tigecycline, minocycline plus
moxifloxacin, minocycline plus ceftazidime, tigecycline plus moxifloxacin, and tigecycline plus
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Table 1. Summary of Pharmacokinetic parameters incorporated in time-kill experiments.

Antibiotic
minocycline

tigecycline
moxifloxacin
ceftazidime

regimen
200mg po
50mg q 12h
400mg q 24h
1000mg IV

Unbound fraction(%)

a: 0-12h AUC at steady state for multiple-dose studies.

doi:10.1371/journal.pone.0152132.t001

24
20
60
90

AUC(pg*hr/ ml)

48.3
3.07%
47.97

127

reference

12
12,13
12,14
12,15

ceftazidime were chosen in this study. Samples were taken from the liquid cultures at 0, 3, 6,
12, and 24 h, serially diluted, spread on plates, and incubated at 35°C. Bacterial colonies were
counted after 24 h. Bacteriostatic activity was defined as a < 3 log;, decrease in bacterial con-
centration compared to that of the initial inocula. Bactericidal activity was defined asa > 3
log; decrease in bacterial concentration compared with the initial inocula. Synergism was
defined as a 100-fold increase in killing at 24 h (as measured by colony counts) with the combi-
nation, in comparison with the most active single drug. Antagonism was defined as a 100-fold

decrease in killing at 24 h with the combination, compared with the most active single drug

alone [6].

Results

Susceptibility testing

Susceptibility testing outcomes for 80 consecutively isolated and 22 SXT-resistant strains are
shown in Table 3 and Table 4, including MICs, and MICqq (MIC at which 50% and 90% of iso-
lates were inhibited), % resistant, % intermediate, and % susceptible. Given no certain interpre-

tive breakpoints for tigecycline, moxifloxacin, and colistin, we applied the breakpoint for

Enterobacteriaceae (susceptibility at < 2 ug ml™, intermediate at 4 ug ml, and resistance

at > 8 g ml™"). Results showed that the preliminary active agents were minocycline and SXT
(susceptible against >90% of the consecutively isolated strains) and the non-susceptible agents
were ceftazidime, colistin, and chloramphenicol (susceptible against <30% of the consecutively

Table 2. S. maltophilia MIC summary data in the time-killing assays.

No.of isolates MIC(pg/ ml)
SXT MIN TGC MOX CAZ

1 19/1 2 8 16 >64
2 9.5/0.5 8 8 >16 >64
3 4.75/0.25 0.25 1 0.125 4
4 4.75/0.25 0.5 0.125 1 >64
5 4.75/0.25 4 8 4 4
6 38/4 4 8 32 32
7 76/4 0.5 1 0.25 64
8 >152/8 16 8 2 64
9 >152/8 16 2 16 >64
10 >152/8 0.5 1 8 >64
11 >152/8 2 1 4 >64
12 >152/8 4 8 16 >64

SXT: trimethoprim/sulfamethoxazole, MIN: Minocycline, TGC: Tigecycline, MOX: Moxifloxacin, CAZ: Ceftazidime.

doi:10.1371/journal.pone.0152132.1002
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Table 3. In vitro susceptibility of 80 clinical consecutively isolated strains of S. maltophilia to nine antibiotics.

MIC(pg/ml) SXT
MICso 4.75/0.25
MICqo 9.5/0.5

s 93.8%
1 =
R 6.3%

MIN

0.5
2
95.0%
1.3%
3.8%

TGC MOX LVX TIM CHL CAZ CoL
1 1 1 4 16 64 16
4 8 16 128 32 128 64
83.8% 80.0% 76.3% 76.3% 37.5% 20.0% 22.5%
8.8% 1.3% 5.0% 11.3% 28.8% 12.5% 15.0%
7.5% 18.8% 18.8% 12.5% 33.8% 67.5% 62.5%

SXT: trimethoprim/sulfamethoxazole, MIN: Minocycline, TGC: Tigecycline, MOX: Moxifloxacin, LVX: Levofloxacin, TIM: Ticarcillin-clavulanate, CHL:
Chloramphenicol, CAZ: Ceftazidime, COL: colistin.

doi:10.1371/journal.pone.0152132.t003

isolated strains). It is noteworthy that except for minocycline and tigecycline, which main-
tained good susceptibility rates (against >70% of the strains), susceptibility rates were
markedly decreased in the 22 SXT-resistant strains for the remaining antimicrobial agents.

Time-kill experiments

Time-kill curves were generated for representative S. maltophilia clinical isolate no. 3 and no. 6
(Fig 1 and Fig 2). SXT plus moxifloxacin demonstrated synergy for strain numbers 3, 4, 5, 7, 8,
and 11 (Table 5). Of note, all of the moxifloxacin MIC values for these strains were < 4 ug/mL
(Table 2). Minocycline plus moxifloxacin demonstrated synergy for strain numbers 8 and 10
(Table 5). Tigecycline plus moxifloxacin demonstrated synergy for strain numbers 8 (Table 5).
However, SXT plus minocycline, SXT plus tigecycline, minocycline plus ceftazidime, and tige-
cycline plus ceftazidime demonstrated indifferent (Fig 2, Table 5). There were no antagonisms
in these combinations. Changes in bacterial concentrations in log;o CFU/mL (A) at 24 h com-
pared with that the starting inoculum (0 h) are summarized in Table 5. Except for strains that
were susceptible to moxifloxacin, the majority of the single agents exhibited increasing bacte-
rial concentrations at 24 h compared with that of the initial inocula (Table 5). No single drug
exhibited bactericidal activity against S. maltophilia. In the combination study, a combination
drug generally exhibited lower bacterial concentrations compared with the single drug on the
condition that at least one drug in the combination was susceptible against S. maltophilia
(Table 2 and Table 5). The combinations including moxifloxacin exhibited bactericidal activity
against S. maltophilia when moxifloxacin was susceptible to this bacterium (Table 5).

Discussions

In susceptibility testing, SXT and minocycline demonstrated the highest in vitro activity against
clinical consecutively isolated strains of S. maltophilia. Based on high in vitro susceptibility

Table 4. In vitro susceptibility of 22 SXT -resistant strains of S. maltophilia to nine antibiotics.

MIC(ug/ml) SXT MIN TGC MOX LVX TIM CHL CAZ coL
MICs, 152 2 1 4 4 16 128 128 16
MICyo 152 16 8 16 32 256 128 128 64

S 0 86.4% 72.7% 40.9% 40.9% 50.0% 13.6% 4.5% 22.7%
1 - 0 9.1% 9.1% 4.5% 22.7% 4.5% 9.1% 9.1%
R 100% 13.6% 18.2% 50.0% 54.5% 27.3% 81.8% 86.4% 68.2%

SXT: trimethoprim/sulfamethoxazole, MIN: Minocycline, TGC: Tigecycline, MOX: Moxifloxacin, LVX: Levofloxacin, TIM: Ticarcillin-clavulanate, CHL:

Chloramphenicol, CAZ: Ceftazidime, COL: colistin.

doi:10.1371/journal.pone.0152132.t004
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Figure 1A g

Fig 1. Time-kill curves were generated for S. maltophilia clinical isolate no. 3.
doi:10.1371/journal.pone.0152132.g001

rates, SXT is generally recommended and used in infections caused by S. maltophilia. However,
resistance to this drug has been increasing over the years [1,3,5]. In addition, adverse reactions
are not uncommon, especially in HIV-infected patients who are at high risk of infection by this
organism [4]. When SXT is contraindicated, determining the appropriate drug is difficult. For
infections among the general population, our study demonstrated that minocycline, tigecy-
cline, moxifloxacin, levofloxacin, and ticarcillin-clavulanate might serve as secondary choices.
However, if S. maltophilia is resistant to SXT, moxifloxacin, levofloxacin, and ticarcillin-clavu-
lanate displayed sharp declines in susceptibility against this bacterium (Table 4). The same
resistance mechanism, such as multidrug efflux pumps, may apply to these drugs as it does to
SXT [16]. In these candidate antimicrobials, minocycline and tigecycline demonstrated good in
vitro activity against SXT-resistant S. maltophilia. Of note, minocycline displayed consistent
activity against both SXT-susceptible and SXT-resistant strains. Several published studies have
shown that minocycline is not inferior to SXT (and might even be better than SXT) in suscepti-
bility [1,3,5]. Case reports and our previous in vitro Monte Carlo simulation have provided
some evidence of its clinical efficacy [17,18]. These results suggest that minocycline may be
considered as first-line therapy alongside SXT in S. maltophilia infections, and even in SXT-
resistant strains. Though tigecycline is derived from minocycline and exhibits better suscepti-
bility in other organisms [19], it was inferior to minocycline in both the present study and in
our earlier Monte Carlo simulation analysis [18]. Additionally, chloramphenicol, polymyxin

E, and ceftazidime demonstrated high levels of resistance against S. maltophilia. Though

S. maltophilia 6 S. maltophilia 6
9+ 99
-o— growth -~ growth
-= SXT -= minocycline
E o —+— minocycline I3 8 -4 moxifloxacin
:g - moxifloxacin % - tigecycline
o Ls -+ tigecycline o s -+ ceftazidime
g -©- S+minocycline & -©- minocycline + moxifloxacin
= 6 B S+moxifloxacin — 61 -8 minocycline + ceftazidime
-A- S+tigecycline -&- tigecycline + moxifloxacin
5 s y y T , 5 . . . . . -+ tigecycline + ceftazidime
Oh 3h 6h 12h 24h Oh 3h 6h 12h 24h
Figure 2A Figure 2B

Fig 2. Time-kill curves were generated for S. maltophilia clinical isolate no.6.

doi:10.1371/journal.pone.0152132.9002
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Table 5. Change in bacterial concentrations in log10 CFU/ml (A) at 24 h compared with the starting inoculum (0 h) is shown?®.

z
e

SXT

1.49
1.02
1.55
0.46
1.43
1.83
2.15
2.82
3.55
10 3.95
11 2.69
12 3.01

o N O g b~ WN =

©

MIN

1.53
1.00
0.08
0.24
1.62
1.97
0.26
2.50
2.60
-0.07
2.60
2.48

TGC

2.73
3.09
2.57
2.72
2.66
2.68
2.62
2.37
2.71
3.77
2.65
257

MOX

2.54
2.26
-2.03
-0.67
1.36
2.60
-0.94
-0.01
2.66
3.51
2.68
2.16

Aconcentration (log,o CFU/mI) of 24 hour®

CAZ SXT+MIN SXT+MOX SXT+TGC MIN+MOX MIN+CAZ TGC+MOX  TGC+CAZ

2.20 0.95 0.84 1.59 1.63 1.75 3.26 2.96
2.27 0.99 1.39 0.87 1.16 1.17 2.17 1.70
2.23 0.02 -4.23 1.03 -3.39 -0.05 -2.96 0.91
2.72 -0.34 -3.82 0.16 -1.51 -0.50 1.41 1.53
2.77 1.15 -1.04 1.06 0.62 0.56 0.96 2.34
2.26 1.83 1.68 1.98 1.92 1.56 2.40 1.91
2.05 0.56 -3.01 1.21 -1.62 -0.84 -2.18 1.98
2.00 2.14 -3.30 2.22 -3.97 -0.02 -3.18 1.87
3.14 2.84 2.42 2.89 2.49 2.62 3.47 2.44
3.63 2.33 0.18 3.78 -2.32 1.50 2.34 3.13
2.07 2.88 -1.86 2.67 1.27 0.10 2.40 2.25
2.39 3.14 1.87 3.09 2.22 2.95 2.42 1.49

SXT: trimethoprim/sulfamethoxazole; MIN: minocycline; TGC: tigecycline; MOX: moxifloxacin; CAZ: ceftazidime.

+:and;-: bacterial concentrations decrease;>-3: bactericidal activity.

a:time-kill experiments were duplicated; mean values are utilized. In all duplicate experiments, similar results were obtained
b:If the differential of ratio value of combination compared with most effective single drug>2,we think they are synergy.

doi:10.1371/journal.pone.0152132.1005

susceptibility and combination studies have been widely reported from around the world, the
efficacy of SXT, minocycline, tigecycline, moxifloxacin, and ceftazidime alone and in combina-
tions are still unclear as therapeutic strategies [1,3,5].

In the time-kill study, the effectiveness of five antimicrobial agents alone and in combina-
tions were tested against SXT-resistant, minocycline-resistant, tigecycline-resistant, moxiflox-
acin-resistant, and ceftazidime-resistant clinical isolated strains of S. maltophilia. In single-
agent studies, none of the antimicrobials had bactericidal activity against S. maltophilia even
though moxifloxacin and ceftazidime are usually categorized as bactericidal antimicrobials
[20]. Notably, SXT and minocycline exhibited bacteriostatic activity in isolates with susceptible
MIC values; bacterial concentrations of these two drugs kept a steady level at 24-hour intervals
(Fig 1A). Of note, moxifloxacin exhibited a significant decrease in Colony Forming Units
(CFU) at earlier 6 h for strains with susceptible MIC values, then a regrowth at a later time, as
shown in Fig 1. This result is similar to that of the study by Evangelos et al.; however, their
studies were based on four times the MIC for most drug concentrations, which is unachievable
in the clinical setting [8]. Overall, we found that except tigecycline and ceftazidime the suscep-
tible isolates (against one certain antimicrobial agent) generally showed lower bacterial concen-
trations than the resistant ones (Table 5). Tigecycline and ceftazidime exhibited limited activity
against S. maltophilia even in strains that were susceptible to them. Low serum concentrations
may explain the limited efficacy of tigecycline, since this drug is usually not recommended for
blood stream infections [13]. The high levels of resistance may explain the poor efficacy of cef-
tazidime, and the Expert Rules in Antimicrobial Susceptibility Testing of the European Com-
mittee on Antimicrobial Susceptibility Testing considers S. maltophilia to be intrinsically
resistant to ceftazidime [1]. Except for the strains that were susceptible to moxifloxacin, single
drugs all exhibited increasing bacterial concentrations compared with initial inoculum
(Table 5). These results demonstrate that single agents may have limited efficacy in infections
caused by S. maltophilia, especially in case of immunocompromised patients.
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Since monotherapy is often inadequate, combination therapy has been recommended for
synergy and the potential to overcome resistance [21-23]. In contrast to the single-agent exper-
iments, though most of the combinations lack of benefit of synergy, combination regimens dis-
played better activities inhibiting or killing S. maltophilia. The bacterial concentrations in
combination regimens generally decreased compared with the single-agent experiments
(Table 5). Notably, SXT plus moxifloxacin exhibited a consistent killing effect and displayed
synergy against all of the six strains with low moxifloxacin MIC values. Moxifloxacin plus min-
ocycline and Moxifloxacin plus tigecycline displayed synergy in few strains. These outcomes
suggest that SXT plus moxifloxacin combination may kill the bacteria more rapidly than others
or single agents. However, drug combinations were not found to be any more effective than
single drugs in bacterial concentrations against S. maltophilia strains that were resistant to
both drugs used in the combinations.

Our study had several limitations. First, all strains were collected at one center and their
numbers were relatively small. Therefore, further studies with a greater number of strains from
diverse sources are needed to confirm these findings. Second, we used mean steady-state con-
centrations of non-protein-bound drugs in humans in the time-kill study. Drug concentrations
may vary in different organs and across different populations, thus different outcomes may
occur accordingly. Finally, the combinations in the present study were used without taking
into account the potential adverse reactions caused by their use in the clinical setting.

In summary, our susceptibility testing results suggest that SXT and minocycline may be
considered as first-line therapeutic choices in S. maltophilia infections; tigecycline, moxifloxa-
cin, levofloxacin, and ticarcillin-clavulanate may serve in the second-line setting; and ceftazi-
dime, colistin, and chloramphenicol do not appear to be appropriate choices in any setting.
However, monotherapy is inadequate in infection management, especially in case of immuno-
compromised patients. Combination therapy, especially SXT plus moxifloxacin, may benefit
than monotherapy in inhibiting or killing S. maltophilia. Further studies in both the animal
model and the clinical setting are needed to confirm these findings.

Supporting Information

S1 Table. The data for Fig 1 and Fig 2. Every of the data in the table stands for the mean value
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(XLSX)
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