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Minocycline-based combination therapy has been suggested to be a possible choice for the treatment of infections caused by mi-
nocycline-susceptible Acinetobacter baumannii, but its use for the treatment of infections caused by minocycline-resistant A.
baumannii is not well established. In this study, we compared the efficacy of minocycline-based combination therapy (with
colistin, cefoperazone-sulbactam, or meropenem) to that of colistin in combination with meropenem for the treatment of mino-
cycline-resistant A. baumannii infection. From 2006 to 2010, 191 (17.6%) of 1,083 A. baumannii complex isolates not suscepti-
ble to minocycline from the Taiwan Surveillance of Antimicrobial Resistance program were collected. Four representative A.
baumannii isolates resistant to minocycline, amikacin, ampicillin-sulbactam, ceftazidime, ciprofloxacin, cefepime, gentamicin,
imipenem, levofloxacin, meropenem, and piperacillin-tazobactam were selected on the basis of the diversity of their pulsotypes,

collection years, health care setting origins, and geographic areas of origination. All four isolates had tetB and overexpressed
adeABC, as revealed by quantitative reverse transcription-PCR. Among all minocycline-based regimens, only the combination
with colistin produced a fractional inhibitory concentration index comparable to that achieved with meropenem combined with
colistin. Minocycline (4 or 16 pg/ml) in combination with colistin (0.5 pg/ml) also synergistically killed minocycline-resistant
isolates in time-kill studies. Minocycline (50 mg/kg of body weight) in combination with colistin (10 mg/kg) significantly im-
proved the survival of mice and reduced the number of bacteria present in the lungs of mice compared to the results of mono-
therapy. However, minocycline (16 jng/ml)-based therapy was not effective at reducing biofilm-associated bacteria at 24 or 48 h
when its effectiveness was compared to that of colistin (0.5 pg/ml) and meropenem (8 prg/ml). The clinical use of minocycline in
combination with colistin for the treatment of minocycline-resistant A. baumannii may warrant further investigation.

xtensively drug-resistant Acinetobacter baumannii has emerged

worldwide. These bacteria mostly cause pneumonia, blood-
stream infections, urinary tract infections, and biofilm-associated
device infections. In addition to conventional antimicrobial
agents, they also develop resistance to sulbactam, tigecycline, and
colistin (1). Because of limited drug choices, intravenous minocy-
cline has been proposed for the treatment of drug-resistant A.
baumannii on the basis of its high degree of susceptibility to this
drug and the favorable pharmacokinetic profile of minocycline (2,
3). The average rate of susceptibility of A. baumannii to minocy-
cline is approximately 80% worldwide, and only the rate of suscepti-
bility to colistin is better (4). Minocycline has a long half-life, which is
not affected by renal or liver impairment (5, 6). Although the clinical
experience with minocycline is limited and it is often used in combi-
nation with other antibiotics, accumulating data reveal that it has
high treatment success rates and good tolerability (2).

However, A. baumannii is notorious for its rapid acquisition of
resistance following the introduction of new antibiotics (7), and
approximately 20% of A. baumannii isolates have been found to
be nonsusceptible to minocycline. Efflux pumps are the main de-
terminants of minocycline resistance, and the genes that code for
efflux pumps are often carried by mobile elements, suggesting that
minocycline resistance can be easily spread (8). For instance,
plasmid-borne tetB::ISCR2 led to the emergence of minocy-
cline resistance in A. baumannii isolates in Argentina (9). De-
spite the emergence of minocycline-resistant isolates, the effi-
cacy of combination therapies encompassing minocycline has not
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been evaluated. In this study, we compared the synergy of mino-
cycline plus colistin, cefoperazone-sulbactam, or meropenem
against isolates with resistance to multiple antibiotics, including
minocycline. Additionally, for comparison the combination of
meropenem plus colistin was included in the study because a
meta-analysis has shown that the combination of polymyxins and
carbapenems has a persistently high rate of synergy in vitro (10).
Both free-living and biofilm-embedded A. baumannii isolates
were examined.

MATERIALS AND METHODS
Selection of drug-resistant bacterial isolates. Bacterial isolates were col-

lected from 11 medical centers and 15 regional hospitals during 2006,
2008, and 2010 under the Taiwan Surveillance of Antimicrobial Resis-
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tance program (7). A total of 1,083 A. baumannii complex isolates were
identified by the use of either Vitek I (2006) or Vitek IT (2008 and 2010)
GN cards (bioMérieux, Marcy I'Etoile, France). A. baumannii was identi-
fied to the species level by molecular methods (11). The MICs of the
bacteria were determined by broth microdilution methods following the
guidelines of the Clinical and Laboratory Standards Institute (CLSI). A.
baumannii isolates that were resistant to amikacin, ampicillin-sulbactam,
ceftazidime, ciprofloxacin, cefepime, gentamicin, imipenem, levofloxa-
cin, meropenem, minocycline, and piperacillin-tazobactam were selected
for pulsed-field gel electrophoresis (PFGE) to determine their clonality, as
previously described (12). DNA restriction patterns were interpreted ac-
cording to the criteria of Tenover et al. (13). The stained gel was photo-
graphed and analyzed by BioNumerics software (Applied Maths) to gen-
erate a dendrogram of relatedness among these isolates. Isolates showing
more than three DNA fragment differences and a similarity of <85%
following dendrogram analysis were considered to represent different
pulsotypes.

Resistance mechanism. One of the most common minocycline resis-
tance mechanisms is the overexpression of efflux pumps. The presence of
tetA, tetB, tetM, and tet39 was tested by PCR. The transcript levels of adeB,
ade], and adeG were measured by quantitative reverse transcription-PCR
(qQRT-PCR). ATCC 17978 and clinical isolates were grown to mid-log
phase in Luria-Bertani (LB) broth, and RNA was extracted with the
RNAprotect Bacteria reagent and an RNeasy minikit (Qiagen, Valencia,
CA, USA). RNase-free DNase was used to remove residual genomic DNA.
cDNAs were reverse transcribed with random hexamers and Moloney
murine leukemia virus reverse transcriptase (Epicenter, Madison, WI,
USA). The genes of interest were subsequently quantified by real-time
PCR amplification. The housekeeping gene rpoB was used as an internal
control. All experiments were conducted using an ABI 7500 Fast real-time
PCR system (Applied Biosystems, Inc., Carlsbad, CA, USA). Expression
levels were standardized relative to the transcript levels of the rpoB gene
for each isolate and relative to the expression level in ATCC 17978 (by the
27AACT threshold cycle [C,] method). The experiments were performed
in triplicate.

Checkerboard synergy assay. The MIC of each antibiotic alone or the
MICs of the antibiotics in combination were tested in Mueller-Hinton
broth (Difco, Detroit, MI, USA) in a broth microdilution checkerboard
procedure (14). A two-dimensional checkerboard with 2-fold dilutions of
each antibiotic was set up for the combined treatments. Each microwell
contained 100 pl of a bacterial inoculum of about 10> CFU/ml. Synergism
was determined by use of the fractional inhibitory concentration index
(FICI) as previously described (14). Combinations with FICIs of =<0.5,
>0.5 to =4, and >4 were defined as synergistic, indifferent, and antago-
nistic, respectively (10).

Time-kill assay. Time-kill assays were performed as previously de-
scribed (15). Each isolate was prepared by suspension of bacteria from a
logarithmic-phase culture in Mueller-Hinton broth, and the bacteria were
adjusted to a final concentration of approximately 10> CFU/ml in a final
volume of 100 ml. Combinations of different antimicrobial agents were
added to the broth. Because sulbactam is commonly used with cefopera-
zone in clinical settings, cefoperazone-sulbactam was used instead of sul-
bactam alone. The concentrations of meropenem (8 pg/ml; Sigma), mi-
nocycline (4 or 16 pg/ml; Sigma), and sulbactam (16 pg/ml) were based
on the resistance breakpoints noted by the CLSI. Sulbactam combined
with cefoperazone in a 1:1 ratio was purchased from TTY Biopharm,
Taiwan, and the cefoperazone/sulbactam concentration ratio used was
16:16 pg/ml. Colistin (Sigma) was used at 0.5 wg/ml due to the high
degree of susceptibility of clinical isolates. The mixture of bacteria and
antibiotics was then incubated at 37°C. One-milliliter aliquots were taken
at 0, 6, and 24 h, serially diluted in normal saline, and spread on Mueller-
Hinton agar plates. Bacterial colonies were counted after 24-h overnight
cultures. A >2-log reduction in the number of CFU for a given combina-
tion compared to the number of CFU obtained with the most active single
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agent was defined as synergy, and a >2-log increase was defined as antag-
onism (10).

Colony biofilm assay. Bacterial counts after 24-h and 48-h incuba-
tions with antibiotics were measured using a colony biofilm assay as de-
scribed previously (16). An inoculum of 2.0 X 10°> CFU/ml of each isolate
was sprayed in 96-well culture plates. The cultures were subsequently
grown in LB broth supplemented with 1% p-glucose with shaking (180
rpm) for 24 h at 30°C to let the biofilms form. After the formation of
biofilms, LB broth alone, each antimicrobial agent alone, or the combina-
tion of antimicrobial agents was added to the cultures for 24 or 48 h
(constituting the 24-h and 48-h treatment groups, respectively). For the
48-h treatment group, the antimicrobial-containing medium was re-
placed with fresh medium containing antibiotics 24 h after the adminis-
tration of antibiotics to ensure drug efficacy. To quantify the bacterial
counts, the biofilms on the surface were scratched with a 10-pl loop and
suspended in medium. Samples were serially diluted and plated for viable
cell counting after overnight culture at 30°C. The reduction of the bacte-
rialload at 24 or 48 h was calculated by subtracting the number of bacterial
biofilm cells growing after incubation with the different regimens by the
number growing in LB broth alone. All tests were performed in triplicate.
The criteria for synergy and antagonism were similar to those defined
above for the time-Kkill assay.

Mouse pneumonia model. The animal study was approved by the
Institutional Animal Care and Use Committee of the National Health
Research Institutes. Clinical isolates were grown in 30 ml LB broth with
shaking at 37°C to reach the mid-logarithmic phase. The precipitate ob-
tained by centrifugation at 4,000 X g for 15 min was dissolved in phos-
phate-buffered saline and mixed with mucin from the porcine stomach
(type 3; Sigma-Aldrich, Taiwan) to a final concentration of 5% mucin.
The mice were anesthetized with 2% tribromoethanol (Avertin; 0.18 ml/
10.0 g body weight) administered intraperitoneally. An aliquot of 3 X 10*
CFU/20 pl was inoculated intratracheally into the mice to induce pneu-
monia. At 2 h after inoculation, the mice were injected peritoneally with
colistin (10 mg/kg of body weight), minocycline (50 mg/kg), or both
drugs every 12 h (17). In preliminary experiments, mice had a high sur-
vival rate when they were given colistin intraperitoneally at a dose of 16
mg/kg. Finally, we adopted a dose of 10 mg/kg in accordance with that
used by Bowers et al. (17). At 24 h after infection, 12 mice (4 in each
group) were sacrificed and their lungs were homogenized. Bacterial
counts were determined by plating the mixture in serial 10-fold dilutions
on LB agar. Thirty or 36 mice (10 or 12 in each group) were observed for
7 days to compare survival under monotherapy with that under combi-
nation therapy. The difference in survival among the groups was assessed
by Kaplan-Meier survival analysis.

RESULTS AND DISCUSSION
During the study period, 82.4% (892/1,083) of the isolates of the
A. baumannii complex were susceptible to minocycline. The rates
of susceptibility to minocycline were 75%, 86%, and 85% in 2006,
2008, and 2010, respectively, which is better than those in most
regions in other parts of the world, except Latin American (rate of
susceptibility, 91.7%) (4). The rate of susceptibility was only less
than that to polymyxin (99.9%, 1,082/1,083) and tigecycline (=2
pg/ml; 97.9%, 1,060/1,083). We identified 17 A. baumannii iso-
lates resistant to all antibiotics tested in our study except colistin or
tigecycline. Among them, four representative isolates were se-
lected on the basis of the diversity of their pulsotypes, years of
collection, health care setting origins, and geographic areas of
origination (Table 1; see also Fig. SI in the supplemental mate-
rial). Whole-genome sequencing is increasingly being used in ep-
idemiology and outbreak studies (18—20) owing to its greater ac-
curacy and reliability than PFGE. However, PFGE remains an easy
and economical way to determine clonality.

The tetB gene was present in all four clinical isolates but not in
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Minocycline for Minocycline-Resistant A. baumannii

ATCC 17978. Among the adeB, ade], and adeG genes, only the
transcript levels of adeB in the clinical isolates were consistently
higher than those in ATCC 17978 (see Fig. S2 in the supplemental
material). The contribution of tetB to minocycline resistance has
been reported (9). The role of adeABC overexpression is contro-
versial; the overexpression of adeABC has been associated with
minocycline resistance (21), but it has also been reported in mi-
nocycline-susceptible isolates (9).

A checkerboard synergy assay (Table 1) revealed that, among
the minocycline-based treatments, minocycline in combination
with colistin was more likely to produce lower FICIs; the levels
were similar to those observed with a combination of colistin and
meropenem. The FICIs of minocycline combined with colistin
ranged from 0.19 to 0.56 for four minocycline-resistant isolates.
The concentrations of colistin that were able to lower the mino-
cycline MICs to the susceptible level varied among the isolates (see
Fig. S3 in the supplemental material). Time-kill curves obtained
using high (16 pwg/ml) and low (4 pg/ml) concentrations of mi-
nocycline are shown in Fig. 1 and Fig. S4 and S5 in the supplemen-
tal material. Briefly, high-dose minocycline with colistin reduced
the bacterial load of three of the minocycline-resistant isolates
(2006S136, 20067174, and 2010Y134), whereas the low-dose
treatment resulted in a synergistic effects against all four isolates.
Combinations of high- and low-dose minocycline with cefopera-
zone-sulbactam demonstrated synergy against some clinical iso-
lates (20065136 and 2010Y134 with the high dose and 2008V462
and 2010Y134 with the low dose). The results obtained with these
combinations were comparable to those obtained with a combi-
nation of meropenem and colistin, but neither high- nor low-dose
minocycline with meropenem produced a synergistic effect
against any isolate.

Previous studies highlighted the good in vitro efficacy of com-
binations of minocycline and polymyxin B against minocycline-
susceptible isolates (17, 22, 23). However, few studies have ad-
dressed the efficacy of minocycline-based combination therapies
against minocycline-resistant isolates. The results of both the
checkerboard and time-kill assays demonstrated that among the
minocycline-based combination therapies, colistin combined
with minocycline was more effective against minocycline-resis-
tant isolates than the other combinations and was as effective as
meropenem-colistin therapy, whereas minocycline combined
with cefoperazone-sulbactam was effective against only some iso-
lates. The results of our studies of synergistic effects were not al-
ways consistent with those of the checkerboard assay, as has been
seen in other studies (24, 25). The checkerboard assay is a bacte-
riostatic method that reflects clinical MICs. Meanwhile, the time-
kill assay is a bactericidal method used to examine the extent of
bacterial killing over time and thus may provide more informa-
tion about the nature of the interaction (26).

The mechanism of synergy is not well understood. Different
antibiotics may target distinct bacterial subpopulations (subpop-
ulation synergy) and different metabolic pathways (mechanistic
synergy) (27). Additional reasons why minocycline combined
with colistin exhibits better synergy than the other regimens may
be as follows. First, colistin may further increase membrane per-
meability and the intracellular level of the second antibiotic (17,
28). Second, minocycline, being a protein synthesis inhibitor, may
prevent the induction of colistin resistance genes. Third, altera-
tion of the function of the efflux pump, for example, TetB and,
possibly, AdeABC, to export minocycline by disruption of the cell
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FIG 1 Time-kill assays for minocycline-resistant Acinetobacter baumannii using a combination of minocycline and meropenem (a), cefoperazone-sulbactam
(a), colistin (b), and meropenem and colistin (b). MIN, minocycline (16 pg/ml); MP, meropenem (8 pg/ml); CPZ/SB, cefoperazone-sulbactam (16/16 jg/ml);
CS, colistin (0.5 pg/ml).

membrane using polymyxins may also be a mechanism (17). One  combined with antimicrobials other than colistin may be under-
study showed the better efficacy of minocycline-based combina-  estimated.

tion therapy in isolates without fetB (29). In the current study, all Many A. baumannii infections are associated with biofilms.
four isolates carried tetB, and therefore, the effect of minocycline  These include catheter-related urinary tract and bloodstream in-
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FIG 2 Bacterial load reduction in biofilms. Biofilms of the minocycline-resistant Acinetobacter baumannii isolates were treated for 24 (a) and 48 h (b) with the
indicated antibiotics. The reduction of the bacterial load at 24 or 48 h was calculated by subtracting the number of bacterial biofilm cells incubated with the
indicated antibiotics by the number of bacterial biofilm cells incubated with LB alone. MIN, minocycline (16 pg/ml); CPZ/SB, cefoperazone-sulbactam (16/16
pg/ml); MP, meropenem (8 pg/ml); CS, colistin (0.5 wg/ml).
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FIG 3 Survival (a) and bacterial load in the lungs (b) of mice that received different antibiotics. Beginning at 2 h after infection, mice were injected peritoneally
with minocycline (50 mg/kg), colistin (10 mg/kg), or both antibiotics every 12 h. For calculation of the bacterial load in lungs, the mice were sacrificed at 24 h after

infection. MIN, minocycline; CS, colistin.

fections as well as wound and bone infections (30). To the best of
our knowledge, assessment of the synergistic effects of minocy-
cline or colistin against Acinetobacter biofilms has not been fully
investigated (31, 32). Our study showed that at 24 h after biofilm
formation, none of the minocycline-based combination treat-
ments resulted in a =100-fold reduction in the bacterial load com-
pared to that achieved with the most effective single agent (Fig.
2a), indicating that they did not have synergistic effects within 24
h. After 48 h of incubation, minocycline with colistin was still an
ineffective treatment against all isolates embedded in the biofilm.
Meropenem combined with minocycline was effective only
against isolate 20065136, whereas meropenem combined with
colistin was synergistically active against the 20065136 and
20067174 isolates (Fig. 2b). Thus, our study showed that the ad-
dition of other antibiotics to minocycline is of little benefit; how-
ever, the addition of meropenem may increase the poor antibio-
film effect of colistin for some isolates.

Considering the relatively beneficial effects of minocycline
combined with colistin when treating isolate 20065136 in the
checkerboard test, the time-kill assay, and the biofilm assay, this
clinical isolate was used for in vivo experiments. Figure 3a shows
that the 7-day survival rates for mice receiving combination ther-
apy, minocycline, or colistin were 80%, 40%, and 30%, respec-
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tively (for combination therapy versus monotherapy with mino-
cycline, P = 0.01; for combination therapy versus monotherapy
with colistin, P = 0.05). Combination therapy improved the rate
of survival compared to that achieved with monotherapy. The
number of bacteria present in the lungs of mice treated with mi-
nocycline and colistin was significantly lower than that observed
when each agent was used individually (Fig. 3b). For mice infected
with isolate 2008V462, against which no synergy of high-dose mi-
nocycline (16 pg/ml)-based combinations was observed, there
was a trend toward a better survival rate and a greater number of
bacteria being reduced in the lungs of mice treated with minocy-
cline and colistin (Fig. 3a and b). However, the previous study
showed that minocycline in combination with colistin may not be
effective against minocycline-resistant isolates (17). A variation in
the susceptibility to different regimens between our isolate and the
isolates in the previous study may explain this discrepancy. We
provided evidence that minocycline in combination with colistin
might be effective in mice infected with minocycline-resistant iso-
lates. Considering the in vitro and in vivo efficacy of carbapenem
and colistin that has been translated into clinical practice, mino-
cycline combined with colistin may be worth further investigation
for patients infected with minocycline-resistant isolates.

In conclusion, this study demonstrated that minocycline-
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based combinations (especially minocycline in combination with
colistin) have synergistic effects comparable to those observed
with meropenem and colistin against some minocycline-resistant
A. baumannii isolates. In vivo synergistic efficacy was also ob-
served. However, the in vitro synergistic efficacy of minocycline-
based combination therapies for the treatment of biofilm infec-
tions was not obvious even after prolonged periods of time. Thus,
further clinical study of the activity of minocycline-based treat-
ments against infections without an association with biofilms may
be warranted.
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