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Abstract: Carbapenem-resistant Acinetobacter baumannii (CRAB) can cause serious infections that are
associated with high mortality rates. During the course of an infection, many CRAB isolates are able
to form biofilms, which are recalcitrant to several antibiotics and can be difficult to treat. Polymyxin-
based regimens are a first-line treatment option for CRAB infections, but they have not been optimized
against both planktonic and biofilm phases of growth. The objective of this study was to identify
polymyxin-based combinations that are active against planktonic and biofilm populations of CRAB.
Four CRAB isolates (meropenem MICs: 8-256 mg/L) capable of forming biofilms were used in each
experiment. The activities of polymyxin B alone and in combination with ampicillin/sulbactam,
meropenem, minocycline, and rifampin were assessed using time-kill assays, with the CRAB isolates
grown in planktonic and biofilm phases. Viable colony counts were used to detect the bactericidal
activity and synergy of the antibiotic combinations. Against the planktonic populations, polymyxin
B combined with meropenem, minocycline, ampicillin/sulbactam, and rifampin caused 3.78, —0.15,
4.38, and 3.23 mean log;y CFU/mL reductions against all isolates at 24 h, respectively. Polymyxin B
combined with meropenem, ampicillin/sulbactam, or rifampin was synergistic against 75-100% (3/4
or 4/4) of CRAB isolates. Against biofilms, polymyxin B combined with meropenem, minocycline,
ampicillin/sulbactam, and rifampin caused 1.86, 1.01, 0.66, and 3.55 mean log;y CFU/mL reductions
against all isolates at 24 h, respectively. Only the combination of polymyxin B and rifampin retained
bactericidal activity or synergy against any of the isolates when grown as biofilms (50% of isolates).
The combination of polymyxin B and rifampin may be promising for CRAB infections that have
planktonic and biofilm populations present.
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1. Introduction

Acinetobacter baumannii is a common cause of ventilator-associated pneumonia and
catheter-related infections, largely affecting individuals with prolonged hospital stays
and/or immunocompromised health [1]. Many A. baumannii are resistant to carbapenems,
a last resort class of antibiotics for multidrug-resistant Gram-negative bacteria, leaving
few therapeutic options available [2]. The World Health Organization has designated
carbapenem-resistant Acinetobacter baumannii (CRAB) as a critical priority pathogen due to
its association with high rates of morbidity and mortality [3]. The high levels of resistance
to carbapenems and other antibiotic classes in CRAB has forced clinicians to resort to
last-line treatment options such as the polymyxins (colistin or polymyxin B). Clinical failure
rates of up to 79% have been reported for polymyxin monotherapy when used to treat
CRAB infections [4—6]. The current polymyxin guidelines recommend using a polymyxin
in combination with one or more additional active antibiotics when treating a CRAB isolate
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that is susceptible to at least one non-polymyxin agent [7]. However, the optimal antibiotic
to combine with a polymyxin for treatment of CRAB infections remains unclear. The
challenge of treating A. baumannii is further exacerbated by its ability to form biofilms,
which create an added barrier for antimicrobial therapy [8].

A. baumannii can form biofilms on abiotic surfaces such as endotracheal tubes during
ventilation or indwelling catheters, which contribute to this pathogen’s propensity to cause
nosocomial infections [8]. A. baumannii can also establish biofilms on biotic surfaces, such
as the lungs during pneumonia, by adhering to respiratory epithelial cells [9-11]. Once
attached to the host’s respiratory epithelium, the bacteria can aggregate to form multi-
cellular clusters of bacteria (biofilms), which act in a coordinated manner, controlled by
quorum sensing [12,13]. Biofilms exploit host cells for nutrients and excrete an extracellular
polymeric matrix composed of exopolysaccharides, biofilm-associated proteins, and DNA,
which can protect the bacterial cells from antibiotics [8,14]. The ability of A. baumannii to
grow in planktonic and biofilm populations highlights the importance of selecting antimi-
crobial agents with activity against isolates in both growth phases. Previous studies have
primarily assessed the antimicrobial activities of polymyxin-based combinations against
planktonic or biofilm populations separately. In this study, we conducted experiments
to compare the in vitro activity of polymyxin B-based combinations for planktonic and
biofilm phases using four meropenem-resistant (MIC 8-256 mg/L) CRAB isolates with
polymyxin B MICs between 0.5 and 1 mg/L.

2. Materials and Methods
2.1. Bacterial Isolates and Materials

Four clinical CRAB isolates (AR-276, AR-279, AR-285, and AR-313) were used in
each experiment [15]. The sequences of these isolates were downloaded from GenBank
for analysis. Whole-genome sequencing was previously performed by the Center for
Disease Control and Prevention. Multilocus sequence typing (MLST) was performed using
PubMLST and the ST was reported using the Pasteur scheme [16]. Genomes were analyzed
with the ResFinder 4.1 and CARD databases to identify 3-lactamase genes harbored by
each isolate [17,18]. These isolates were selected based on their biofilm-forming potential
and meropenem MICs (range from 8 to 256 mg/L) (Table 1). Isolates that were meropenem
resistant were screened for adequate biofilm growth using a Calgary device, which has a
lid with pegs that facilitate biofilm growth, as previously described [19]. Briefly, an initial
inoculum of ~107 CFU/mL was added to 96-well flat bottom plates and covered by a lid
with pegs. Biofilms were formed on pegs over 20 h in 37 °C while rocking. Pegs were rinsed
with normal saline and then the biofilms were transferred to the wells by centrifugation.
A baseline (0 h) optical density measurement at 650 nm (ODg5g) using a microtiter plate
reader was taken and compared to ODgs after 6 h of growth at 37 °C. Adequate biofilm
growth for the positive control (ATCC 19606) and clinical isolates was defined as an ODggs
difference (6 h ODggp—0 h ODgsp) of >0.05. The four selected isolates (AR-276, AR-279,
AR-285, and AR-313) that were determined to form biofilms then underwent testing to
quantify their biofilm formation potential, as previously described [19,20]. Briefly, the
CRAB isolates were grown for 48 h at 37 °C in a Calgary device. Isolates were inoculated
at ~10° CFU/mL in Cation-adjusted Mueller Hinton broth (CAMHB) (BD Difco). Mature
biofilms were then washed, stained with 0.1% crystal violet for 15 min, and then dried.
Dried pegs were then submerged in 33% glacial acetic acid for 1 h, followed by optical
density measurement at 570 nm using a plate reader. Experiments were performed in
triplicate. The mean ODsyq values from biofilms (ODg;ef1m ) of each isolate were compared
to the optical density cut-off (ODc) from the broth-only control, as described previously [21].
Isolates were categorized as displaying weak (ODc < ODg;ofi1m < 2 X ODc), moderate
(2 x ODc < ODgipfiim < 4 x ODc), or strong (ODpjofiim >4 X ODc)biofilm-forming capacity.
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Table 1. Genotypic characteristics of CRAB isolates and their MICs for antibiotics used in time-kill
assays. Interpretations of MICs are provided in parentheses.

MIC (mg/L)
Isolate Sequence Type B-Lactamase * . . . Ampicillin/ . .
Polymyxin B Meropenem  Minocycline Sulbactam Rifampin
AR-276 ST530 blaapc.130 1(I) 8 (R) 0.125 (S) 8/4 () 8
blatgmap,
AR-279 ST2 blaoxa-s, 0.5 (1) 64 (R) 4(S) 64/32 (R) 32
blaoxa-e6,
blaapc-162
blatem-18,
AR-285 ST79 blaoxa.es, 0.5 (I) 256 (R) 0.125 (S) 32/16 (R) 4
blaapc-215
blatem-1D,
AR-313 ST1 blaoxa-zs, 0.5 (I) 16 (R) 4(S) 64/32 (R) 4
blapxa-e9,
blaapc7e

MIC interpretations according to CLSI-ED32 (2022). * Bold 3-Lactamase genes have been shown to hydrolyze
carbapenems.

CAMHB was used as the growth medium for each experiment. Ampicillin (AMP, LOT
#089M4784V), minocycline (MIN, LOT #058M4031V), polymyxin B (PMB, LOT #088M4029V),
and rifampin (RIF, LOT #MFCD00151389) were obtained from Sigma-Aldrich. Meropenem
(MER, LOT #L.C42091) and sulbactam (SUL, LOT #02C7M16]) were obtained from AK Sci-
entific. The MICs for all four isolates were determined against the six antibiotics of interest
in accordance with the Clinical and Laboratory Standards Institute (CLSI) guidelines [22].

2.2. Planktonic Time-Kill Assays

Static time-kill assays against planktonic CRAB isolates were performed as previously
described [23,24]. Each experiment was started at an inoculum of ~10° CFU/mL in 20 mL
of CAMHB and grown with continuous shaking at 37 °C. CRAB isolates were exposed to
0.25 x MIC, 0.5 x MIC, 1 x MIC, 2 x MIC, and 4 x MIC of AMP/SUL, MER, MIN, PMB,
and RIF alone. Combinations (PMB/AMP /SUL, PMB/MER, PMB/MIN, and PMB/RIF)
were tested at 0.5 x MIC of each antibiotic. Samples were obtained after 0, 1, 2, 4, 6, 8, and
24 h for viable colony counting. Experiments were performed in duplicate. Bactericidal
activity was defined as a >3 logj9 CFU/mL reduction in viable cell count and synergy was
defined as a >2 logjg CFU/mL reduction by the combination compared to the most active
agent alone at 24 h.

2.3. Biofilm Time-Kill Assays

Biofilm static time-kill assays were performed against each CRAB isolate at an inocu-
lum of ~108 CFU/mL. CRAB biofilms of each isolate were initially formed in 200 pL of
CAMHB for 24 h at 37 °C in a 96-well round bottom microtiter plate, as previously de-
scribed [25]. After 24 h of growth, the existing 200 pL of media was removed from each well.
After removal of the broth, antibiotics and fresh CAMHB were loaded into each well. In
the growth control arms, CAMHB alone was added to the wells. Antibiotics were assessed
alone (AMP/SUL, MER, MIN, PMB, and RIF) and in combinations (PMB/AMP/SUL,
PMB/MER, PMB/MIN, and PMB/RIF) against the CRAB biofilms. Since biofilms are more
recalcitrant to antibiotics than planktonic cells, only 4 x MIC concentrations were used for
drugs alone and in combinations. The first time point (0 h) was obtained immediately after
the introduction of the antibiotic regimens and subsequent samples were obtained 2, 4, 6,
and 24 h thereafter. At each time point, the biofilms were dislodged from the wells with a
1 pL inoculation loop, serially diluted, and plated for viable colony counting. Experiments
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were performed in triplicate and the mean viable counts are reported. Bactericidal activity
was defined as a >3 log;g CFU/mL reduction in viable cell count and synergy was defined
as a >2 logyg CFU/mL reduction by the combination compared to the most active agent
alone at 24 h [25,26].

3. Results
3.1. Isolate Characteristics

AR-279, AR-285, and AR-313 were determined to be A. baumannii while AR-276 was
a member of the A. baumannii complex. The AR-276, AR-279, AR-285, and AR-313 CRAB
isolates belonged to ST530, ST2, ST79, and ST1, respectively (Table 1). MICs for PMB
were below the resistance breakpoint for all isolates and ranged from 8 to 256 mg/L
for MER. Each CRAB isolate harbored a unique profile of (3-lactamase genes. Several
isolates (AR-279, AR-285, and AR-313) harbored a gene that encodes an enzyme known
to hydrolyze carbapenems. AR-276, AR-279, and AR313 had moderate biofilm-forming
capacity while AR-285 had weak biofilm-forming capacity.

3.2. Planktonic Time-Kill Assays

As monotherapy, 4 x MIC PMB was bactericidal at 24 h against AR-279 and AR-
285 (Tables 2 and S1). Against AR-276, 4 x MIC of PMB displayed rapid initial killing,
which resulted in undetectable bacterial counts at 8 h, followed by regrowth to near the
starting inoculum by 24 h (Figure 1). PMB (2 x and 4 x MIC) was bactericidal against
isolate 313 between 6 and 8 h but regrowth to >6 logyg CFU/mL was observed by 24 h.
At24 h, MER 4 x MIC caused 2.77 and 2.08 logjp CFU/mL reductions in AR-279 and
AR-313, respectively, and was bactericidal against AR-276 and AR-285. MIN at 4 x MIC
caused ~2-3 logjo CFU/mL killing against AR-276, AR-285, and AR-313, which was also
considered bactericidal for AR-276. No bacterial killing was observed for MIN at any
concentration against AR-279. AMP/SUL was not bactericidal at any concentration against
any of the four isolates, and RIF was only bactericidal against AR-276 (2 x and 4 x MIC).
All isolates grew above the starting inoculum by 24 h in the presence of each antibiotic at
0.5 x MIC (the concentrations also used in combinations).

Table 2. Presence (+) or absence (—) of bactericidal activity and synergy for antibiotic combi-
nations against planktonic and biofilm populations of CRAB isolates. Bactericidal activity was
defined as a >3 log;g CFU/mL reduction in viable cell count at 24 h and synergy was defined
as a >2 logjg CFU/mL reduction by the combination compared to the most active agent alone at
24 h. PMB, polymyxin B; MER, meropenem; MIN, minocycline; AMP/SUL, ampicillin/sulbactam;
RIE, rifampin.

PMB/MER PMB/MIN PMB/AMP/SUL PMB/RIF
Bactericidal Synergy  Bactericidal Synergy  Bactericidal Synergy  Bactericidal Synergy
Planktonic + + — — + + — +
AR276  TRiofilm - - - - - - T n
Planktonic + + — — — 3 3 +
AR279 Biofilm - - - - - - - -
Planktonic + + — — + + — —
AR-285  TBioflm - - - - - - - T
Planktonic — — — + + + + +
AR-313 Biofilm — — — — — — + —

The combination of PMB and MER was bactericidal and synergistic against AR-276,
AR-279, and AR-285, with a mean reduction of 5.11 log;y CFU/mL. In contrast, no bacterial
killing was noted for PMB/MER against AR-313. PMB/MIN only displayed synergy
against isolate AR-313 (2.28 log;g CFU/mL reduction) while the other isolates grew above
the starting inoculum by 24 h in the presence of this combination. The combination of
PMB and AMP/SUL was bactericidal against isolates AR-276, AR-285, and AR-313 at24 h
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and synergy was observed against all four isolates. PMB and RIF were bactericidal and
synergistic against AR-279 and AR-313. AR-285 regrew between 8 and 24 h in the presence
of this combination.

Meropenem Minocycline Ampicillin/Sulbactam Rifampin

Time (hours)

—o— Growth Control
o— 0.25x MIC

—v— 0.5x MIC

—a&— 1x MIC

—a— 2x MIC

—a— 4x MIC

—— Growth Control —e— Growth Control —eo— Growth Control —e— Growth Control
©o— 0.25x MIC o— 0.25x MIC o— 0.25x MIC o— 0.25x MIC
—v— 0.5x MIC —vy— 0.5x MIC —v— 0.5x MIC —v— 0.5x MIC
—a— 1x MIC —a&— 1x MIC —a&— 1x MIC —a&— 1x MIC
—a— 2x MIC —a— 2x MIC —a— 2x MIC —a— 2x MIC
—a8— 4x MIC —&— 4x MIC —&— 4x MIC —a8— 4x MIC
—-— PMB/MER 0.5x MIC —-— PMB/MIN 0.5x MIC —-— PMB/AMP/SUL 0.5x MIC —-— PMB/RIF 0.5x MIC

Figure 1. Mean viable bacterial counts of planktonic CRAB in static time-kill experiments. For
combinations, each antibiotic was tested at a concentration of 0.5 x MIC. PMB, polymyxin B; MER,
meropenem; MIN, minocycline; AMP/SUL, ampicillin/sulbactam; RIF, rifampin.

3.3. Biofilm Time-Kill Assays

None of the antibiotics were bactericidal against any of the CRAB isolates as monother-
apy when grown as biofilms (Figure 2). However, each monotherapy had relatively consis-
tent activity against the four CRAB isolates. PMB, MER, MIN, and AMP/SUL caused mean
reductions (£SD) across all isolates of —0.10 £ 0.32 (— denotes growth above baseline),
0.94 £ 0.37,0.30 £ 0.31, and 0.86 £ 0.79, log19o CFU/mL at 24 h, respectively. RIF was the
most active monotherapy against the biofilms at 4 x MIC with 2.32 & 0.75 log;p CFU/mL
mean reductions against the four isolates.

PMB and RIF was the most active combination against the biofilms. This combination
was bactericidal against AR-276 and AR-313 and caused a 2.99 log;yg CFU/mL reduction
against AR-285. The combination of PMB and RIF was also synergistic against AR-276 and
AR-285. The mean bacterial reduction against all four isolates caused by PMB combined
with RIF was 3.55 logjp CFU/mL at 24 h. PMB/MER was not bactericidal or synergistic
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against any isolate at 24 h, but the combination was on average 0.92 log;g CFU/mL
more active than the most active monotherapy. Similarly, combinations between PMB
and MIN were 0.72 log;g CFU/mL more active than the most active monotherapy. The
PMB/AMP /SUL combination only showed better killing activity than the monotherapies
against AR-276. Each combination was the most active against AR-276 compared to the
other isolates. Synergy was observed for all combinations at 6 h against this isolate, though
only PMB/RIF was still synergistic at 24 h.

Meropenem Minocycline Ampicillin/Sulbactam Rifampin

o

ANwBROON®OD
®

S ANWBNONDOS OSNWAOD~N®ODS

CaNwWAOO~N®©D

o

R T— =

caNwWAROON®©O©O

o -
IS

o°
IS

Time (hours)

-o- Growth Control
-# PMB 4x MIC

-e- Growth Control -~ Growth Control -e- Growth Control -e- Growth Control
-+ MER 4x MIC A MIN 4x MIC -a~ AMP/SUL 4x MIC -« RIF 4x MIC
-#- MER/PMB 4x MIC -m- MIN/PMB 4x MIC -#- AMP/SUL/PMB 4x MIC -#- RIF/PMB 4x MIC

Figure 2. Mean viable bacterial counts of CRAB biofilms in static time-kill experiment. For combina-
tions, each antibiotic was tested at a concentration of 4 x MIC. PMB, polymyxin B; MER, meropenem;
MIN, minocycline; AMP/SUL, ampicillin/sulbactam; RIF, rifampin.

4. Discussion

The optimal approach to antibiotic therapy for infections caused by CRAB has not yet
been clearly defined. Combinations containing PMB are one suggested treatment strategy,
particularly for moderate to severe CRAB infections [7,27]. Although several studies have
investigated polymyxin-based combinations for CRAB infections, very few have sought
to identify the most active combinations against both planktonic and biofilm populations
simultaneously. In the present study, we found that PMB combined with MER, AMP/SUL,
or RIF was synergistic against planktonic populations of most of the tested CRAB isolates.
However, only the combination of PMB and RIF retained bactericidal activity against any
of the isolates when grown as biofilms. Optimizing combinations against both planktonic
and biofilm CRAB populations may enhance the translation of in vitro studies to patients,
where both phases of growth can exist in some types of infections.

In agreement with previous studies, our results demonstrate that CRAB biofilms gen-
erally exhibit increased antibiotic tolerance compared to planktonic cells [28]. Similar to
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the present study, one previous in vitro study also failed to show synergy or bactericidal
activity between a polymyxin and MER against CRAB biofilms [25]. The accumulation of
carbapenemases in the biofilm likely contributes to the difference in killing observed between
planktonic and biofilm experiments for this combination [29]. Increased tolerance by biofilms
to the combination of a polymyxin and MER may in part explain the inconsistent correlation
between in vitro studies and clinical trials for CRAB infections, since the in vitro studies rarely
considered both planktonic and biofilm populations. In vitro time-kill and checkerboard
studies have primarily shown that polymyxins combined with carbapenems enhance the
killing of CRAB compared to polymyxin monotherapy [30], although clinical studies have
been less conclusive. The AIDA randomized open-label controlled trial compared colistin
monotherapy (9-million-unit loading dose, followed by 4.5 million units every 12 h) to colistin
plus MER (2 g prolonged infusion every 8 h) in patients with bacteremia, pneumonia or
urosepsis and found no significant difference in clinical failure at day 14 between groups [4].
In this study, 77% of patients had infections caused by CRAB and nearly all of these isolates
had MER MICs >64 mg/L. In a secondary analysis of the isolates from the AIDA study,
Nutman et al. showed that there was no correlation between synergy detected by checker-
board studies (planktonic) and patient outcomes [31]. However, no consideration for activity
against biofilms was made in this study. Taken together, these data do not support the use of
a polymyxin plus MER for CRAB infections, which may for some infections be related to the
combination’s diminished activity against biofilms.

Similar to the combination of PMB and MER, PMB plus AMP/SUL was highly active
against planktonic cells but displayed minimal activity against biofilms. Wang et al. also
did not observe synergy or bactericidal activity for the combination of colistin and SUL
against CRAB biofilms [25]. A previous study conducted by Lenhard et al. showed that
AMP/SUL can effectively eradicate CRAB in a hollow fiber infection model (planktonic)
despite failing to induce bacterial killing against the same isolates in a time-kill assay
(planktonic) [32]. Lenhard et al. propose that the activity of AMP/SUL observed within
the HFIM, but not time-kill assays, was a result of the ability of CRAB to rapidly divide
within the hollow fiber infection model. 3-lactam activity is dependent on the rate of cell
division. Indeed, the rate of replication, which is slower in biofilms, may also be a reason
why neither of the combinations with a 3-lactam (MER or AMP/SUL) were bactericidal or
synergistic against CRAB biofilms [29]. Recent IDSA guidance suggests using combinations
that include high-dose AMP/SUL with either MIN, tigecycline, or PMB as the preferred
treatment approach for moderate to severe infections caused by CRAB [27]. One small
randomized controlled trial (39 patients) compared colistin monotherapy (3 million units
every 8 h) to colistin plus AMP/SUL (24 g of AMP/SUL per day) and found significantly
higher rates of clinical improvement on day five by the combination, but the mortality rates
at 28 days were not significantly different between groups. In addition to the small size, this
study is also limited by the unblinded nature of the trial design and variability in antibiotic
treatments after day five. Although AMP/SUL has displayed promising activity against
planktonic CRAB populations in various studies, additional clinical trials are necessary
to validate its efficacy. Alternative antibiotic regimens or other antibiotics in combination
with AMP/SUL may be warranted to treat infections with biofilms.

PMB and RIF was the most consistently active combination against both populations of
CRAB isolates in the present study. Several previous studies have assessed this combination
against planktonically growing A. baumannii and together found synergy against >50% of
clinical isolates [33]. In a mouse thigh-infection model, the combination of colistin and RIF
was synergistic against all 12 CRAB isolates tested and was significantly more active than
combinations with colistin plus either MER, tigecycline, fosfomycin, or SUL [34]. Although
RIF has well-described antibiofilm effects against other pathogens such as S. aureus [35],
only a few studies have assessed its activity against CRAB biofilms [36,37]. RIF has also
been shown to suppress the amplification of polymyxin resistance in vitro [38,39]. A
combination of colistin and RIF has also been compared to colistin monotherapy in patients.
Durante-Mangoni et al. conducted a randomized open-label clinical trial comparing colistin
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monotherapy (2 MU IV every 8 h) to a combination of colistin plus RIF (600 mg IV every
12 h) for patients with life-threatening infections caused by CRAB [5]. They found no
significant difference in 30-day all-cause mortality between treatment groups, and the
authors suggested that RIF should not be considered for routine use in combination with
colistin for CRAB infections. However, there was a significant increase in microbiologic
eradication in patients who received the combination of colistin plus RIF. There were
also several important limitations to this study that make it difficult to draw conclusions
from, including the suboptimal colistin dose (i.e., no loading dose, and relatively low
maintenance dose) and relatively low number of enrolled patients [7]. Thus, additional
studies are warranted to test the combination of a polymyxin and RIF, especially for
infections that contain both biofilm and planktonic populations.

There are several limitations to the current study. First, we only tested four CRAB
isolates that can each form biofilms, which may limit the generalizability of our results.
Future studies should expand testing to include additional clinical isolates. Second, we
used static in vitro time-kill assays that do not mimic human drug PK. Additional studies
that simulate dynamic antibiotic concentrations will be important to validate these findings.
The planktonic time-kill assays were also conducted at larger volumes than the broth mi-
crodilution MICs, which may have led to an increased number of resistant subpopulations
in the test-tubes at baseline (0 h). The presence of additional resistant subpopulations
may in part explain why some antibiotic concentrations above the MIC failed to suppress
growth. Nonetheless, these data add to the limited number of studies comparing the
activity of polymyxin-based combinations between planktonic and biofilm populations of
CRAB isolates.

5. Conclusions

PMB-based combinations with MER or AMP/SUL primarily had activity against
planktonic populations of CRAB isolates. In contrast, PMB and RIF was the most active
combination against both planktonic and biofilm populations of CRAB isolates. Thus,
optimal antibiotic therapy may be dictated by the composition of the CRAB population at
the site of infection (i.e., biofilm, planktonic, or both). The consistent activity of PMB and
RIF against CRAB isolates in both phases of growth suggests that this combination may
have utility for most infections, including those that harbor biofilms, such as ventilator-
associated pneumonia or catheter-related bloodstream infections. Future in vitro and
in vivo studies that include additional isolates are warranted to confirm these findings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ antibiotics11070959/s1: Table S1. A. baumannii mean bacterial density (log;g CFU/mL =+ SD) after
2, 6, and 24 h exposure to antibiotics in time-kill assays for both biofilm and planktonic populations.

Author Contributions: Conceptualization, M.W., ERW,, C.L.,, N.S,, N.B,, X.T,, YH. and Z.P.B.; Data
curation, M\W.,, ER.-W,, C.L., X.T. and Z.P.B.; Formal analysis, M.W., ER.W., C.L.,, N.B., X.T., YH. and
Z.PB.; Funding acquisition, M.W. and Z.P.B.; Investigation, M.W., C.L., N.S. and X.T.; Methodology,
X.T.; Project administration, X.T. and Z.P.B.; Supervision, Z.P.B; Visualization, M.W., ER.W.,, C.L. and
Z.P.B.; Writing—original draft, M.W., E.R.W. and Z.P.B.; Writing—review and editing, M.W., ER.W.,
C.L, NS, N.B,, X.T., YH. and Z.P.B.. All authors have read and agreed to the published version of
the manuscript.

Funding: M.W. was supported by a Riback Summer Research Award through the University of
Illinois Chicago College of Pharmacy.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available sequences were analyzed in this study. This data
can be found through the following biosample accession numbers: SAMNO04901666, SAMN04901669,
SAMNO04901675, and SAMN04901703.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/antibiotics11070959/s1
https://www.mdpi.com/article/10.3390/antibiotics11070959/s1

Antibiotics 2022, 11, 959 90f 10

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Maragakis, L.L.; Perl, T.M. Acinetobacter baumannii: Epidemiology, antimicrobial resistance, and treatment options. Clin. Infect.
Dis. 2008, 46, 1254-1263. [CrossRef] [PubMed]

Ramirez, M.S.; Bonomo, R.A.; Tolmasky, M.E. Carbapenemases: Transforming Acinetobacter baumannii into a Yet More Dangerous
Menace. Biomolecules 2020, 10, 720. [CrossRef] [PubMed]

Prioritization of Pathogens to Guide Discovery, Research and Development of New Antibiotics for Drug-Resistant Bacterial
Infections, Including Tuberculosis. Geneva: World Health Organization; 2017 (WHO/EMP/IAU/2017.12). Available online:
https:/ /apps.who.int/iris/handle /10665 /311820 (accessed on 30 June 2022).

Paul, M.; Daikos, G.L.; Durante-Mangoni, E.; Yahav, D.; Carmeli, Y.; Benattar, Y.D.; Skiada, A.; Andini, R.; Eliakim-Raz, N.;
Nutman, A.; et al. Colistin alone versus colistin plus meropenem for treatment of severe infections caused by carbapenem-resistant
Gram-negative bacteria: An open-label, randomised controlled trial. Lancet Infect. Dis. 2018, 18, 391-400. [CrossRef]
Durante-Mangoni, E.; Signoriello, G.; Andini, R.; Mattei, A.; De Cristoforo, M.; Murino, P.; Bassetti, M.; Malacarne, P.; Petrosillo,
N.; Galdieri, N.; et al. Colistin and rifampicin compared with colistin alone for the treatment of serious infections due to
extensively drug-resistant Acinetobacter baumannii: A multicenter, randomized clinical trial. Clin. Infect. Dis. 2013, 57, 349-358.
[CrossRef] [PubMed]

Butler, D.A.; Biagi, M.; Tan, X.; Qasmieh, S.; Bulman, Z.P.; Wenzler, E. Multidrug resistant Acinetobacter baumannii: Resistance by
any other name would still be hard to treat. Curr. Infect. Dis. Rep. 2019, 21, 1-17. [CrossRef] [PubMed]

Tsuji, B.T.; Pogue, ].M.; Zavascki, A.P; Paul, M.; Daikos, G.L.; Forrest, A.; Giacobbe, D.R.; Viscoli, C.; Giamarellou, H.; Karaiskos,
I; et al. International Consensus Guidelines for the Optimal Use of the Polymyxins: Endorsed by the American College of Clinical
Pharmacy (ACCP), European Society of Clinical Microbiology and Infectious Diseases (ESCMID), Infectious Diseases Society of
America (IDSA), International Society for Anti-infective Pharmacology (ISAP), Society of Critical Care Medicine (SCCM), and
Society of Infectious Diseases Pharmacists (SIDP). Pharmacotherapy 2019, 39, 10-39. [CrossRef]

Gedefie, A.; Demsis, W.; Ashagrie, M.; Kassa, Y.; Tesfaye, M.; Tilahun, M.; Bisetegn, H.; Sahle, Z. Acinetobacter baumannii Biofilm
Formation and Its Role in Disease Pathogenesis: A Review. Infect. Drug Resist. 2021, 14, 3711-3719. [CrossRef]

Siegel, S.J.; Weiser, ].N. Mechanisms of Bacterial Colonization of the Respiratory Tract. Annu. Rev. Microbiol. 2015, 69, 425-444.
[CrossRef]

Boisvert, A.A.; Cheng, M.P.; Sheppard, D.C.; Nguyen, D. Microbial Biofilms in Pulmonary and Critical Care Diseases. Ann. Am.
Thorac. Soc. 2016, 13, 1615-1623. [CrossRef]

Zeighami, H.; Valadkhani, F.; Shapouri, R.; Samadi, E.; Haghi, F. Virulence characteristics of multidrug resistant biofilm forming
Acinetobacter baumannii isolated from intensive care unit patients. BMC Infect. Dis. 2019, 19, 629. [CrossRef]

Lee, J.C.; Koerten, H.; van den Broek, P.; Beekhuizen, H.; Wolterbeek, R.; van den Barselaar, M.; van der Reijden, T.; van der Meer,
J.; van de Gevel, ].; Dijkshoorn, L. Adherence of Acinetobacter baumannii strains to human bronchial epithelial cells. Res. Microbiol.
2006, 157, 360-366. [CrossRef] [PubMed]

Saipriya, K.; Swathi, C.H.; Ratnakar, K.S.; Sritharan, V. Quorum-sensing system in Acinetobacter baumannii: A potential target for
new drug development. |. Appl. Microbiol. 2020, 128, 15-27. [CrossRef] [PubMed]

Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114-122. [CrossRef] [PubMed]
CDC & FDA Antibiotic Resistance Isolate Bank. Atlanta (GA): CDC. Available online: https://wwwn.cdc.gov/arisolatebank/
(accessed on 30 June 2022).

Jolley, K.A.; Bray, ].E.; Maiden, M.C.]. Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website
and their applications. Wellcome Open Res. 2018, 3, 124. [CrossRef]

Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F;
et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491-3500. [CrossRef]
Alcock, B.P; Raphenya, A.R.; Lau, T.T.Y.; Tsang, K.K.; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.V.; Cheng, A.A_; Liu,
S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res.
2020, 48, D517-D525. [CrossRef]

Moskowitz, S.M.; Foster, ]. M.; Emerson, J.; Burns, J.L. Clinically feasible biofilm susceptibility assay for isolates of Pseudomonas
aeruginosa from patients with cystic fibrosis. J. Clin. Microbiol. 2004, 42, 1915-1922. [CrossRef]

Beganovic, M.; Luther, M.K,; Daffinee, K.E.; LaPlante, K.L. Biofilm prevention concentrations (BPC) of minocycline compared
to polymyxin B, meropenem, and amikacin against Acinetobacter baumannii. Diagn. Microbiol. Infect. Dis. 2019, 94, 223-226.
[CrossRef]

Yang, C.H.; Su, PW.; Moi, S.H.; Chuang, L.Y. Biofilm Formation in Acinetobacter baumannii: Genotype-Phenotype Correlation.
Molecules 2019, 24, 1849. [CrossRef]

CLSI. Performance Standards for Antimicrobial Susceptibility Testing: Thirty-Second Edition: M100; Clinical and Laboratory Standards
Institute: Philadelphia, PA, USA, 2022.

Butler, D.A.; Rana, A.P; Krapp, E; Patel, S.R.; Huang, Y.; Ozer, E.A.; Hauser, A.R.; Bulman, Z.P. Optimizing aminoglycoside
selection for KPC-producing Klebsiella pneumoniae with the aminoglycoside-modifying enzyme (AME) gene aac(6')-Ib. ]. Antimicrob.
Chemother. 2021, 76, 671-679. [CrossRef]


http://doi.org/10.1086/529198
http://www.ncbi.nlm.nih.gov/pubmed/18444865
http://doi.org/10.3390/biom10050720
http://www.ncbi.nlm.nih.gov/pubmed/32384624
https://apps.who.int/iris/handle/10665/311820
http://doi.org/10.1016/S1473-3099(18)30099-9
http://doi.org/10.1093/cid/cit253
http://www.ncbi.nlm.nih.gov/pubmed/23616495
http://doi.org/10.1007/s11908-019-0706-5
http://www.ncbi.nlm.nih.gov/pubmed/31734740
http://doi.org/10.1002/phar.2209
http://doi.org/10.2147/IDR.S332051
http://doi.org/10.1146/annurev-micro-091014-104209
http://doi.org/10.1513/AnnalsATS.201603-194FR
http://doi.org/10.1186/s12879-019-4272-0
http://doi.org/10.1016/j.resmic.2005.09.011
http://www.ncbi.nlm.nih.gov/pubmed/16326077
http://doi.org/10.1111/jam.14330
http://www.ncbi.nlm.nih.gov/pubmed/31102552
http://doi.org/10.1038/nrd1008
http://www.ncbi.nlm.nih.gov/pubmed/12563302
https://wwwn.cdc.gov/arisolatebank/
http://doi.org/10.12688/wellcomeopenres.14826.1
http://doi.org/10.1093/jac/dkaa345
http://doi.org/10.1093/nar/gkz935
http://doi.org/10.1128/JCM.42.5.1915-1922.2004
http://doi.org/10.1016/j.diagmicrobio.2019.01.016
http://doi.org/10.3390/molecules24101849
http://doi.org/10.1093/jac/dkaa480

Antibiotics 2022, 11, 959 10 of 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Huang, Y.; Rana, A.P; Wenzler, E.; Ozer, E.A.; Krapp, F; Bulitta, ].B.; Hauser, A.R.; Bulman, Z.P. Aminoglycoside-resistance gene
signatures are predictive of aminoglycoside MICs for carbapenem-resistant Klebsiella pneumoniae. J. Antimicrob. Chemother. 2022,
77,356-363. [CrossRef] [PubMed]

Wang, Y.C.; Kuo, S.C; Yang, Y.S; Lee, Y.T.; Chiu, C.H.; Chuang, M.F; Lin, ].C.; Chang, EY.; Chen, T.L. Individual or Combined
Effects of Meropenem, Imipenem, Sulbactam, Colistin, and Tigecycline on Biofilm-Embedded Acinetobacter baumannii and Biofilm
Architecture. Antimicrob. Agents Chemother. 2016, 60, 4670-4676. [CrossRef] [PubMed]

Kebriaei, R.; Lev, K.L.; Shah, RM.; Stamper, K.C.; Holger, D.].; Morrisette, T.; Kunz Coyne, A.].; Lehman, S.M.; Rybak,
M.]. Eradication of Biofilm-Mediated Methicillin-Resistant Staphylococcus aureus Infections In Vitro: Bacteriophage-Antibiotic
Combination. Microbiol. Spectr. 2022, 2, e0041122. [CrossRef] [PubMed]

Tamma, P.D.; Aitken, S.L.; Bonomo, R.A.; Mathers, A.].; van Duin, D.; Clancy, C.J. Infectious Diseases Society of America
Guidance on the Treatment of AmpC (3-lactamase-Producing Enterobacterales, Carbapenem-Resistant Acinetobacter baumannii,
and Stenotrophomonas maltophilia Infections. Clin. Infect. Dis. 2021, ciab1013. [CrossRef] [PubMed]

Shenkutie, A.M.; Yao, M.Z; Siu, G.K.; Wong, B.K.C.; Leung, P.H. Biofilm-Induced Antibiotic Resistance in Clinical Acinetobacter
baumannii Isolates. Antibiotics 2020, 9, 817. [CrossRef] [PubMed]

Olsen, I. Biofilm-specific antibiotic tolerance and resistance. Eur. . Clin. Microbiol. Infect. Dis. 2015, 34, 877-886. [CrossRef]
[PubMed]

Zusman, O.; Avni, T,; Leibovici, L.; Adler, A.; Friberg, L.; Stergiopoulou, T.; Carmeli, Y.; Paul, M. Systematic review and
meta-analysis of in vitro synergy of polymyxins and carbapenems. Antimicrob. Agents Chemother. 2013, 57, 5104-5111. [CrossRef]
Nutman, A.; Lellouche, J.; Temkin, E.; Daikos, G.; Skiada, A.; Durante-Mangoni, E.; Dishon-Benattar, Y.; Bitterman, R.; Yahav, D,;
Daitch, V; et al. Colistin plus meropenem for carbapenem-resistant Gram-negative infections: In vitro synergism is not associated
with better clinical outcomes. Clin. Microbiol. Infect. 2020, 26, 1185-1191. [CrossRef]

Lenhard, J.R.; Smith, N.M.; Bulman, Z.P,; Tao, X.; Thamlikitkul, V.; Shin, B.S.; Nation, R.L.; Li, J.; Bulitta, J.B.; Tsuji, B.T. High-Dose
Ampicillin-Sulbactam Combinations Combat Polymyxin-Resistant Acinetobacter baumannii in a Hollow-Fiber Infection Model.
Antimicrob. Agents Chemother. 2017, 61, €01268-16. [CrossRef]

Ni, W,; Shao, X.; Di, X.; Cui, ].; Wang, R.; Liu, Y. In vitro synergy of polymyxins with other antibiotics for Acinetobacter baumannii:
A systematic review and meta-analysis. Int. |. Antimicrob. Agents 2015, 45, 8-18. [CrossRef]

Fan, B.; Guan, J.; Wang, X.; Cong, Y. Activity of Colistin in Combination with Meropenem, Tigecycline, Fosfomycin, Fusidic Acid,
Rifampin or Sulbactam against Extensively Drug-Resistant Acinetobacter baumannii in a Murine Thigh-Infection Model. PLoS ONE
2016, 11, e0157757. [CrossRef] [PubMed]

Zimmerli, W.; Sendi, P. Role of Rifampin against Staphylococcal Biofilm Infections In Vitro, in Animal Models, and in Orthopedic-
Device-Related Infections. Antimicrob. Agents Chemother. 2019, 63, 2. [CrossRef]

Song, J.Y.; Cheong, H.J.; Noh, ].Y,; Kim, W.J. In vitro Comparison of Anti-Biofilm Effects against Carbapenem-Resistant Acineto-
bacter baumannii: Imipenem, Colistin, Tigecycline, Rifampicin and Combinations. Infect. Chemother. 2015, 47, 27-32. [CrossRef]
[PubMed]

Wang, Y.; Bao, W.; Guo, N.; Chen, H.; Cheng, W.; Jin, K,; Shen, E; Xu, J.; Zhang, Q.; Wang, C.; et al. Antimicrobial activity of the
imipenem/rifampicin combination against clinical isolates of Acinetobacter baumannii grown in planktonic and biofilm cultures.
World ]. Microbiol. Biotechnol. 2014, 30, 3015-3025. [CrossRef] [PubMed]

Bulman, Z.P,; Satlin, M.].; Chen, L.; Kreiswirth, B.N.; Shin, B.S.; Walsh, T.J.; Holden, P.N.; Forrest, A.; Nation, R.L.; Li, J.; et al. New
Polymyxin B Dosing Strategies To Fortify Old Allies in the War against KPC-2-Producing Klebsiella pneumoniae. Antimicrob. Agents
Chemother. 2017, 61, €02023-16. [CrossRef] [PubMed]

Lee, H.J.; Bergen, PJ.; Bulitta, ].B.; Tsuji, B.; Forrest, A.; Nation, R.L.; Li, ]. Synergistic activity of colistin and rifampin combination
against multidrug-resistant Acinetobacter baumannii in an in vitro pharmacokinetic/pharmacodynamic model. Antimicrob. Agents
Chemother. 2013, 57, 3738-3745. [CrossRef]


http://doi.org/10.1093/jac/dkab381
http://www.ncbi.nlm.nih.gov/pubmed/34668007
http://doi.org/10.1128/AAC.00551-16
http://www.ncbi.nlm.nih.gov/pubmed/27216052
http://doi.org/10.1128/spectrum.00411-22
http://www.ncbi.nlm.nih.gov/pubmed/35348366
http://doi.org/10.1093/cid/ciab1013
http://www.ncbi.nlm.nih.gov/pubmed/34864936
http://doi.org/10.3390/antibiotics9110817
http://www.ncbi.nlm.nih.gov/pubmed/33212840
http://doi.org/10.1007/s10096-015-2323-z
http://www.ncbi.nlm.nih.gov/pubmed/25630538
http://doi.org/10.1128/AAC.01230-13
http://doi.org/10.1016/j.cmi.2020.03.035
http://doi.org/10.1128/AAC.01268-16
http://doi.org/10.1016/j.ijantimicag.2014.10.002
http://doi.org/10.1371/journal.pone.0157757
http://www.ncbi.nlm.nih.gov/pubmed/27315107
http://doi.org/10.1128/AAC.01746-18
http://doi.org/10.3947/ic.2015.47.1.27
http://www.ncbi.nlm.nih.gov/pubmed/25844260
http://doi.org/10.1007/s11274-014-1728-7
http://www.ncbi.nlm.nih.gov/pubmed/25298216
http://doi.org/10.1128/AAC.02023-16
http://www.ncbi.nlm.nih.gov/pubmed/28167549
http://doi.org/10.1128/AAC.00703-13

	Introduction 
	Materials and Methods 
	Bacterial Isolates and Materials 
	Planktonic Time-Kill Assays 
	Biofilm Time-Kill Assays 

	Results 
	Isolate Characteristics 
	Planktonic Time-Kill Assays 
	Biofilm Time-Kill Assays 

	Discussion 
	Conclusions 
	References

