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ABSTRACT Many serious bacterial infections are antibiotic refractory due to biofilm
formation. A key structural component of biofilm is extracellular DNA, which is stabi-
lized by bacterial proteins, including those from the DNABII family. TRL1068 is a
high-affinity human monoclonal antibody against a DNABII epitope conserved across
both Gram-positive and Gram-negative bacterial species. In the present study, the
efficacy of TRL1068 for the disruption of biofilm was demonstrated in vitro in the ab-
sence of antibiotics by scanning electron microscopy. The in vivo efficacy of this an-
tibody was investigated in a well-characterized catheter-induced aortic valve infec-
tive endocarditis model in rats infected with a methicillin-resistant Staphylococcus
aureus (MRSA) strain with the ability to form thick biofilms, obtained from the blood
of a patient with persistent clinical infection. Animals were treated with vancomycin
alone or in combination with TRL1068. MRSA burdens in cardiac vegetations and
within intracardiac catheters, kidneys, spleen, and liver showed significant reductions
in the combination arm versus vancomycin alone (P < 0.001). A trend toward mor-
tality reduction was also observed (P = 0.09). In parallel, the in vivo efficacy of
TRL1068 against a multidrug-resistant clinical Acinetobacter baumannii isolate was
explored by using an established mouse model of skin and soft tissue catheter-
related biofilm infection. Catheter segments infected with A. baumannii were im-
planted subcutaneously into mice; animals were treated with imipenem alone or in
combination with TRL1068. The combination showed a significant reduction of
catheter-adherent bacteria versus the antibiotic alone (P < 0.001). TRL1068 shows
excellent promise as an adjunct to standard-of-care antibiotics for a broad range of
difficult-to-treat bacterial infections.

KEYWORDS Acinetobacter, MRSA, biofilms, infective endocarditis, monoclonal
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any serious bacterial infections are difficult to treat due to concomitant biofilm

formation, which (i) shields the bacteria from host immunity and (ii) induces a
sessile phenotype refractory to antibiotic therapy versus planktonic-state organisms (1).
The antibiotic susceptibility of biofilm-associated bacteria is often reduced, as evi-
denced by the increased MICs for such isolates by as much as 1,000-fold (2). It is
estimated that 65 to 80% of clinically significant bacterial infections are biofilm medi-
ated (3), including infective endocarditis (IE) on native and prosthetic valves, osteomy-
elitis, lung infections associated with cystic fibrosis and chronic obstructive pulmonary
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disease (COPD), infections associated with other device implants and catheters, and
chronic nonhealing wounds.

A strategy for treating biofilm-associated bacteria that has been intensively explored
for more than 2 decades is to interfere with quorum sensing, the chemical communi-
cation system used to coordinate the expression of virulence factors. Although com-
pounds that interfere with such signaling molecules have been found (4), no such
compound has achieved FDA approval.

There has been increasing interest in disrupting the biofilm structure (5) so as to
restore the susceptibility of the biofilm-dispersed bacteria to available antibiotics as
well as to reexpose such isolates to immune system control (6). Biofilm is not simply a
random assembly of bacterial debris and host components but rather includes specific
proteins (7-10) and polymers (11), notably including extracellular DNA (eDNA) (12). The
importance of eDNA in the biofilm matrix, which appears to arise primarily from
stochastic programmed lysis of bacterial cells (13), has been well established by
showing that the DNA-degrading enzyme, DNase, disrupts established biofilms (14, 15).
The eDNA forms a three-dimensional mesh-like structure (16) that excludes host
immune cells while allowing the diffusion of both nutrients and waste. The eDNA is
stabilized by bacterial proteins that bind DNA in a sequence-nonspecific fashion,
including type IV pilin (17) and members of the DNABII family (18). The DNABII family
comprises integration host factor (IHF) and histone-like DNA-binding (HU) proteins,
with conserved homologs in a wide variety of bacterial species (19). The addition of
exogenous DNABII protein increases biofilm formation in vitro, an effect abolished by
DNase (20). Polyclonal sera against a variety of biofilm-associated proteins have been
reported to disrupt biofilms (21-24). Human monoclonal antibodies (MAbs) against
lipoteichoic acid, an antigen present in the cell wall of most Gram-positive bacteria,
have also shown efficacy against drug-resistant Staphylococcus aureus in a murine
peritonitis model (25). Taken together, data from these studies establish the feasibility,
in principle, of an antibody-based intervention to overcome antibiotic resistance in
difficult-to-treat biofilm-associated infections.

As we have described previously (26), TRL1068 is a high-affinity MAb directed
against the DNABII protein family discovered by screening ~5 million human B
lymphocytes using CellSpot technology (27). The conformational epitope on DNABII
proteins was determined by high-resolution peptide mapping, including alanine scan-
ning (26). This epitope is in the region implicated in DNA binding (28), which may
account for the high degree of conservation. A BLAST search found hundreds of DNABII
homologs in which this epitope is highly conserved, across a wide range of bacterial
species, including nearly all of the pathogens in the CDC report Antibiotic Resistance
Threats in the United States (29), allowing the prediction that TRL1068 could have broad
antibiofilm efficacy. Efficacy is also expected on the basis of sequence data for the
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.).

The disruption of biofilms in vitro by polyclonal sera raised against a DNABII protein
has been shown to work by the extraction of the protein from the biofilm (30), for
which the high affinity of TRL1068 is a favorable property. TRL1068 activity against
biofilms of both P. aeruginosa and S. aureus was previously demonstrated by scanning
electron microscopy (SEM) examination of biofilm-coated surfaces; also, the efficacy in
vivo of this MAb was demonstrated in a murine implant infection model (26).

In the current investigation, we extend these results to two additional rodent
models: a rat model of IE caused by methicillin-resistant S. aureus (MRSA) and a murine
model of skin and soft tissue infection caused by multidrug-resistant A. baumannii
(which extends the in vivo efficacy data from Gram-positive to Gram-negative bacteria).

RESULTS

Biofilm disruption in vitro. (31). Colonized pegs were exposed to TRL1068 or an
IgG1 isotype control MAb, each at 0.4 and 1.2 ug/ml, for 12 h, and adherent bacteria
were then visualized by SEM. No antibiotics were used in this experiment. As shown in
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FIG 1 Disruption of biofilms in vitro. Bacterial biofilm was formed on conical plastic pegs in a 96-well format. Pegs were treated with
1gG isotype control MAb (left) or TRL1068 (right) at 1.2 ug/ml for 12 h. Adherent A. baumannii bacterial cells were visualized by SEM
at X5,000 and X 10,000 magnifications. TRL1068-treated pegs have a thinner biofilm and bacterial cells are less densely packed than
on the control pegs.

Fig. 1, the biofilm of A. baumannii on the control peg was thicker and the bacteria were
more densely packed than those on the TRL1068-treated pegs. These results are
consistent with TRL1068-induced biofilm disruption.

Rat IE model. No microbiological differences were seen between the isotype
control arm and the vancomycin-alone treatment arm. The vancomycin-plus-TRL1068
treatment arm showed statistically significant reductions in target tissue MRSA biobur-
dens. For example, compared to the isotype-control-plus-vancomycin arm, there was a
median reduction of ~2.0 log,, CFU/g in the cardiac valvular and indwelling catheter
vegetations (P < 0.001) (Fig. 2A). Kidney, spleen, and liver MRSA bioburdens were also
statistically significantly lower in the vancomycin-plus-TRL1068 arm than in the controls
(Fig. 2B). This rat IE model had a high mortality rate: 6 of 8 untreated animals died
within the study period, as did 6 of 10 of the animals receiving only vancomycin. In
contrast, there was a trend toward reduced mortality (P = 0.09) for the vancomycin-
plus-TRL1068 arm, for which only 3 of 10 animals died (Fig. 2C), compared to animals
treated with vancomycin alone.

Murine skin and soft tissue infection model. In study | (Fig. 3A), imipenem alone
and imipenem plus the isotype control MAb were minimally effective in reducing A.
baumannii bioburdens compared to those in the untreated group. Due to imipenem’s
short half-life in mice (~15 min) (32) and the frequency of dosing (twice a day [BID]),
we estimated that the imipenem plasma concentration dropped below the MIC (2.0
ng/ml for the A. baumannii strain used in this experiment) approximately 2 h after the
administration of each dose. Nonetheless, in combination with TRL1068, the efficacy of
imipenem was significantly improved compared to those in untreated animals and
animals treated with imipenem plus the isotype control (—0.8 and —0.5 log,, CFU/
catheter, respectively; P =< 0.009).
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FIG 2 In vivo efficacy of TRL1068 with or without vancomycin (VAN) in a rat infective endocarditis model due to MRSA. Median and quartile values
are shown, with outliers being denoted by circles. (A) Bacterial burdens of vegetation at the primary site of infection were significantly reduced
by 2 logs when TRL1068 was added to vancomycin. (B) An ~1-log reduction of infection was seen at secondary infection sites. (C) Combination

therapy resulted in reduced mortality.

In our previous study (26), similar dosing of TRL1068 (15 mg/kg of body weight
intraperitoneally [i.p.]) in mice resulted in peak serum levels of >50 mg/liter, with serum
levels being maintained well above the effective concentration in vitro for over a week
(Fig. 1). Accordingly, for study Il (Fig. 3B), we kept the TRL1068 dose the same but
increased the dose of imipenem from 100 to 150 mg/kg and increased the frequency
of dosing from BID to four times a day (QID). One last dose of imipenem was given 4
h before sacrifice. These modifications of the study | protocol were designed to assess
the impact of the imipenem dose strategy on outcome in this model. These increased
exposures to imipenem alone did not significantly reduce the catheter bioburden
compared to that in study | (—0.2 versus —0.3 log,, CFU/catheter). In contrast,
increased exposure to imipenem in combination with TRL1068 showed a significant
improvement in efficacy compared to untreated mice and mice treated with imipenem
plus the isotype control MAb (—1.8 and —1.6 log,, CFU/catheter, respectively; P <
0.001). The bacteria extracted from the catheters at the end of the experiment showed
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FIG 3 In vivo efficacy of TRL1068 with or without imipenem (IPM) in a murine catheter-related skin and soft tissue infection model due to a multidrug-resistant
A. baumannii strain. Median and quartile values are shown, with outliers being denoted by circles. TRL1068 potentiates imipenem activity against A. baumannii
(108 CFU). (A) Imipenem at 100 mg/kg BID; (B) imipenem at 150 mg/kg QID. For data in both panels, TRL1068 was given at 15 mg/kg on days 1 and 4; the control

includes an isotype control nonimmune MAb.

no growth on plates containing imipenem at 8 mg/liter, indicating that there was no
development of imipenem resistance during the 6 days of treatment.

DISCUSSION

Leveraging the immune system to combat infectious diseases has a long and
successful history (33). Although the primary focus has been on vaccines over the past
50 years, in the early 20th century, serum therapy was used effectively against many
infectious diseases (34). Due to serum sickness and immediate hypersensitivity issues,
this treatment mode was largely abandoned during the antibiotic era. Given the
relatively limited discovery of new antibiotics in recent decades and the development
of well-tolerated monoclonal antibodies, there has been a resurgence of interest in
such treatments, especially for bacterial infections (34).

Bacterial biofilm is a major contributor to antibiotic treatment failures in a variety of
clinical settings (1, 3), particularly as the unmet medical need has shifted from acute
community-acquired infections to more chronic infections associated with health care
contact (35). The prevention or disruption of biofilms thus represents an important
albeit elusive clinical goal. Antibody-based antibiofilm therapy has shown promise in
preclinical models targeting several different biofilm components (21-25), including
the DNABII protein family (18, 26, 36), for which synergy with antibiotics has been
shown for a polyclonal antibody (18).

TRL1068 is a native human MAb that binds with high affinity to a broad spectrum
of DNABII proteins from both Gram-positive and Gram-negative bacteria (26). At a
concentration of 1.2 ug/ml in vitro, it disrupts established biofilm over the course of
12 hin S. aureus, P. aeruginosa (26), and A. baumannii (shown here). Previous pharma-
cokinetic studies with TRL1068 in mice demonstrated that a dose of 15 mg/kg results
in peak serum levels of >50 ug/ml, with serum levels being maintained well above the
effective concentration in vitro for over a week (26).

TRL1068 has now shown robust efficacy in potentiating conventional antibiotics in
three distinct animal models of infection involving biofilm formation.

First, in a murine tissue cage soft tissue S. aureus infection model (37, 38), dapto-
mycin combined with TRL1068 significantly reduced the levels of both planktonic
bacteria and adherent bacteria and completely eradicated infection when used pro-
phylactically (26).

Second, as detailed in the present investigation using a model of MRSA IE in rats (39,
40), vancomycin alone yielded an ~2.0-log,, CFU/g reduction in the MRSA bioburden
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in cardiac vegetations, whereas vancomycin in combination with TRL1068 resulted in
an ~4.0-log,, CFU/g reduction in MRSA bioburdens in cardiac vegetations relative to
those in untreated controls. Similar enhanced reductions in bioburdens in several other
target organs (kidneys, spleen, and liver) were demonstrated. Given the slow bacteri-
cidal effect of vancomycin against S. aureus (41), the substantial synergy of TRL1068
with vancomycin in this study strongly suggests future clinical translatability in MRSA
bacteremia and IE.

Third, as also detailed in the present investigation, a model that was originally
developed to mimic tunneled catheter infections in patients receiving hemodialysis
was used (42). However, this model is equally relevant to other soft tissue infections,
including chronic nonhealing wounds, for which biofilm is often implicated in the
persistence of infection (43). By using a hospital-derived antibiotic-resistant strain of A.
baumannii (42), an increasingly important Gram-negative pathogen, TRL1068 in com-
bination with imipenem showed enhanced reductions in bacterial bioburdens com-
pared to those in animals treated with imipenem alone and with imipenem plus an
isotype control MAb as well as in untreated control animals. Of interest, this salutary
impact was achieved despite the fact that TRL1068 is continuously degrading the
biofilm, allowing the released bacteria to revert to the faster-growing planktonic state
during the intervals in which the imipenem concentration drops below the MIC for the
A. baumannii isolate. The dose and the frequency of imipenem administration had a
strong effect on the efficacy of a fixed dose of TRL1068 plus imipenem, with efficacy
increasing as the imipenem dosage and frequency of administration were each in-
creased. These results are consistent with the proposed mechanism for such “synergy,”
namely, that the biofilm-disrupting property of the MAb potentiates antibiotic activity
via enhanced access to the organism and reversion to the more-drug-sensitive plank-
tonic state rather than the MAb having a direct bactericidal activity of its own. The best
data on time-kill activity for imipenem are for P. aeruginosa (44), for which concentra-
tion dependence has been shown over a range of 0.25 to 4 times the MIC, requiring
~5 h to reach 99.9% kill. Maximal bactericidal effect is achieved when the free-drug
concentration exceeds the targeted pathogen’s MIC by approximately 4-fold for 40 to
60% of the dosing interval (45). Since the half-life of imipenem in humans is longer than
that in mice, and more frequent dosing strategies are more feasible in the clinical
setting (46, 47), the efficacy of TRL1068 in combination with such antibiotics for clinical
soft tissue infections may well exceed that observed in this murine model.

The highly conserved TRL1068-binding epitope on DNABII proteins across extensive
phylogenetic distances (26) suggests that its use as adjunct therapy in combination
with standard-of-care antibiotics will provide a significant improvement in the treat-
ment of a broad spectrum of biofilm-associated infections, including polymicrobial
infections. This broad-spectrum effect is a favorable feature compared to recently
described murine hybridoma MAbs against DNABII proteins, for which a mixture of two
MAbs was more effective than either MAb alone (36).

Clinically significant resistance to TRL1068 is expected to be rare for several reasons.
First, mutations in the epitope region are known to affect DNA binding (28), suggesting
that TRL1068 escape mutations will decrease the functionality of this required site on
the protein. An analogous reduced fitness for MAb escape mutants has been reported
for similarly conserved epitopes on several viruses (48, 49). Second, DNABII proteins are
dimers, with some bacterial species expressing alpha and beta subunits of both HU and
IHF. In the case of P. aeruginosa, TRL1068 binds to both IHF subunits but only one of
the heterodimeric HU subunits, yet it is still able to disrupt the biofilm. This implies that
escape from TRL1068 will require concurrent mutations in more than one subunit,
further reducing the likelihood of the development of resistance against this new
treatment modality. Third, the release of the DNABII protein into the extracellular matrix
occurs primarily via the stochastic lysis of a subset of the bacterial pathogens in the
biofilm (13). A TRL1068 escape mutant will have no additional survival value, as it will
already be dead when its proteins are confronted by TRL1068. Thus, there will be no
selective pressure for escape mutations.
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The in vivo studies described here strongly support the development of human
MADb TRL1068 for the treatment of biofilm-associated infections in combination with
standard-of-care antibiotics.

MATERIALS AND METHODS

Monoclonal antibodies. TRL1068 (10 mg/ml) and an IgG1 isotype control MAb (7.4 mg/ml) in
phosphate-buffered saline (PBS) (pH 7.4) were provided by Trellis Bioscience, LLC (Menlo Park, CA).

Antibiotics. Vancomycin was purchased from American Pharmaceutical Partners Inc. (Los Angeles,
CA). The antibiotic was reconstituted in appropriate diluents, as recommended by the manufacturers.
Imipenem was injected along with cilastatin (marketed as Primaxin in the United States); cilastatin, a
specific inhibitor of renal dehydropeptidase-1 (DHP-1), increases the systemic half-life of imipenem, a
broad-spectrum beta-lactam.

Bacteria. The biofilm-forming MRSA strain (HA-MRSA 300-169) is a hospital-acquired clinical isolate
from a patient with persistent bacteremia (=14 days of positive MRSA blood cultures) despite receiving
antibiotics to which the isolate was susceptible in vitro; importantly, this MRSA strain can form thick
biofilms (50, 51). Its MIC of vancomycin is 0.5 wg/ml. The multidrug-resistant A. baumannii strain
employed in this investigation was isolated at Harbor-UCLA Medical Center (HUMC-12) from a diabetic
stump wound infection (52). It is susceptible to a limited number of antibiotics, including imipenem
(used in this study), with an MIC of 2.0 ug/ml.

In vitro biofilm-disrupting assay. As previously described (26), the biofilm-disrupting activity of
TRL1068 was evaluated by using the minimum biofilm eradication concentration (MBEC) assay per-
formed by Innovotech Inc. (Edmonton, Alberta, Canada). The MBEC device consists of conical plastic pegs
in a 96-well-microplate format, with multiple parameters optimized to grow a reproducible biofilm (31).
According to procedures used previously for S. aureus and P. aeruginosa (26), a subclone from a cryogenic
stock derived from a clinical isolate of A. baumannii was generated by streaking cultures onto tryptic soy
agar plates, and aliquots were transferred into the wells of the MBEC device, which was incubated at 37°C
on an orbital shaker (110 rpm) for 24 h for biofilm growth. The peg array was transferred to a sterile
96-well microtiter rinse plate (200 ul per well of 0.9% sterile saline) for 1 to 2 min and then transferred
to a challenge plate and treated with the vehicle, IgG1 isotype control MAb, or TRL1068 at 0.4 and 1.2
ng/ml for 12 h. Adherent bacteria were fixed by using 5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.5) (at 4°C for 24 h and then air dried). The pegs were attached to aluminum stubs and sputter
coated with a conductive layer (Platinum-Gold). The attached bacteria were visualized by SEM (catalog
number S3700N; Hitachi) at magnifications ranging from X30 to X 10,000.

Rat infective endocarditis model. (i) Model. Female Sprague-Dawley rats (250 to 300 g each) were
obtained from Harlan Inc. (Indianapolis, IN). All animals were housed in our animal facility on-site. All
experimental procedures were approved by our intramural Institutional Animal Care and Use Committee.
A well-established experimental rat IE model was used in the present studies (39, 53). Animals were
anesthetized with an isoflurane-oxygen gas mixture (2% isoflurane) during surgery. An indwelling
polyethylene catheter was positioned in the left ventricle of each animal via the retrograde transcarotid
artery approach, with the tip passing across the aortic valve, thereby inducing sterile vegetations. The
catheter was left in place throughout the study. At 3 days postcatheterization, animals were infected
intravenously (i.v.) through the tail vein with an inoculum of ~10> CFU of HA-MRSA 300-169 to induce
IE. This inoculum represents the 95% infective dose (ID,) for this strain in the rat I[E model. Animals that
either became moribund or were in poor medical condition were euthanized, target tissues were
collected when possible, and the day of death was recorded. All surviving animals were euthanized on
day 7 with 200 mg/kg sodium pentobarbital given as a rapid bolus intraperitoneally.

(ii) Treatment. At 24 h postinfection, animals were randomized to receive (i) saline (untreated
control; every 12 h [q12h] subcutaneously), (i) vancomycin (120 mg/kg q12h subcutaneously for 6 days)
(54), (iii) vancomycin (120 mg/kg q12h subcutaneously for 6 days) plus an isotype control MAb (15 mg/kg
i.v. on days 1 and 4 before administration of vancomycin), or (iv) vancomycin (120 mg/kg q12h
subcutaneously for 6 days) plus TRL1068 (15 mg/kg i.v. on days 1 and 4 before administration of
vancomycin). The number of animals ranged from 8 to 10 per group.

(iii) Sacrifices. Twenty-four hours after the last vancomycin treatment, animals were sacrificed, and
all cardiac and catheter vegetations and liver, kidney, and spleen samples were obtained, weighed,
homogenized in saline, serially diluted, and plated onto tryptic soy agar (TSA) plates for quantitative
culture (data were expressed as median CFU per gram and quartiles). All cultures were grown for 24 h
at 37°C prior to counting.

Murine skin and soft tissue infection model. (i) Model. BALB/c mice (female, 18 to 22 g) were
obtained from Harlan Inc. (Indianapolis, IN). All animals were housed in the animal facility on-site, and all
experimental procedures adhered to a protocol approved by the Institutional Animal Care and Use
Committee. Infection was induced by implanting a precolonized Teflon catheter segment (1 cm)
inoculated with 10° CFU/catheter of A. baumannii strain HUMC-12. Animals were anesthetized by using
an isoflurane-oxygen gas mixture (2% isoflurane) during catheter implantation (42). Their flanks were
shaved, and the skin was cleansed with povidone-iodine (Betadyne) and alcohol. A 2- to 3-mm skin
incision was made and dissected to create a subcutaneous tunnel, into which a 1-cm segment of each
infected catheter was implanted at a distance of at least 1 cm from the incision. The incision was then
covered with intact skin and closed with sterile surgical staples. One catheter segment was inserted on
each side of each animal (42).
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Based on our extensive studies using this model (42), the catheter segment infected with an 1Dy

induces substantial subcutaneous catheter-associated soft tissue infection. Two parallel treatment stud-
ies were performed to allow evaluation of the effects of more intensive antibiotic treatment on outcome,
taking into account the short half-life of imipenem in mice.

(i) Study I. Twenty-four hours after the catheter was implanted, animals were randomized into the

following groups: (i) controls without any treatment, (ii) imipenem alone (100 mg/kg i.p. BID for 6 days)
(55, 56), (iii) imipenem (100 mg/kg i.p. BID for 6 days) and an IgG isotype control MAb (15 mg/kg i.p. on
days 1 and 4 before administration of imipenem), or (iv) imipenem (100 mg/kg i.p. BID for 6 days) and
TRL1068 (15 mg/kg i.p. on days 1 and 4 before administration of imipenem). All animals were euthanized
on day 7.

(i) Study Il. Twenty-four hours after the catheter was implanted, animals were randomized into the

following groups: (i) controls without any treatment, (i) imipenem (150 mg/kg i.p. QID for 6 days) (57),
(iii) imipenem (150 mg/kg i.p. QID for 6 days) plus an IgG isotype control MAb (15 mg/kg i.p. on days 1
and 4 before administration of imipenem), or (iv) imipenem (150 mg/kg i.p. QID for 6 days) plus TRL1068
(15 mg/kg i.p. on days 1 and 4 before administration imipenem). In addition, on the seventh day, animals
in the second, third, and fourth groups were given an additional dose of imipenem. All animals were
sacrificed ~4 h after the last imipenem dose. The plasma half-life of imipenem is <15 min in mouse (32).
Imipenem plasma concentrations were likely below the MIC by the time when the animals were
sacrificed, and it takes several hours for full reversion to the planktonic state (41). The antibiotic carryover
effect for bacterial quantitation in vitro was therefore negligible.

(iv) Sacrifices. At sacrifice, catheters were removed and placed into a separate tube containing

1 ml of PBS. The tubes were sonicated for 30 s three times and then vortexed for 1 min to remove
all catheter- and biofilm-associated bacteria from the support surface. Solutions were serially diluted
and plated onto TSA plates for quantitative culture (group data calculated as median CFU per
catheter and quartiles). All cultures were grown for 24 h at 37°C. For study I, at sacrifice, catheters
were removed for quantitative culture on TSA plates with or without imipenem at 8 mg/liter (A.
baumannii resistance breakpoint) (58).

Statistical analysis. MRSA and A. baumannii bacterial burdens (log,, CFU per gram or per catheter)

in target tissues and on catheter segments, respectively, were compared between treatment groups by
using nonparametric testing. The Kruskal-Wallis test was used to determine whether the median log,,
CFU per gram or per catheter between groups were different. Box plots were used to present the data.
Statistical analysis and plotting were performed by using IBM SPSS Statistics version 20 (IBM, Armonk,
NY). A P value of <0.05 was considered significant.
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