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Abstract

Pseudomonas aeruginosa (P, aeruginosa) is a gram-negative, opportunistic bacteria commonly
found in wounds and in lungs of immunocompromised patients. These bacteria commonly form
biofilms which encapsulate the bacteria, making it difficult for antibiotics or immune cells to reach
the bacterial cells. We previously reported that Lipoxin A4 (LXA4), a Specialized Pro-resolving
Mediator has direct effects on P, aeruginosa where it reduced biofilm formation and promoted
ciprofloxacin antibiotic efficacy in a static biofilm-forming system. In the current studies, we
examined the actions of LxA4 on established biofilms formed in a biofilm reactor under dynamic
conditions with constant flow and shear stress. These conditions allow for biofilm growth with
nutrient replenishment and for examination of bacteria within the biofilm structure. We show

that LxAy4 helped ciprofloxacin reduction of live/dead ratio of bacteria within the biofilm. THP-1
monocytes interacted with the biofilm to increase the number of viable bacteria within the biofilm
as well as TNF-a production in the biofilm milieu, suggesting that monocyte interaction with
bacterial biofilm exacerbates the inflammatory state. Pre-treatment of the THP-1 monocytes with
LxA, abolished the increase in biofilm bacteria and reduced TNF-a production. The effect of

to decrease biofilm bacteria was associated with increased LxA4-induced monocyte adherence to
biofilm but not increased bacteria killing suggesting that the mechanism for the reduced biofilm
bacteria was due to LxA4 mediated increase in adherence to biofilm. These results suggest that
LxA, can help antibiotic efficacy and promote monocyte activity against established P, aeruginosa
biofilm formed under hydrodynamic conditions.
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INTRODUCTION

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative opportunistic bacterium
commonly found in wound infections® 2. This bacterium is hard to eradicate because of

its ability to attain antibiotic resistance and to form biofilms. Indeed, P, aeruginosa biofilms
are present in burns, open wounds, and lungs of immunocompromised patients® 4. Bacterial
virulence including biofilm formation is regulated through a population density mechanism
known as quorum sensing®~’. When a threshold population density is reached, activation

of quorum sensing signaling mechanisms lead to increased expression of many virulence
genes, including genes involved in biofilm formation, exotoxin release and antibiotic
resistance®: & 9,

The biofilm matrix that surrounds and encapsulates the bacterial cells is made of
extracellular polymeric substances (EPS) consisting of expelled proteins, nuclear material
such as extracellular DNA (eDNA), lipids, exopolysaccharides, and cellular debris to form
an intricate network? 10-12_ Bacterial virulence is increased because of the reduced ability of
antibiotics or immune cells to reach the bacteria within the biofilm matrix. Current treatment
strategies for P, aeruginosa infections are antibiotics or combination antibiotics, which are
mainly aimed at killing planktonic bacteria or inhibiting biofilm formation. Much less work
has been focused on strategies to reduce established biofilm. Therefore, there is a clear

need for treatment strategies that target formed/established biofilm. In addition, most of

the work has been done in static biofilms, and less in biofilms grown under hydrodynamic
conditions of flow and shear stress. This is important as biofilms are not formed under static
conditions in the human body (e.g. urinary tract). In addition, shear stress can increase the
adhesion time of bacteria when forming biofilms?3 and flow can influence the transport rates
of oxygen to the biofilm4. Therefore, we believe that is imperative to extend studies into
biofilms grown under hydrodynamic conditions®®.

In addition to being a barrier against leukocytes, 2. aeruginosa biofilms impair neutrophil
mobility out of the biofilm, increase neutrophil degranulation, and increase respiratory
burst16. 17, These changes provide an inflammatory environment to the host and overall
impair the host’s ability to clear the infection. Blood monocytes incubated with biofilm-
associated bacteria induced an increase in monocyte production of TNF-a and 1L-61718,
Along the same lines, addition of peripheral blood mononuclear cells to 2 aeruginosa
biofilm caused a profound inflammatory response with increased cytokine production and
bacteria in the surrounding environment!®. These reports strongly suggest that 2 aeruginosa
biofilm not only impairs host defense mechanisms but also promotes potentially injurious
leukocyte mediated inflammation. There are, however, no reports on the effect(s) of
monocytes on bacteria viability within the biofilm structure, nor are there any investigations
on whether monocyte contact with the biofilm affects biofilm-associated bacteria viability.

FASEB J. Author manuscript; available in PMC 2023 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thornton et al.

Page 3

Specialized Pro-Resolving Mediators (SPMs) are a class of endogenously produced lipids
which have been extensively studied in relation to the inflammation resolution process2%-23,
In inflammation or infection, these lipid compounds are produced through enzymatic
transcellular biosynthesis between different cell types (monocytes, neutrophils, platelets,
epithelial cells, and endothelial cells). Lipoxins are converted from arachidonic acid, D-
series resolvins from docosahexaenoic acid, and E-series resolvins from eicosapentaenoic
acid. With respect to inflammation resolution, Lipoxin A4 (LxA4) was shown to

reduce neutrophil activation, increase monocyte/macrophage recruitment, and decrease
inflammatory cytokine production in animal models of infection and/or sepsis?4~28. Studies
from our lab have shown that LxA4 increases phagocytic ability of neutrophils in septic
mice, helping decrease blood bacteria load28, while other studies have reported that LxA4
promoted non-phlogistic macrophage efferocytosis of apoptotic neutrophils2® 30, Almost
all reports of SPMs such as LxA4 have focused on the actions of the SPM on host
responses and signaling pathways. On the other hand, we have shown that LxAy4 has direct
effects on P aeruginosa virulence by inhibiting the quorum sensing receptor LasR and
inhibiting pyocyanin (an exotoxin) release®. In addition, we reported that LxAy directly
inhibited £ aeruginosa biofilm formation and enhanced ciprofloxacin killing efficacy on
biofilm-associated bacteria®l. These studies were performed on biofilms grown in static
conditions and did not examine the effects of LxA4 on leukocyte action on established
biofilms.

In the studies presented, we investigated the actions of LxA,4 on established P, aeruginosa
biofilms grown under constant flow and shear stress conditions. Potential synergistic
action of LxA4 on ciprofloxacin antibiotic activity in established biofilm was examined.
Importantly, we investigated the effects of LxA4 on monocyte interactions with established
biofilm. We show that LxA, has a modest effect of enhancing ciprofloxacin killing

activity within established biofilm. Addition of THP-1 monocytes to £ aeruginosa biofilms
significantly increased bacteria number within the biofilm structure. Pre-treatment of

these monocytes with LxA, increased monocyte adherence to the biofilm and completely
abolished the deleterious effect of the monocytes. These results suggest that LxA4 has direct
effects on Pseudomonas aeruginosa established biofilm to enhance antibiotic efficacy and
aids monocyte activity against biofilm-encased bacteria.

MATERIALS AND METHODS

LxA4 Synthesis

LxA4 was prepared by total organic synthesis by Dr. Bernd Spur and Dr. Ana Rodriguez.
Purity of the compounds was measured by HPLC-Mass Spectrometry and was determined to
be > 98%. LxA,4 was diluted in saline that was bubbled with argon to displace oxygen and
used as previously published?>.

Established Biofilm Formation

P, aeruginosa ATCC 27853™ (American Type Culture Collection, Manassas, VA, USA)
was streaked on a tryptic soy agar plate (TSA; Ward’s Scientific, Rochester, NY, USA)
and incubated overnight at 37°C. From the streaked plate a swab was added to a flask
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with 100 mL TSB (3 g/L) and incubated for 24 h at 35°C with shaking (150 rpm). To

make the biofilm, we used the CBR-90 Standard CDC Bioreactor (Biosurface Technologies,
Bozeman, MT). 1 mL of the liquid culture suspension was used to inoculate the biofilm
reactor in “batch mode” — adding the inoculum to 300 mL TSB (3 g/L), then setting the stir
plate to 120 rpm and 25°C for 24 h. Colony-forming unit (CFU) plating was also done with
the inoculum to gain an accurate bacterial culture concentration. Following “batch mode”,
“flow mode” was initiated by connecting fresh TSB (300mg/L) to the reactor via a peristaltic
pump, operating at a flow rate of 11.5 mL/min, for 24 h. Waste media was collected such
that the volume in the reactor was consistent across batch and flow modes. To collect the
established biofilms, the reactor was drained, and the rods pulled out from the lid to remove
the polycarbonate disks containing biofilm. The disks were transferred to 24-well plates
containing 1 mL of M63 minimal media (Amresco, Cleveland, OH, USA). We chose this
media to align these studies with our previous work with LxA4 and antibiotics in static
biofilm31.,

Antibiotic and LxA,4 Studies

Biofilms were treated with saline vehicle, LxA,4 (10 nM), ciprofloxacin (1 pg/mL)(3 uM),
or both and incubated for 24 h at 37°C. Additionally, some biofilms were not treated and
instead stained and imaged to serve as t = 0 h controls. After 24 h, some biofilms from each
treatment were stained and imaged to serve as t = 24 h time points, while in other biofilms
media were removed, fresh media added, 2" treatments were given and biofilms incubated
another 24 h at 37°C. to serve as t = 48 h time points.

% Live, Live/Dead Ratio and Biomass Area Quantitation

Quantitation was performed using LIVE/DEAD BacL.ight Bacterial Viability Kit
(Invitrogen, Carlsbad, CA, USA) which utilizes SYTO9 and propidium iodide. Media was
removed from the wells containing the biofilm disks, and 1 mL of staining solution was
added to biofilms for 15 min. The staining solution was removed, and the biofilms were
washed in saline. Imaging was performed using a Keyence BZX-700 fluorescent microscope
using an inverted petri dish to ensure the biofilms were facing the lens. Tiff image files from
the microscope were processed in ImageJ. The images were converted to 16-bit grayscale
images and the color channels were split. Each of the red and green channels were selected
in turn and the color threshold adjusted such that the background noise was not included in
the image. Setting the threshold converted the images to binary, with the background white
and the fluorescence black. The black pixels were counted to quantify the fluorescence by
way of percentage of area covered. The green channel (SYTQQ9 stain) reflected all bacteria
and biofilm components; the red channel (PI) reflected only damaged or dead bacteria and
their cellular debris. Therefore, green — red = live bacteria per unit area; (green —red) / red =
live/dead ratio. Image processing and analysis for biofilm area was done as described above,
except using only the green channel as it represented all area covered by biofilm biomass. It
should be noted that The BacLight Live/dead (Bacterial viability) kit does not significantly
stain eukaryotic cells and can be used to examine bacterial viability in the presence of
mammalian cells32,
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Experiments with THP-1 Monocytes

THP-1 monocytes ATCC TIB-202™ (American Type Culture Collection, Manassas, VA,
USA) were cultured and maintained in RPMI 1640 with L-glutamine (Corning, Manassas,
VA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Corning,
Manassas, VA, USA), 0.05 mM 2-mercaptoethanol (VWR, Solon, OH, USA), 100 U/mL
penicillin G (VWR Life Science, Radnor, PA, USA), and 100 pg/mL streptomycin (VWR,
Solon, OH, USA) at 37°C with 5% CO,. NucSpot 488 stain (VWR, Solon, OH, USA)

was used to count live cells using the Countess 2 Automated Cell Counter (Thermo Fisher
Scientific, Waltham, MA, USA). Passages were seeded with 4x10° cells in two-thirds fresh
complete media and one-third spent complete media from the previous culture.

For experiment usage, cells were pelleted and resuspended at 3x10° cells/mL in serum-free,
antibiotic-free media. LxA,4 was diluted in argon-bubbled saline, added to THP-1 monocytes
at either 1 nM or 10 nM concentrations, and incubated at 37°C in 5% CO,, for 2 h.
Monocytes were stained with CellBrite Blue Cytoplasmic Membrane Dye (Biotium, Inc.,
Fremont, CA, USA) according to manufacturer’s instructions and incubated for 30 min

at 37°C in 5% CO», before washing. Cells were washed three times in serum-free RPMI.
Media was pipetted from the wells containing the biofilm-coated disks, and 1 mL of LxA4
pre-treated THP-1 monocytes, control monocytes, or vehicle RPMI was added. Biofilms
were co-incubated with monocytes at 37°C in 5% CO, for 24 h. After incubation, biofilms
were washed with RPMI before being stained with BacLight and imaged.

Monocyte Adhesion

Image processing and analysis for THP-1 monocyte adhesion to the biofilm was done as
described above with the exception that the blue channel (CellBrite Blue) was kept, and it
was the only fluorescent channel used as it represented all area covered by monocytes.

Z-Stacking for 3D Plots and Biomass

Using the same images that produced the biofilm percent area with THP-1 monocytes,

3D surface plots and biomass quantification was done using ImageJ and the plug-in
Comstat233-35, Each z plane image was split into its color channels, keeping only the green
channel. It was then converted to an 8-bit grayscale image, and all the z planes were merged
into a stack. In Comstat2, the color threshold was adjusted such that the background noise
was not included in the quantification. Comstat2 then scanned through the z planes using
the threshold as the cutoff to determine the presence or absence of biofilm, and it output
biomass in three dimensions (um3/um?). The image stacks were also used with ImageJ’s
built-in plug-in Interactive 3D Surface Plot to visualize the biomass quantified by Comstat2.

Supernatant Collection and Cytokine Measurements

After 6 h and 24 h co-incubation of the monocytes with the biofilms, media was collected
from wells. Samples were centrifuged for 5 min at 4°C and 500 g. Supernatants were sterile
filtered at 0.2 um and stored at —70°C until analyses. ELISA kits were used to perform
analysis of TNF-a (Invitrogen, Carlsbad, CA, USA) and IL-8 (RayBiotech, Peachtree
Corners, GA, USA) cytokine levels following manufacturer’s instructions.
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Bacteria clearance assays

Monocytes were cultured in 96-well plates and were subsequently differentiated into
macrophages with treatment of 100 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich, St. Louis, MO, USA) for 48 h. After differentiation, the media was aspirated,

and the cells were washed with saline three times. Serum-free and pen/strep- free media
was replenished. Prior to differentiation with PMA or following differentiation with PMA.
THP-1 monocytes/macrophages were preincubated with vehicle (sterile saline) or LxA4

at 1 nM or 10 nM for 2.5 h in 37°C, 5% CO,. They were subsequently incubated with

P, aeruginosa at Multiplicity of Infections (MOIs) of 15:1 and 5:1 for 1 h in 37°C, 5%

CO». Following this incubation, supernatants were collected to assay for bacterial clearance.
Macrophage bacterial clearance of £ aeruginosa was assessed by measurement of bacterial
colony forming units (CFUs) following plating of supernatants on TSA plates and overnight
incubation in 37°C. CFUs were then counted by operators blind to the treatment groups.

Statistical Analyses

All analyses were performed using GraphPad Prism. P < 0.05 was taken as significant. All
data was expressed as mean * s.e.m. All data were subjected to one-way ANOVA. A post
hoc Sidak’s test was then used to test for significance. When the data was not normally
distributed, we used the Kruskal Wallis ANOVA test. We also used a paired t-test when
analyzing the changes in TNF-a levels in control samples and its LxA4 treated counterpart.

RESULTS

LxA,4 with ciprofloxacin reduced live/dead bacteria ratio in established biofilm

P, aeruginosa biofilm was grown for 48 h on polycarbonate disks under dynamic flow
conditions using a biofilm reactor. The disks were then removed from the biofilm reactor
and placed in 24-well plates containing M63 minimal media. The disk-containing wells
were divided into 4 groups: controls (+M63), LxA4 (10 nM), ciprofloxacin (1 pg/mL) and
ciprofloxacin (1 pg/mL)(3 uM) + LxA,4 (10 nM). After 24 h, some disks were removed for
staining and imaging. In other wells, treatments were administered again. At the end of 48 h,
disks were removed for staining and imaging. The results show that at 24 h after treatment,
there was an increase in live bacteria within the biofilm when both ciprofloxacin and LxA4
were given together (Figure 1a). At the same time point there was a strong tendency for
both LxA,4 and ciprofloxacin individually to decrease live/dead bacteria ratio, suggesting
that the initial effects of these two compounds was to kill biofilm-associated bacteria (Figure
1b). At 48 h after the biofilms had received a 2" dose of treatments, both ciprofloxacin

and ciprofloxacin + LxA4 treated groups significantly reduced the number of live bacteria
(Figure 1a) but only the ciprofloxacin + LxA4 group significantly lowered the live/dead
ratio (Figure 1b). These results suggest that LxA4 helped the bacteria killing efficiency of
ciprofloxacin. Apart from quantitating the relative number of live cells within the biofilm
matrix, we also quantitated the area of biofilm on the individual disks (Figure 1c). When
comparing the area of biofilm to controls, neither ciprofloxacin nor LxA, alone affected the
biofilm area. Use of ciprofloxacin and LxA, together however, significantly increased the
biofilm area compared to controls. Taken together with the live/dead data, the increase in
biofilm area may be due to an accumulation of dead bacteria and its associated debris.
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LxA,4 abolished monocyte-induced rise in live bacteria within biofilm

In our next set of experiments, we wished to investigate the effects of LxA,4 on the ability
of monocytes to kill bacteria within the biofilm matrix. In these studies, 2 aeruginosa
biofilms were grown as detailed above. After 48 h of growth in the biofilm reactor, disks
were transferred to 24-well plates. THP-1 monocytes in serum-free RPMI, which had been
incubated with either saline vehicle or LxA4 (1, 10 nM) for 2 h and stained with CellBrite
Blue, were then transferred to wells containing biofilm disks. Biofilm disks were incubated
with THP-1 cells (3 x 10° cells/well) for 1 h or 24 h. At the end of these periods, live/dead
stain was applied to biofilms to quantify the live and dead biofilm-associated bacteria and
biofilm area. At 1h, biofilms incubated with control THP-1 monocytes showed little change
in live biofilm-associated bacteria compared to control biofilms without THP-1 monocytes
(Figure 2, Figure 3a). At this time point, there was a small increase in live/dead ratio when
THP-1 cells were pre-incubated with LxA,4 (10 nM) compared to biofilm incubated with
untreated THP-1 cells (Figure 3b). At 24 h however, control THP-1 monocytes significantly
increased the number of live bacteria as well as the live/dead ratio within the biofilm
(Figures 3a and 3b). Monocytes pre-incubated with LxA,4 (10 nM) completely abolished
this increase (Figure 2 and Figures 3a, 3b). Indeed, in biofilms with LxA4 treated THP-1
cells, the number of live bacteria (Figure 3a) and the live/dead ratio (Figure 3b) were not
significantly different from that of control biofilms without exposure to THP-1 monocytes.
These results firstly suggest that any change in the early time point with LxA4 pre-incubated
monocytes was transient and secondly, that the major effects of LxA4 on monocytes in this
model was to abolish the increase in live bacteria in biofilm when monocytes encounter

P, aeruginosa biofilm. Control THP-1 monocytes did not alter the biofilm area at 1 h, but
THP-1 monocytes which were pre-incubated with LxA4 (10 nM) reduced the biofilm area at
this time point (Figure 3c). These changes were transient, as at 24 h there were no changes
in any of the groups. Taken together with the effects of LxA4 pre-treated monocytes on live
bacteria (Figures 3a and 3b), the results suggest that at 1 h, the LxA, treated monocytes
actively attack the biofilm, exposing and perhaps stimulating the bacteria which are no
longer encased in biofilm. Then these monocytes kill these “exposed” biofilm-associated
bacteria.

Three-dimensional structural changes in biofilm biomass after monocyte addition to

biofilm

To illustrate some of the changes that occur to the structure of the 2 aeruginosa biofilm after
addition of THP-1 monocytes, we show 3D images that represent the changes that occurred
in the biofilm biomass after 1 h (Figure 4, top). The figure shows that the biofilm matrix is a
complex series of peaks. A decrease in the biofilm mass reduced the height of the peaks and
thus the overall biomass of the biofilm bacteria at 1 h (Figure 4 bottom). It is important to
note that the major structural three-dimensional changes are reflected in the two-dimensional
measurements of biofilm area (Figure 3c).

LxA4 increased monocyte adhesion to bacterial biofilm

To try to understand the mechanism of how LxA, treated THP-1 monocytes may decrease
the live bacterial cells within the P aeruginosa biofilms, we repeated these studies to
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quantify the extent by which THP-1 monocytes adhere to the biofilms. The studies showed
that LxAy increased adherence of THP-1 monocytes to the biofilm compared to vehicle
treated control monocytes (Figure 5). To evaluate if the increased adherence is a non-specific
effect of LxA4 on THP-1 monocytes or if there were specific qualities in biofilm that
would make the LxAy4 treated monocytes more adherent, we examined the effects of LxA4
on THP-1 monocyte adherence to the biofilm reactor polycarbonate disks without biofilm.
There was virtually no monocyte adherence to polycarbonate disks without biofilm, with
only 0.345 + 0.036% area coverage with control THP-1 cells. LxA4 (10 nM) pre-treatment
increased adherence to 1.495 + 0.15% area coverage (P < 0.05; n = 3 independent
experiments). Taken together, the results suggest that LxA, activated the THP-1 monocytes
to increase overall adherence and that the increased adherence was not a result of biofilm-
monocyte interaction.

LxA,4 did not affect bacteria clearance by THP-1 macrophages

In these studies, THP-1 monocytes were incubated with LxAy4 (1, 10 nM) or vehicle saline
for 2.5 h before addition of different concentrations of 2 aeruginosa (5 MOI and 15

MOI) for 1 h. We also performed studies where LxA4 or vehicle was added after THP-1
differentiation to macrophages before addition of 2 aeruginosafor 1 h. At the end of this
period, the supernatants were taken, serially diluted, and plated on TSA plates overnight
at 37°C before colonies were counted. The results showed that the concentrations of LxA4
given did not affect the ability of the THP-1 cells to clear bacteria (Figures 6a and 6b).

LxA4 reduced inflammation in the monocyte-biofilm environment

To quantify the inflammatory status within the milieu, we measured cytokine levels in the
supernatant at different time points after addition of THP-1 monocytes which had been
treated with vehicle saline or LxAy. It should be noted that THP-1 cells not incubated

with biofilm did not produce measurable amounts of TNF-a (data not shown). At 6 h

after THP-1 addition, there was no significant difference in TNF-a in the supernatants of
biofilms which had been co-incubated with monocytes pre-treated with LxA,4 as compared
to control monocytes (Figure 7a). At 24 h however, there was an overall decrease in TNF-a
in all groups. We did not find a difference amongst groups, but we found that in all
experiments we performed, supernatants from LxA,4 (10 nM) treated monocytes were lower
than the control counterparts (Figure 7a). Using a paired t-test, we found that the LxA4
significantly reduced TNF-a production in the supernatants. With respect to I1L-8, there

was no significant difference in groups although there was a tendency for LxAy4 (10 nM)
treated monocytes to increase the production of IL-8 at the 6 h time point (Figure 7b). Taken
together the results suggest that LxA, could reduce TNF-a production in the THP-1 biofilm
environment.

DISCUSSION

P, aeruginosa infections are a major health problem because the infections can be difficult
to eliminate. Persistent infection can lead to chronic inflammation and tissue injury36: 37,
Part of the virulence of £ aeruginosais their capacity to form biofilms, which increase the
bacteria’s ability to evade antibiotics and host defense mechanisms. This study investigated
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the direct effects of LxAy4 on established biofilm and importantly we also examined the
actions of LxA4 on monocyte interaction with the biofilm matrix. In these studies, the 2
aeruginosa biofilm was grown under hydrodynamic conditions in a biofilm reactor rather
than in static conditions. The biofilm was grown under conditions of constant flow and
shear stress38. These conditions are closer to the growth conditions observed 7 vivo. After
growing biofilm in these conditions, we used staining and imaging techniques to examine
the effects of LxA4 on P, aeruginosa biofilm matrix. We found that ciprofloxacin alone could
significantly reduce live bacteria within the biofilm (Figure 1a). When we examined the live/
dead ratio, only LxA, together with ciprofloxacin, was able to reduce the proportion of live
bacteria within the P, aeruginosa biofilm (Figure 1b). In addition, we show that interaction
of monocytes with biofilm resulted in a significant increase in live bacteria (and live/dead
ratio) within the biofilm after 24 h (Figures 3a and 3b). Treatment of monocytes with LxA4
before co-incubation with the biofilm abolished the increase in live bacteria (and live/dead
ratio) within the biofilm (Figures 3a and 3b). The LxA4-mediated decrease in live bacteria
was associated with a reduction in TNF-a.. We also show that LxA, increased monocyte
adherence to the biofilm, providing evidence that LxA4-treated monocytes decrease biofilm-
associated live bacteria by a mechanism that involves direct contact.

Most research has focused on preventing £ aeruginosa biofilm formation and significantly
less on reducing established biofilm and very little on the interaction of immune cells with
the established biofilm Research has focused on three groups of compounds: (i) combination
antibiotics, (ii) antimicrobial peptides (AMPs), and (iii) quorum sensing inhibitors3%-41, We
have previously shown that LxA, is a quorum sensing inhibitor through inhibiting the LasR
signaling system?®. We have also shown that LxA4 can inhibit the expression of virulence
genes essential in biofilm formation, and LxA, increased the efficacy of ciprofloxacin

to reduce metabolically active bacteria within the biofilm3L. In this previous report, we
found that the small beneficial effect of LxA4 in combination with ciprofloxacin in a

static biofilm environment only occurred at a low concentration of ciprofloxacin. In our
current study, we show that in biofilm that is pre-formed with constant media flow and
shear stress, ciprofloxacin was able to reduce live biofilm-associated bacteria when applied
twice. Interestingly however, when we quantitated the live/dead ratio, only the ciprofloxacin
+ LxA4 treatment significantly reduced the live/dead ratio of biofilm-associated bacteria.
The results suggest that LxA4 addition to ciprofloxacin helped the killing efficiency

of ciprofloxacin. The mechanism for this effect is not known but may be through the
inhibition of QS signaling which alters ongoing biofilm formation and allows ciprofloxacin
to penetrate the biofilm matrix more readily. Additionally, and interestingly, this regimen

of LxA, and ciprofloxacin given to these biofilms increased the biofilm area. As biofilm
comprises proteins and cell components such as exopolysaccharides and nucleic acids, we
reasoned that increased cell death would result in an increased biofilm area. This may

be due to the reduction in biofilm-associated bacteria being relatively rapid, and the dead
cellular material was not degraded fast enough such that the added dead cellular material
increased the biofilm area. This important phenomenon warrants further investigation as

it may be a mechanism for antibiotic resistance. One possible mechanism postulated for
ciprofloxacin resistance in biofilm is due to a subpopulation switch to a persister phenotype,
which contributes to a failure in biofilm removal#2 43,
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Blood monocytes and tissue macrophages are important components of the immune system
that is critical for pathogen recognition and clearance*. SPMs such as LxA, and resolvins
have been shown to induce infection resolution in several models of infectionZ6: 45-54,

In these models of infection, the SPMs were reported to decrease bacteria load, increase
macrophage recruitment, and reduce neutrophil migration. This generally decreased the
inflammatory response and helped the host reach homeostasis. LxA4 has been shown to
increase monocyte migration and adherence to laminin-coated plastic plates®®. In addition,
LxA4 has been reported by several investigators to increase macrophage phagocytosis of
bacteria or apoptotic neutrophils3% 56, The mechanism for this increased action is thought
to be through a direct effect on macrophage redistribution of 11A and cdc4257. The effects
of LxA4 on monocytes’ antimicrobial activity on bacterial biofilm has not been investigated.
When peripheral blood mononuclear cells were added to 2. geruginosa biofilm, there was
an unexpected rise in biofilm-associated bacterial®. It was reasoned that soluble factor(s)
released from the interaction of mononuclear cells with bacterial biofilms led to this increase
in biofilm-associated bacteria. Results from our studies are consistent with this report but
importantly, we demonstrate that LxA,-treated monocytes completely abolished the rise

in live biofilm bacteria, suggesting that LxA,-treated monocytes have increased ability to
attack live bacteria within the biofilm. In these studies, we also measured TNF-a and 1L-8
levels in the surrounding biofilm/monocyte media in order to measure the inflammatory
environment. Our results showed that at 24 h, LxA4-treated monocytes had reduced live
bacteria as well as live/dead ratio within the biofilm, and that TNF-a. levels were reduced
compared to the vehicle saline treated monocyte—biofilm group. LxAy-treated monocytes
however did not alter IL-8 levels compared to control monocytes, suggesting that monocyte
interaction with biofilm induces a certain level of chemokine secretion that is not affected
by either LxA4 pre-treatment or reduction in viable biofilm bacteria. The results suggest
that LxAy increased the activation of the monocytes to produce TNF-a when interacting
with P aeruginosa biofilm. The mechanism for this increased activation may be due to a
modification in LPS structure in the biofilm-associated bacteria which enhanced cytokine
production from monocytes8. LxA4 has been reported to decrease tissue TLR/NF-xB
signaling in lungs after paraquat injury®®, LPS stimulated ligament cells28, and in peritoneal
macrophages after cecal ligation and puncture sepsis26. Aspirin-triggered LxA, reduced
LPS-induced acute kidney injury and LPS-induced inflammation in microglial cells via
down regulation of NF-xB®9. The cellular signaling has not been fully investigated in the
conditions of bacterial activation as opposed to LPS.

It should be noted that we used the THP-1 cell line and not human peripheral blood
mononuclear cells or blood monocytes. This limitation however is minimal because the
results obtained using untreated THP-1 cells are identical to that obtained with PBMCs16
with regard to the increase in live bacteria after addition. THP-1 cells have been used
extensively as an /n vitro model of monocytes/macrophages®®. Indeed, THP-1 differentiated
macrophages have been used to investigate aspirin-triggered lipoxin mediated phagocytosis
of bacteria®® and to elucidate the mechanism by which LxA, increases THP-1 differentiated
macrophage phagocytosis of apoptotic neutrophils®’. The major differences between THP-1
cells and PBMCs or primary human monocytes is that THP-1 cells produce less cytokines
after stimulation with LPS62, This limitation is minimal because our objective was to
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measure the overall relative effect of monocytes (with and without LxA, pretreatment)
on the inflammatory environment after addition of cells to biofilm and not any absolute
immunomodulatory effects of LxA,4. Importantly, similar to the aforementioned report1?,
there was an increase in cytokines in the biofilm milieu with the addition of THP-1
monocytes. This increase was modulated by LxAg.

Our results showing that LxAy-treated monocytes have increased adhesion to biofilm
suggests that part of the mechanism of LxAy-treated monocytes’ ability to reduce viable
biofilm bacteria is through increased adhesion. Monocytes adhere to basement membrane
proteins such as laminin, elastin and fibronectin®2. It has previously been shown that

LxA4 can increase monocyte adherence to laminin coated plates®®. Importantly, monocyte
adherence is an initial step towards differentiation to macrophages®2. The results imply that
LxA,-activated monocytes have increased ability to adhere to biofilm matrix components.
To the best of our knowledge, this is the first report that any compound could increase
monocyte adherence to bacterial biofilm. In addition, we showed that LxA4 did not

increase the bacteria clearance ability of THP-1 macrophages (Figure 6b). These results are
consistent with a previous report showing that aspirin-triggered LxA4 had no effect on the
phagocytic ability of macrophages when given before addition of bacteria but could increase
phagocytosis if given at the same time>6. These results differ from that of a report showing
that LxA, pre-treatment increases macrophage phagocytosis of apoptotic neutrophils?®. The
reason for these differences may be due to the action of LxA4 to facilitate inflammation
resolution before its antimicrobial action. The results suggest that the mechanism by which
LxA, reduced live bacteria within the biofilm is mainly via an increase in the number

of adherent THP-1 cells and not through an increase in LxA4 mediated bacteria killing/
clearance. Under the conditions of our studies, the increase in adhesion correlated to biofilm
biomass reduction at 1 h (Figure 3c, Figure 4). This exposes the bacteria, which are no
longer protected by the biofilm matrix, then the monocytes appear to kill the newly exposed
bacteria by 24 h.

In summary, our studies suggest that LxA,4 can work with ciprofloxacin to reduce viable
bacteria in an established biofilm of £ aeruginosa grown under hydrodynamic conditions.
Importantly, we show that monocytes induced a rise in live biofilm bacteria and that

this effect was abolished by LxA, pre-treatment of the monocytes. This action of LxAy4

was associated with an ability to increase monocyte adherence to biofilm. Together with

the decrease in live bacteria, LxA4-treated monocytes also reduced the inflammatory
environment around the biofilm. The results suggest that LxA,4 can be used as an adjunct
together with ciprofloxacin to treat chronic 2. aeruginosa infections due to its direct actions
with the antibiotic, and also because of its effects to reduce the deleterious monocyte-biofilm
interactions.
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LxA,4 combined with ciprofloxacin acted on established biofilms to reduce the proportion of
live bacteria with 2-hit treatments but increased biofilm area. After growing P, aeruginosa
biofilms in a dynamic system for 48 h, treatments of LxAg4, ciprofloxacin, or both were

given att =0 h and t = 24 h. Biofilms and bacteria were stained and imaged att =0 h,

24 h, and 48 h. (a) After one dose, the combined treatment showed a transient increase in
the live bacteria. After a second dose, the combined treatment significantly reduced the live
bacteria associated with the biofilm. (b) Similarly, after one dose of the combined LxA, +
ciprofloxacin treatment, there was an increase in the live/dead ratio. After 2 doses, only the
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combined treatment reduced the live/dead ratio (c) After two doses, LxAy4 and ciprofloxacin
combined treatment significantly increased the area covered by biofilm. This increase in
biofilm area may be due to the increase in the proportion of dead bacteria. Data are mean £
s.em.*p<0.05**p<0.0l.n=3-5.
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Figure2.
After growing P, aeruginosa biofilms under dynamic conditions for 48 h, THP-1 monocytes

pre-treated with LxA4 or vehicle were co-incubated with the biofilms for 1 h or 24

h. Biofilms were stained and imaged. Representative images at t = 24 h demonstrating
changes in live:dead ratios. All biological material stains with SYTQ9 (green); damaged
or dead material stains with PI (red); THP-1 monocytes were stained with CellBrite

Blue (blue). Outlines indicate biofilm tendrils extending from the biofilm surface. Arrows
indicate THP-1 monocytes. Compared to untreated control biofilm, biofilm co-incubated
with untreated THP-1 monocytes showed increased biofilm-associated bacteria. LxA4 pre-
treatment abolished the increase in biofilm-associated bacteria caused by THP-1 monocyte
interactions.
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Figure 3.

LxA, pre-treatment abolished the increase in biofilm-associated bacteria caused by THP-1
monocyte interactions. After growing £ aeruginosa biofilms under dynamic conditions

for 48 h, THP-1 monocytes pre-treated with LxAy4 or vehicle were co-incubated with the
biofilms for 1 h or 24 h. (a) At 24 h, untreated THP-1 monocytes caused a significant
increase in the amount of live bacteria per unit area, but 10 nM LxAy4 pre-treatment
eradicated this effect. (b) 10 nM LxA4 pre-treatment initially caused an increase in the
proportion of live bacteria associated with the biofilm. At 24 h, untreated THP-1 monocytes
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caused a significant increase in the proportion of biofilm-associated live bacteria, but 10 nM
LxA, pre-treatment abolished this effect. (¢) 10 nM LxAy4 pre-treatment initially reduced
biofilm area, but this effect was transient and did not persist by 24 h. Data are mean * s.e.m.
*p<0.05**p<00l.n=4-5.
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Figure 4.

(Top) Representative 3D surface plots of established biofilm after co-incubation with LxA4
pre-treated THP-1 monocytes. Plots were constructed using z-plane stacked images with
ImageJ and Comstat2. Plots are t = 1 h. (Bottom) LxA4 pre-treated THP-1 monocytes
decrease P aeruginosa established biofilm biomass. Biomass was quantified from z-plane
stacked images used to quantify biofilm area. This reduction in biomass (three-dimensional)
mirrors the reduction in biofilm area (two-dimensional) as seen in Figure 3c. Data are mean
+ s.e.m. percent of control biofilm. * p < 0.05, ** p<0.01. n=3.
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Figure5.
After growing P, aeruginosa biofilms in a dynamic system for 48 h, Cell Brite blue stained

THP-1 monocytes pre-treated with LxAy4 or vehicle were co-incubated with the biofilms for
1 h or 24 h. Biofilms were then imaged. Pre-treatment with LxA,4 (10 nM) significantly
increased adhesion of monocytes to biofilms. Data are mean + s.e.m. percent change from
control, adjusted to zero. * p <0.05.n =3 -4,
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(a) THP-1 monocytes were pre-treated with LxAy4 or vehicle before being differentiated into
macrophages with the addition of PMA. P, aeruginosa at two multiplicities of infection (5
and 15) were then added. After 1h, the supernatants were taken and plated. Results show that
LxA, did not affect the bacteira clearance ability of THP-1 macrophages when given before
differentiation (b) THP-1 monocytes were differentiated into macrophages with PMA. LxA4
or vehicle was then added for 2.5 h before addition of P aeruginosafor 1 h. Results show
that LxA, did not affect the bacteira clearance ability of THP-1 macrophages when given
after differentiation. Data are mean * s.e.m. for n = 3 in all groups.
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Figure 7.

THP-1 monocytes pre-treated with LxA4 were co-incubated with established biofilms for 6
h or 24 h before supernatants were collected and cytokines were quantified using ELISA.
(a) LxAy pre-treatment did not significantly affect TNF-a production at 6 h, but by 24

h, 10 nM LxA, pre-treatment caused a decrease in TNF-a.. When examined as paired
before-after data, 10 nM LxA, pre-treatment significantly decreased TNF-a production in
every experiment. (b) 10 nM LxA4 pre-treatment caused a short-term (transient) increase in
IL-8 production. Data are mean £ s.e.m. *p<0.05.n=7-09.
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