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Summary

Methicillin-resistant Staphylococcus aureus (MRSA) induces a pro-thrombotic and pro-
inflammatory milieu. Although timely antibiotic administration in MRSA sepsis may improve
outcomes by arresting bacterial growth, the effects of antibiotics on mitigating injurious thrombo-
inflammatory cellular responses remains unexplored. Using a newly developed human whole
blood model and an /n vivo mouse model of MRSA infection, we examined how antibiotics
inhibit MRSA induced thrombo-inflammatory pathways. Human whole blood was inoculated with
MRSA. Thrombin generation and inflammatory cytokine synthesis was measured in the presence
or absence of linezolid and vancomycin. C57BL/6 mice were injected with MRSA and the effect
of vancomycin administration was examined. MRSA accelerated thrombin generation in a time-
and concentration-dependent manner and induced the release of cytokines, including interleukin
(IL)-6, IL-8, and monocyte chemotactic protein (MCP)-1. The increase in thrombin generation and
inflammatory responses was mediated through the synthesis of tissue factor and cytokines,
respectively, and the release of microparticles. The early administration of antibiotics restored
normal thrombin generation patterns and significantly reduced the synthesis of cytokines. In
contrast, when antibiotic administration was delayed, thrombin generation and cytokine synthesis
were not significantly reduced. In mice infected with MRSA, early antibiotic administration
reduced thrombin anti-thrombin complexes and cytokine synthesis, whereas delayed antibiotic
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administration did not. These data provide novel mechanistic evidence of the importance of

prompt antibiotic administration in infectious syndromes.
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Introduction

Staphylococcus aureus (S. aureus) is a common cause of Gram-positive sepsis associated
with increased rates of micro- and macrovascular thrombosis leading to organ failure and
death (1-7). The pathogenicity of S. aureusis due, in part, to numerous toxins, adhesions,
and cell-surface components produced by the organism promoting bacterial invasion with
robust pro-coagulant and pro-inflammatory responses (8-10). The thrombotic complications
due to S. aureus infections are common and include both macrovascular and microvascular
thrombosis as well as disseminated intravascular coagulation (DIC). DIC can result from
monocytes exposed to bacterial toxins such as peptidoglycan (8), a component of the outer
cell wall of Gram-positive bacteria, and lipoteichoic acid from S. aureus (10). The pro-
inflammatory milieu induced by S. aureus infection is multifactorial, but includes direct
interaction of the bacteria or its toxins with monocytes and macrophages inducing the
release of cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1p, IL-6,
and IL-8 (9, 11-13).

Currently approved antibiotics for the treatment of S. aureus infections include linezolid and
vancomycin. Linezolid may have greater efficacy in patients with methicillin-resistant S.
aureus (MRSA) pneumonia, although clinical outcome data remain controversial (14, 15). In
addition to the type of antibiotics, the timing of antibiotic administration has significant
consequences for efficacy. The early administration of appropriate antibiotics reduces the
risk of subsequent adverse events in S. aureus infection. For example, in septic shock and
MRSA bacteraemia, delays in antibiotic administration are associated with significant
increases in mortality (16). Similarly, in patients with ventilator-associated pneumonia,
where MRSA is a common pathogen (17), the prompt administration of adequate antibiotics
reduces mortality by 50% (17, 18).

Although timely antibiotic administration offers the obvious benefit of arresting bacterial
growth at an earlier phase, additional molecular mechanisms underlying these benefits
remain largely unexplored. In addition, antibiotics themselves have been shown to reduce
inflammation by directly acting on inflammatory cells (19-22). To examine these
mechanisms and the role of antibiotic treatment in modulating these responses, we
developed an /n vitro human whole blood and mouse model of infection using whole
bacterial organisms to determine how the timing of antibiotic administration influences
prothrombotic and pro-inflammatory responses. In contrast to previous studies, which have
commonly employed the use of bacterial toxins (9, 20, 23-25), the use of whole organisms
allowed us to determine the effects of antibiotic treatment and to determine how antibiotics
modulate the thrombo-inflammatory response. By employing both model systems, we
demonstrate early administration of antibiotics reduces the thrombo-inflammatory “cytokine
storm” associated with MRSA-induced infection.

Thromb Haemost. Author manuscript; available in PMC 2013 May 31.
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Materials and methods

Bacteria and toxins

Antibiotics

For all experiments, an isolate of MRSA obtained from a patient with documented MRSA
bacteraemia was used. Other clinical strains of MRSA and methicillin-sensitive S. aureus
(MSSA) were studied in selected experiments for comparisons. For each experiment, the
bacteria were expanded on blood agar plates (Hardy Diagnostics, Santa Maria, CA, USA)
overnight at 37°C in 5% CO,. Single colonies of bacteria were then suspended in phosphate-
buffered saline (pH 7.4) (PBS) and the concentration was confirmed by colourimetry
(VITEK Colorimeter, bioMerieux, Inc., Durham NC, USA). To quantify the colony growth
of the bacteria, inoculated blood was serially diluted and 100 pl of each dilution was plated
on blood agar overnight at 37°C in 5% CO,. Colony forming units (CFU) were counted the
following day. S. aureus-derived alpha toxin (AT) was obtained from List Biological
Laboratories (Campbell, CA, USA) and lipopolysaccharide (LPS) was purchased from
Invivogen (San Diego, CA, USA)

Linezolid (Pfizer, New York, NY, USA) and vancomycin (Hospira, Inc., Lake Forest, IL,
USA) were re-suspended according to manufacturer’s recommendations. Minimum
inhibitory concentrations (MIC) of these antibiotics for all S. aureus strains were determined
by a microdilution broth method used according to Clinical Laboratory Standards Institute
guidelines (17). These assays were performed by ARUP Laboratories (Salt Lake City, UT,
USA), a national reference laboratory (www.aruplab.com). The MIC for both linezolid and
vancomycin was 1.0 pg/ml. In all in vitro experiments, linezolid and vancomycin were used
at a concentration of five times the MIC (i.e. final concentration of 5.0 pg/ml).

Whole blood collection and plasma isolation

The University of Utah Institutional Review Board approved this study and all subjects
provided informed consent. Human peripheral venous blood (25-50 ml) from healthy,
medication-free, fasting adult subjects was drawn into acid-citrate-dextrose (1.4 ml ACD/8.6
ml blood) through standard venipuncture technique and used immediately upon collection.
S. aureusisolates were incubated in whole blood with linezolid or vancomycin at various
concentrations and times. The growth of MRSA in whole blood appeared to only occur in
logarithmic phase (see Suppl. Figure 1, available online at www.thrombosis-online.com).
Plasma was harvested by centrifuging the whole blood at 500 x g for 20 minutes (min) and
then once more at 13,000 x g for 2 min to remove remaining cell contaminants.

Monocyte isolation

Human monocytes were isolated by drawing human peripheral venous blood (500 ml) from
healthy, medication-free, fasting adult subjects. Blood was centrifuged at 150 x g for 20 min
at 20°C to separate platelet-rich plasma (PRP) from red and white blood cells (RBC/WBC).
The PRP was removed and the remaining RBC/ WBC mixture was resuspended with 0.9%
sterile saline back to the original volume and layered over an equal volume of Ficoll-Paque
Plus (GE Healthcare Biosciences, Piscataway, NJ, USA). The layered cells were then
centrifuged for 30 min at 400 x g at 20°C. After 30 min, the mononuclear leukocyte layer
was removed and washed with Hank’s Balance Salt Solution (Sigma-Aldrich, St. Louis,
MO, USA) with 1% human serum albumin (HBSS/A) (University of Utah Hospital, Salt
Lake City, UT, USA) and centrifuged for 10 min at 400 x g at 20°C. The cell pellet was then
resuspended in 1 ml of HBSS/A and 500 .l of CD14 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) and incubated at 4°C for 15 min. The cells were then washed with
HBSS/A to remove any free CD14 microbeads and then resuspended in 500 .l of HBSS/A.

Thromb Haemost. Author manuscript; available in PMC 2013 May 31.
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The monocytes were then isolated by running the cell solution through an autoMACS cell
separator (Miltenyi Biotec) using the PosselD2 program. Cells were then washed with
HBSS/A and resuspended in M199 (BioWhitaker, Walkersville, MD, USA) and counted.
The purity of monocytes was > 95% (data not shown).

Microparticle analysis

Whole blood stimulated with MRSA (9 x 102 cfu/ml) was incubated for 18 hours (h). The
blood was initially centrifuged at 400 x g f or 15 min followed by a 13,000 x g spin for 2
min. Microparticles (MP) were isolated by centrifuging the resulting supernatant at 20,000 x
g for 20 min at 4°C. MPs were then washed twice with PBS (pH 7.4) before being
resuspended in PBS. MP analysis was performed using monodisperse fluorescent beads
(Megamix, BioCytex, Marseille, France) of three diameters (0.5, 0.9 and 3 pum) (26-29).
Forward and side scatter (SS) parameters were plotted on logarithmic scales to best cover a
wide size range. MPs were incubated with antibodies in Annexin V Binding Buffer. FITC-
Annexin V (Beckman Coulter, Brea, CA, USA) was used to detect phosphatidylserine (PS).
PE-anti-CD41 was used as a cell marker for platelet MPs (BD Biosciences, San Jose, CA,
USA). PE-anti-glycophorin A was a cell marker for red blood cell MPs (Immunotech,
Marseille, France). PE-anti-CD15 was used as a cell marker for neutrophil-derived MPs (BD
Biosciences). Brilliant Violent 421-anti-human CD11b was used as a cell marker for
monocytes derived MPs (BD Biosciences). Single staining controls and control IgG
antibodies were used to check fluorescence compensation settings and to set up positive
regions on a FACSCanto Il flow cytometer (BD Biosciences). The total MP population was
examined first to determine which percentage of MPs were PS-positive. The different cell
populations were then determined based on the percent PS-positive MP since these MP can
contribute to procoagulant activity.

Cytokine expression analyses

Commercially available sandwich ELISAs were used to study IL-6, IL-8, MCP-1, TNF-a
and IL-1p concentrations as well as mouse MCP-1, TNF-a and IL-1p levels, according to
the manufacturer’s guidelines (R&D, Minneapolis, MN, USA). LPS and AT were used as
known agonists for inducible cytokine expression. Control experiments confirmed that
detection antibodies for IL-6, IL-8, MCP-1, TNF-a and IL-1p did not exhibit non-specific
binding to any strain of S. aureus used (data not shown).

Thrombin and FXa generation assays

Falcon PRO-BIND™ 96-well flat bottom plates (Becton Dickinson, Franklin Lakes, NJ,
USA) were used to perform the fluorogenic reactions. Thrombin generation was measured
with a Synergy HT multi Detection Microplate Reader (Bio-Tek Instruments, Winooski,
VT, USA) at excitation/emission wavelength of 360 nm/460 nm. Fluorogenic substrate (Z-
Gly-Gly-Arg-AMC; 0.5 mM, final), and RC high reagent (7.16 pM TF and 0.32 pM
phospholipid micelles, final) were obtained from a Technothrombin® TGA kit
(Technoclone, Vienna, Austria). Additional CaCl, was added to the substrate reagent to
reach a final concentration of 15 mM CaCl,. Reagents were combined with sample plasma
in duplicate according to manufacturer’s instructions in a 96-well plate and read every
minute for 90 min. Thrombin calibration curves were performed and analysed according to
manufacturer’s instructions. In some assays, a mouse anti-human TF antibody (Cat 550252,
BD Pharmingen, San Jose, CA, USA), or control mouse IgG (Cat 555746, BD Pharmingen)
was pre-incubated at 37°C with the plasma before initiating the reaction (10 pg/ml, final).

For the factor (F)Xa assays, isolated monocytes were incubated with vehicle, LPS (100 ng/
ml, final), or MRSA (9 x 102 cfu/ml, final) for 18 h in M199 at 37°C. In some experiments,
monocytes and monocytes MPs were removed by centrifuging the supernatant at 20,000 x g
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for 20 min after which FXa activity was measured. FVIla (100 pg/ml, final) was incubated
with the monocytes or monocyte-derived MPs for 5 min before addition of FX (10 pg/ml,
final). Thirty minutes later, FXa generation was measured using a chromogenic substrate, as
previously described (30, 31). To examine red blood cell (RBC) MP activity, purified RBC
were isolated from one-day old expired blood generously donated by Robert C. Blaylock
and ARUP Laboratories (Salt Lake City, UT, USA). RBCs (50% haematocrit, final) were
washed twice with PBS and incubated with MRSA (9 x 102 cfu/ml, final) to generate MPs.
To examine platelet derived MPs, platelets (2 x 108/ml, final) were isolated as previously
described (32) and incubated with MRSA (9 x 102 cfu/ml, final) to generate MPs. RBC and
platelet MP tissue factor expression was measured as described above.

Mouse model of MRSA infection

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC). A mouse model of MRSA infection was modified from previous studies as
described below (33): Seventy-six C57BL/6 mice (weighing 20-25 g) were randomly
assigned to one of four groups: 1) control intraperitoneal (i.p.) saline injection (PBS 250 pl);
2) MRSA re-suspended in PBS at 9 x 108/ml i.p. injection (280 pl or 2.5 x 108 total
bacteria); 3) MRSA re-suspended in PBS at 9 x 108/ml i.p. injection (280 .l or 2.5 x 108
total bacteria) followed by vancomycin injections (60 mg/kg in sterile water, 200 l) at 2
and 8 h post infection (early antibiotic treatment); 4) MRSA re-suspended in PBS at 9 x 108/
ml i.p. injection (280 .l or 2.5 x 108 total bacteria) followed by vancomycin i.p. injections
(60 mg/kg in sterile water, 200 w.I) at 8 and 14 h post infection (late antibiotic treatment). At
24 h after infection, mice were euthanised using CO, asphyxiation followed by cervical
dislocation, and peritoneal lavage was performed with 5 ml of HBSS. To quantify the
colony growth of the MRSA, peritoneal lavage fluid was diluted 1:200 and 100 .l was
plated on blood agar overnight at 37°C in 5% CO2. CFU were counted the following day.
MCP-1, IL-1B, and TNF-a in peritoneal lavage fluid was measured by ELISA after the
lavage fluid was centrifuged at 13,000 x g for 2 min. After 24 h, i.p. injection of bacteria
resulted in little bacteraemia (data not shown).

To address changes in procoagulant activity in MRSA-infected animals, 3.3 x 10° cfu total
bacteria were injected intravenously (i.v.) through the tail vein in C57BL/6 mice. Antibiotics
were administered at a dose of 60 mg/kg through the tail vein. Early antibiotic
administration was performed at 3 h post-infection and late antibiotic administration was
performed at 9 h post-infection. Whole blood was drawn from the carotid artery 24 h after
initial bacterial injection into ACD. Thrombin anti-thrombin levels were measured by
ELISA (Enzygnost TAT micro ELISA; Siemens, Erlangen, Germany). Samples showing
gross haemolysis were excluded.

Statistical analyses

Experimental results reflect = 3 experiments with data expressed as mean ( standard error of
the mean (SEM). For all analyses, continuous variables were assessed for normality and if
distributions were normal, parametric t-tests were used. If distributions were not normal,
Wilcoxon Rank Sum tests were used. Categorical variables were compared using the
Fisher’s Exact test and continuous variables were compared using t-tests. For comparisons
of thrombin generation between groups, a one-way ANOVA was completed. Since the
distributions were normal, a Tukey’s post-hoc analysis was used to detect significant
differences. For all comparisons, significance was predetermined at p < 0.05.

Thromb Haemost. Author manuscript; available in PMC 2013 May 31.
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Results

MRSA enhances thrombin generation

Since MRSA induces a hypercoagulable state via the extrinsic coagulation pathway (34, 35),
we tested the hypothesis that MRSA would amplify thrombin generation. We found that
MRSA significantly shortened the lag time (LT) and time to peak (TTP) thrombin
generation and accelerated the rate of thrombin generation in a concentration- and time-
dependent effect (Figure 1, Table 1 A and B, and data not shown). However, the addition of
MRSA to whole blood did not significantly alter the area under the curve (AUC) or peak
thrombin concentration. These data suggest that MRSA primarily effects the initiation and
rate of thrombin generation but does not increase the total amount of thrombin generated.
Strains of MSSA induced a response similar to MRSA strains (data not shown).

As thrombin generation can be dependent on TF activity, we next pre-incubated plasma
from MRSA-treated blood with anti-TF or control antibodies to investigate the mechanism
of increased thrombin generation. The addition of the anti-TF antibody, but not control
antibody, significantly increased the LT and the TTP and reduced the rate of thrombin
generation. The addition of an anti-TF antibody to untreated plasma had no effect on
thrombin generation (data not shown). We next examined whether MPs, small lipid vesicles
less than one micron in size (27-29), which can carry TF, contribute to increased thrombin
generation in MRSA-treated blood. Plasma isolated from MRSA- or un-treated whole blood
was centrifuged at 20,000 x g for 20 min to reduce the concentration of MP in the plasma.
Removal of MPs from MRSA treated blood significantly increased the LT and TTP and
reduced the rate of thrombin generation (Table 2), while removal of MPs from untreated
plasma had little effect on thrombin generation parameters (data not shown). These data
suggest that higher rates of thrombin generation in MRSA-treated blood are due to increased
TF expression and MP generation.

Since TF-bearing MPs are integral to pro-coagulant responses in MRSA-treated blood, we
next determined the cellular characteristics of the MPs generated. MPs from MRSA-treated
whole blood were examined using flow cytometry in accordance with published guidelines
(26-29) with a gate set below 0.9 micron as determined with fluorescently labelled
microspheres (Figure 2 A). MRSA-generated MPs stained brightly for Annexin V,
indicating a significant fraction (>80%) had exposed PS on their surface. Of the PS-positive
MPs, monocytes, platelet, and RBC-derived MPs were all detected. Minimal neutrophil-
derived MPs were detected (Figure 2 B). To assess the TF-activity of the MRSA-generated
MPs, a TF activity assay was performed. LPS-stimulated and MRSA-stimulated whole
blood generated significant quantities of TF-active MPs, which were inhibited by a specific
anti-TF antibody. Untreated whole blood had minimal TF-active MPs (Figure 2 C).

MRSA induces the release of cytokines

As there is growing appreciation for the cross-talk between pro-inflammatory and pro-
coagulant responses (36, 37), especially during acute infections, we next determined if
inoculation of whole blood with MRSA induced cytokine synthesis after 24 h. MRSA
robustly induced the synthesis of IL-6, IL-8, and, MCP-1 in a time- and concentration-
dependent manner (Figure 3). Synthesis of IL-1p and TNF-a, cytokines implicated in S.
aureus sepsis (9, 11-13), also increased in a time- and concentration-dependent manner (see
Suppl. Figure 2, available online at www.thrombosis-online.com). We observed a plateau
effect that was more prominent with higher bacterial concentrations (9x106 cfu/ml of
MRSA) and periods =12 h, suggesting maximal stimulation of immune cells or MRSA-
induced apoptosis of immune cells with high concentrations of bacteria. As early as 5 h after
inoculation, plasma levels of MCP-1 rose dramatically and achieved concentrations

Thromb Haemost. Author manuscript; available in PMC 2013 May 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Franks et al.

Page 7

approaching 50% of their peak concentration at 24 h (Figure 3 C). In contrast, while both
IL-6 and IL-8 were also robustly synthesised at 5 h, their plasma concentrations were much
less, relative to peak concentrations at 24 h (Figure 3 A and B). High concentrations of heat-
inactivated bacteria (9 x 10° cfu/ml) did not induce cytokine synthesis, suggesting bacteria
growth and/or toxin production are necessary for these thrombo-inflammatory responses
(data not shown). Similar responses were observed with various clinical strains of MSSA
(Suppl. Figure 3, available online at www.thrombosis-online.com).

Isolated monocytes synthesise TF and pro-inflammatory cytokines in response to MRSA

Since monocyte-derived MPs were detected in MRSA-stimulated whole blood and are key
effector cells for both TF and cytokine synthesis, we incubated freshly-isolated human
monocytes with MRSA to determine the role of monocytes in MRSA infection. Purified
monocytes incubated with MRSA synthesised robust amounts of TF similar to levels
observed to LPS-stimulated monocytes (Figure 4 A). Interestingly, removal of MPs
associated with MRSA stimulated monocytes completely removed all TF activity for the
monocyte supernatants. However, TF-activity was retained in the removed MP fraction
(Figure 4 B), consistent with our MRSA-treated whole blood results (Table 2). Furthermore,
RBC- and platelet-derived MP had little TF activity associated with them, suggesting that
monocytes are the primary source of TF-positive MPs (Figure 4 B). Similar to our whole
blood studies, isolated monocytes incubated with MRSA for 18 h also synthesised IL-6,
IL-8, and MCP-1 (Suppl. Figure 4, available online at www.thrombosis-online.com).

Linezolid and vancomycin suppress the thrombin generation induced by MRSA

Clinical studies demonstrate that early, but not late antibiotic administration reduces adverse
events in patients with MRSA infection (16, 17). We hypothesised that earlier antibiotic
administration with linezolid or vancomycin, antibiotics commonly used for the treatment of
MRSA infections, would reduce the MRSA-induced procoagulant response, while delayed
antibiotic administration would not. When either linezolid or vancomycin at five times the
MIC (final concentration 5 pg/ml) was added immediately upon the start of inoculation with
MRSA, the LT, TTP, AUC and the rate of thrombin generation were similar to untreated
(i.e. no MRSA) controls (Table 3 and Figure 5 A), suggesting that early antibiotic treatment
blocked the procoagulant response induced by MRSA. Delaying the administration of
antibiotics until 12 h after inoculation with MRSA shortened the LT, TTP, and accelerated
the rate of thrombin generation compared to either untreated controls or inoculates where
antibiotic administration was not delayed (Table 3). Thus, delays in antibiotic administration
resulted in thrombin generation curves similar to conditions where no antibiotics were
administered to MRSA inoculated whole blood. There was no significant difference between
linezolid and vancomycin-mediated rescue of normal thrombin generation curves. Similar
overall thrombin generation results were seen with MSSA strains (Suppl. Table 1, available
online at www.thrombosis-online.com).

Early antibiotic administration inhibits MRSA-induced cytokine release

We next examined the effects of linezolid and vancomycin on cy-tokine synthesis induced
by MRSA in our whole blood model. The addition of linezolid or vancomycin (five times
the MIC, final concentration 5 pg/ml) suppressed cytokine synthesis when the antibiotics
were added within 3 h of MRSA inoculation (early administration) (Figure 5 B-D).
Linezolid significantly reduced cytokines synthesis compared to vancomycin within 6 h of
MRSA inoculation, which may reflect linezolid’s mechanism of action as a bacterial protein
synthesis inhibitor (38, 39). However, when antibiotic administration was delayed until nine
hours after MRSA inoculation, neither linezolid nor vancomycin significantly reduced
MCP-1 or IL-6 production when compared to antibiotic-free MRSA inoculates (Figure 5).
This suggests once bacterial growth and toxin production have reached a threshold level,
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antibiotics therapy becomes ineffective in reducing the inflammatory response. Plating
assays with MRSA isolates confirmed there was no difference in bacterial growth inhibition
between linezolid- and vancomycin-treated cultures (Suppl. Figure 5A, available online at
www.thrombosis-online.com). Both antibiotics appeared to be bacteriostatic /n vitro since
growth did not increase or decrease after addition of either antibiotic (Suppl. Figure 5B,
available online at www.thrombosis-online.com). Recent reports have suggested antibiotics
themselves have immunomodulatory effects on immune cells. To ensure the antibiotics were
directly effecting bacterial growth and toxin production and not exerting a general effect on
immune cells, whole blood was treated with LPS or alpha-toxin in the presence or absence
of linezolid or vancomycin. Both LPS and alpha-toxin (Suppl. Figures 6A and B, available
online at www.thrombosis-online.com) induced IL-8 synthesis, as expected. Neither
linezolid nor vancomycin inhibited IL-8 synthesis. Similar responses were observed with
MCP-1 and IL-6 (data not shown). These results suggest antibiotics exert their effects
primarily on bacteria rather than immune cells.

To determine if the antibiotic response was strain specific, MSSA-treated whole blood was
incubated with linezolid or vancomycin as described above. Similar to our observations with
MRSA, inoculation with MSSA also induced significant increases in IL-6, IL-8 and MCP-1
and early administration of antibiotics reduced cytokine synthesis (Suppl. Figure 3, available
online at www.thrombosis-online.com, and data not shown).

To determine if antibiotics reduced cytokine synthesis in a purified system, MRSA was
inoculated with purified monocytes. In the absence of antibiotics, MRSA induced robust
cytokine responses, which were blunted by early administration of antibiotics, suggesting
monocytes mediate inflammatory responses to MRSA infection (Suppl. Figure 7, available
online at www.thrombosis-online.com).

Early administration of antibiotics in a mouse model of MRSA infection reduces thrombo-
inflammatory response

Finally, we examined if early antibiotic administration reduced /n vivo inflammatory
responses in a mouse model of MRSA infection. C57BL/6 mice were given i.p. injections of
MRSA (2.5 x 108 total bacteria) followed by i.p. injections of saline or vancomycin at either
2 and 8 h (early administration) or 8 and 14 h (late administration). MRSA infection,
regardless of antibiotic treatment, significantly increased bacteria colony counts in the
peritoneal fluid (Figure 6 A), confirming our ability to induce infection in these mice. Early
antibiotic administration significantly decreased MRSA bacterial counts in the peritoneal
fluid. Late antibiotic administration, however, did not significantly reduce MRSA bacterial
load compared to saline-treated mice inoculated with MRSA (Figure 6 A). Mice infected
with MRSA had significantly increased levels of MCP-1, but not IL-1p or TNF-a, after 24 h
of infection, consistent with the ability of MRSA to induce robust cytokine responses
(Figure 6 B and data not shown). Consistent with our /in vitro data, early antibiotic
administration reduced MCP-1 levels compared to MRSA-infected mice, which received
late antibiotic administration (Figure 6 B).

To examine the thrombotic response of MRSA infection, MRSA (3.3 x 10 cfu total) was
injected intravenously (i.v.) through the tail vein. Vancomycin (60 mg/kg) was injected i.v.
through the tail vein at two time points: 3 h post infection (early administration) and 9 h post
infection (late administration). Thrombin anti-thrombin (TAT) complexes were significantly
higher in MRSA infected mice compared to saline injected mice. Early antibiotic
administration reduced TAT levels similar to saline treated mice while late antibiotic
administration had no significant effect on TAT levels (Suppl. Figure 8, available online at
www.thrombosis-online.com).
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Discussion

S. aureus and specifically MRSA is an increasingly common, virulent cause of septic
syndromes, including bacteraemia, abdominal sepsis, and pneumonia (1-7). Thrombosis and
DIC often complicate S. aureus sepsis, contributing to organ failure and death (1-7, 40, 41).
In clinical studies, the prompt administration of antibiotics to septic patients, where S.
aureus is a common cause of infection, reduces mortality (16, 18). Although timely
antibiotic administration offers the obvious benefit of arresting bacterial growth at an earlier
phase, additional molecular mechanisms underlying these benefits remain largely
unexplored.

Our results are the first to demonstrate the benefits of early antibiotic administration in
reducing the MRSA -induced thrombo-inflammatory “cytokine storm” using novel /n vitro
and /n vivo models of bacterial infection. S. aureus altered thrombin generation including
the rate, lag time and time to peak, resulting in a markedly more procoagulant phenotype.
However, early antibiotic treatment returned thrombin generation to normal. To our
knowledge, our observations are the first to show increased thrombin generation parameters
in the presence of live MRSA bacteria and not just bacterial toxin. Furthermore, previous
research using MSSA and MRSA bacteria and toxins have focused on clotting times (9),
thromboelastography (42), and consumption of thrombin (35), while our paper is the first to
use a global hemostasis assay to demonstrate the effect of S. aureus on thrombin generation.
To examine the reason for changes in global haemostasis, we performed high-speed
centrifugation (to remove TF-bearing MPs) and/or added anti-TF antibodies to MRSA-
treated plasma. In both cases, removal of MPs and an anti-TF antibody rescued thrombin
generation parameters, reversing the hypercoagulable response induced by MRSA. In
addition, MPs generated after addition of MRSA to whole blood stained positively for
Annexin V, were monocyte, platelet, and RBC-derived, and contained significant TF
activity. These data suggest TF-bearing MPs are responsible for MRSA-induced
procoagulant responses and thus may play an important role in thrombotic complications
during S. aureus sepsis.

Purified human monocytes-derived MPs, but not platelet- or RBC-derived MPs, generated in
the presence of MRSA supported robust TF activity, indicating that monocyte MPs were the
main source of TF induced in MRSA-treated whole blood. While platelets and RBC MPs
did not appear to be major contributors of TF activity, these MPs were still PS-positive.
Thus, they can contribute to the propagation of thrombin generation and potentially mediate
thrombotic responses in MRSA infections. These results provide new mechanistic data
supporting the potential benefit of early antibiotic administration in preventing or reducing
the thrombo-inflammatory milieu induced by MRSA in septic patients.

The pathophysiology of sepsis and its complications (e.g. microvascular thrombosis, DIC,
venous thromboembolism) includes processes that couple the coagulation and inflammatory
pathways (40, 43-46). Consistent with the cross-talk between these two key pathways,
MRSA in our models induced not only a procoagulant milieu, but also promoted the pro-
inflammatory “cytokine storm” implicated in the pathogenesis of sepsis, including the
synthesis of IL-6, IL-8, MCP-1, TNF-a, and IL-1, in a time- and concentration-dependent
manner. Higher concentrations of bacteria result in minimal increases in cytokine synthesis
at later times, perhaps due to bacteria-induced apoptosis. At lower bacterial loads, cytokine
and procoagulant activity increased in a linear fashion, suggesting immune cells are
functionally responsive in more moderate conditions. Thrombo-inflammatory responses
were similar between MRSA and MSSA strains tested in our experiments, although a more
detailed comparison in the future is necessary to fully explore these responses.
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Prior reports describe the release of cytokines in human whole blood models of MRSA
infection, by using bacterial toxins, not whole bacterial organisms. Using live MRSA in
human whole blood and with purified monocytes, we demonstrated that early administration
of either linezolid or vancomycin markedly suppresses MRSA -induced cytokine synthesis.
In contrast, delays in antibiotic administration were ineffective in blocking cytokine
synthesis. Antibiotics did not reduce cytokine synthesis in LPS- or alpha-toxin stimulated
whole blood or in purified monocytes, suggesting that the effects of antibiotics were
primarily targeted against bacteria rather than on immune cells. Interestingly, linezolid
appeared more effective than vancomycin at reducing cytokine synthesis. As bacterial
growth inhibition did not differ in linezolid or vancomycin treated blood, this effect may be
due to linezolid’s ability to inhibit the synthesis of bacterial toxins (38, 39).

We confirmed these responses using a mouse model of MRSA infection, thus providing /n
vivo evidence of the importance of timely antibiotic administration in reducing cytokine
synthesis and thrombosis risk. Early administration of vancomycin reduced bacterial load,
MCP-1 synthesis, and TAT complexes. Late administration had no significant effect on
these parameters. Timely administered as well as adequate antibiotic therapy is associated
with improved outcome in patients with bacterial meningitis (47) and ventilator-associated
pneumonia (17, 18, 48), where S. aureus is a common pathogen. Similarly, in patients with
cancer and septic shock (a risk factor for S. aureus infections), in-hospital mortality was
higher when antibiotic therapy was started more than 2 h after diagnosis (49). Furthermore,
in a larger cohort of patients with septic shock, each hour of delay in antimicrobial
administration from the onset of hypotension was associated with an average 8% decrease in
survival rate (16). Based on these findings, current guidelines recommended that antibiotics
should be administered as early as possible after the recognition of severe sepsis or septic
shock (50). Mechanistically, our data suggest the reason patients benefit from early
administration of antibiotics is due, in part, to a reduction of monocyte derived TF-bearing
MPs as well as a reduction in the monocyte initiated “cytokine storm.” This also suggest that
early antibiotic administration may help ensure that the host’s haemostasis and immune
pathways are prevented from exaggerated, injurious responses while delayed administration
is ineffective, resulting in a dysregulated thrombo-inflammatory response.

In conclusion, we demonstrated that S. aureus induces a prothrombotic and pro-
inflammatory response in human whole blood and mice. These data highlight the critical
cross-talk between thrombotic and inflammatory pathways during infectious diseases.
Furthermore, as we were able to mitigate these responses through the early (but not late)
administration of both linezolid and vancomycin, the findings of the current study provide
novel mechanistic data supporting the clinical benefit observed with timely antibiotic
administration in S. aureus sepsis.
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Figure 1. MRSA induces a pro-coagulant response in whole blood

MRSA was incubated in whole blood for up to 24 hours. Thrombin generation was initiated
in harvested, platelet-poor plasma by the addition of 7.16 pM recombinant TF, 0.32 M
phospholipid micelles, and 15 mM CacCl, (final). Thrombin generation was measured in
duplicate every minute for = 90 minutes following initiation. A) Increasing MRSA
incubation times: 5, 12, and 24 hours with 9 x 10* cfu/ml or baseline untreated sample (NT).
Samples left untreated for 5 and 12 hours had similar curves to baseline, while the 24 hours
untreated sample had a slightly prolonged lag time (data not shown). B) Effect of increasing
MRSA concentrations. Increased thrombin generation is demonstrated by a shortened lag
time and time to peak thrombin concentration as well as increased rate and peak thrombin
concentration with increasing MRSA incubation times (A) and concentrations (B). These
data are representative of =3 individual experiments.
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Figure 2. Phosphatidylserine and TF-positive microparticles are generated after MRSA

inoculation of whole blood

Fluorescent microspheres of 0.5, 0.9, and 3.0 microns were used to determine the MP gate
(A). MRSA-treated whole blood (9 x 102 cfu/ ml) was allowed to incubate overnight at
37°C. The next day plasma was isolated by centrifuging whole blood for 1500 x g for 15
minutes followed by a 13,000 x g for 2 minutes spin. MPs were isolated from the resulting
plasma by centrifuging plasma at 20,000 x g for 20 minutes at 4°C and re-suspended in PBS.
MPs were stained as described in Methods (B). TF activity was measured on MPs derived
from control, LPS-, or MRSA-stimulated whole blood as described in Methods. These data
are representative of four individual experiments.
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Figure 3. MRSA induces the release of IL-6, IL-8, and MCP-1 in whole blood

MRSA was grown overnight and then inoculated in 2 ml of whole blood at a starting
concentration of 9x102, 9x104, 9x106 cfu/ml, or not treated (NT). Whole blood inoculated
with MRSA was incubated at 37°C for 24 hours and plasma levels of each cytokine were
measured over time by ELISA. Each point reflects the mean (£ SEM) of 3-5 experiments.
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Figure 4. Isolated monocytes synthesise TF in response to MRSA infection

A) MRSA (9x102 colony cfu/ml) or LPS (100 ng/ml) was incubated with isolated
monocytes (2 x 108/ml) at 37°C for 18 hours and TF-dependent pro-coagulant activity was
measured as described. B) To examine the role of RBC, platelets, and monocyte-derived
MP, cellular supernatant was centrifuged at 20,000 x g for 20 minutes to remove MP. The
supernatant and/or the resultant MP fraction was measured for TF activity as described.
Each point reflects the mean (= SEM) of 2-5 experiments.
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Figure 5. Antibiotics blunt MRSA induced thrombo-inflammatory response in whole blood
Thrombin generation was measured in duplicate every minute for = 90 minutes following
initiation. Increased thrombin generation is demonstrated by a shortened lag time (LT) and
time to peak (TTP) thrombin concentration as well as increased rate and peak thrombin
concentration (A). MRSA were inoculated in 2 ml of whole blood at a starting concentration
of 9x102 cfu/ml. Bacteria were incubated at 37°C in 5% CO, for 24 hours and linezolid (LZ,
5 g/ml final concentration) or vancomycin (VANC, 5 g/ml final concentration) were added
3, 6, and 9 hours after the inoculation was begun. Plasma levels of IL-6 (B), IL-8 (C), and
MCP-1 (D) were measured at 24 hours. The far left bar in each panel reflects the amount of
each cytokine produced during 24 hours of inoculation with MRSA in the absence of any
antibiotics (control). Each point reflects the mean (z SEM) of 3-5 experiments (*p<0.05 for
the comparison of LZ and VANC to no antibiotics).
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Figure 6. Early antibiotic administration reduces bacterial growth and MCP-1 synthesis in a
mouse model of MRSA infection

C57BL/6 mice (weighing 20-25 g) were randomly assigned to one of four groups: 1) control
intraperitoneal (i.p.) saline injection (PBS 250 L); 2) MRSA i.p. injection (2.5 x 108 total
bacteria); 3) MRSA i.p. injection (2.5 x 108 total bacteria) followed by vancomycin
injections (60 mg/kg) at 2 and 8 hours post infection; 4) MRSA i.p. injection (2.5 x 108 total
bacteria) followed by vancomycin i.p. injections (60 mg/kg) at 8 and 14 hours post infection.
Twenty-four hours after infection, mice were euthanised using CO» asphyxiation followed
by cervical dislocation and peritoneal lavage was performed with 5 ml of HBSS. To quantify
the colony growth of the S. aureus, peritoneal lavage was plated on blood agar overnight at
37°C in 5% CO,. CFU were counted the following day (A). Early vancomycin
administration significantly reduced MRSA bacterial load (A) and MCP-1 levels (B)
(*p<0.05 compared to control. **p<0.05 compared to MRSA and late antibiotics. #p<0.08
compared to MRSA).
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Table 1
MRSA induces a time-dependent (A) and concentration-dependent (B), pro-coagulant response in whole
blood.
A NT 5h 12h 24h
Lag (min) 21.0+19 16.3+0.8 62+06% 47+07%
Peak (nM) 196.8+22.7 | 279.3+864 | 3185+9.0 256.1+20.4
Time to Peak (min) | 31.3+2.0 28254 20+107 62+117
Rate (nM/min) 212+42 36.6+16.8 1188+180 | 1g60+452%
AUC ("M *min) 2999.8 +449.8 | 2762.0 +900.3 | 3162.6 +122.1 | 2579.6 + 115.7
B NT 9x102 cfu/ml 9x10* cfu/ml 9x108 cfu/ml
Lag (min) 200+08 19.0+1.4 6.2+06" 20+06%
Peak (nM) 19224334 | 159.7+243 | 3185+9 342.0£345
Time to Peak (min) | 32.3+0.9 298+18 9.0+1% 62+07%
Rate (nM/min) 16.8 4.1 15.8+3.6 118.8 18 1616+17.7F
2379.7+4436 | 2241.0+314 | 3162.6+122.1 | 3276.8+398.3

AUC (nM *min)

p<0.05vs. NT.
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Table 2

Tissue factor mediates MRSA-induced thrombin generation.

AUC (nm*min)

MRSA + MP | MRSA -MP | MRSA +1gG | MRSA + TF Ab
Lag (min) 68+1.1 183+49% | 68%11 200+ 68"
Peak Height (nM) 256 + 44 133+28 258 + 44 198 + 45
Time to Peak (min) | 10.7+ 1.8 28.0+6.0% 10.7+18 27.3+82%
Rate (nM/min) 781+280 | 1534+44% | 781267 305+125%*
2665 + 413 1980 + 363 2370 + 399 2202 + 392

*
p<0.05 vs. MRSA + MP.

*:

*
p<0.05 vs. MRSA + IgG.
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