
ABSTRACT 

GILBERTIE, JESSICA M. Bacterial Behavior in Synovial Fluid and Development of a Novel 
Therapeutic to Combat Infectious Arthritis. (Under the direction of Dr. Lauren V. Schnabel). 
 

Infectious arthritis is a life-threatening microbial colorization of a joint that carries a 7-

15% mortality rate.  Of those that survive, >50% will suffer long-term consequences such as 

cartilage damage. When bacteria enter a joint, they interact with synovial fluid and form free-

floating biofloats, termed biofloats, which show severe antimicrobial recalcitrance and host 

immune tolerance. Platelet-rich plasma (PRP) is an autologous biologic made from a patient’s 

whole blood that is most commonly used to treat musculoskeletal conditions such as 

osteoarthritis. Interestingly, recent reports suggest that PRP has bacteriostatic and immunological 

effects. Platelets are important players in innate immunity and, when activated, degranulate and 

release antimicrobial peptides (AMPs). We have developed an equine PRP-derived biologic rich 

in AMPs (invention disclosure submitted) termed BIO-PLY. Our data shows a potent 

bactericidal effect of BIO-PLY both in vitro against Staphylococcus aureus biofloats and in vivo 

in an equine model of S. aureus infectious arthritis.  In vitro, BIO-PLY exhibited a 5-6 log 

reduction of bacteria within antimicrobial recalcitrant synovial fluid biofloats of both gram-

positive and gram-negative species. In vivo, BIO-PLY treatment decreased synovial fluid 

bacterial load by day 5 post infection and resulted in little to no bacterial burden within the 

synovial tissue at end-term. We have also shown that BIO-PLY has immunomodulatory and 

chondroprotective properties. In an ex vivo model of infectious arthritis with S. aureus, BIO-

PLY, at sub-inhibitory concentrations, improved neutrophil activity against biofloats by 

increasing neutrophil phagocytosis and bacterial clearance while decreasing the release of 

harmful inflammatory mediators.  In vivo, BIO-PLY treatment reversed the immunosuppression 

induced by S. aureus infectious arthritis. Additionally, BIO-PLY protected cartilage from 



damage induced by S. aureus infection ex vivo and in vivo. Ex vivo, in a synoviocyte-

chondrocyte co-culture model we observed that BIO-PLY treatment decreased release of 

inflammatory mediators by synoviocytes and increase extracellular matrix gene expression and 

proliferation of chondrocytes. In vivo, the cartilage of horses treated with BIO-PLY had fewer 

arthritic changes and an intact extracellular matrix. Taken together, our novel biologic rich in 

AMPs possesses multimodal properties that could lead to a unique anti-infective. One obstacle to 

AMP research is moving from bench to bedside; however, using our AMP-rich biologic we have 

already shown in vivo efficacy. We are currently sequencing the AMPs within BIO-PLY and will 

assess each peptide for the three properties ex vivo that we identified with the biologic BIO-PLY. 

Due to the potent properties we have already found, we are optimistic about the translational 

ability of a promising therapeutic. 
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CHAPTER 1 

Equine or porcine synovial fluid as a novel ex vivo model for the study of bacterial free-

floating biofilms that form in human joint infections 

 
Jessica M. Gilbertie1,2,6, Lauren V. Schnabel1,2*¶, Noreen J. Hickok3, Megan E. Jacob2,4, Brian P. 

Conlon5, Irving M. Shapiro3, Javad Parvizi3, Thomas P. Schaer6*¶ 

1Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, NC, USA 

 

2Comparative Medicine Institute, North Carolina State University, Raleigh, NC, USA 

3Department of Orthopedic Surgery, Thomas Jefferson University, Philadelphia, PA, USA 

4Department of Population Health and Pathobiology, College of Veterinary Medicine, North 

Carolina State University, Raleigh, North Carolina, USA 

5Department of Microbiology and Immunology, University of North Carolina-Chapel Hill, 

Chapel Hill, NC, USA 

6Department of Clinical Studies New Bolton Center, School of Veterinary Medicine, University 

of Pennsylvania, Kennett Square, PA, USA  

 

Bacterial invasion of synovial joints, as in infectious or septic arthritis, can be difficult to 

treat in both veterinary and human clinical practice. Infection of a joint containing an orthopedic 

implant can additionally complicate these infections leading to periprosthetic joint infection 

(PJI). To date, animal models of PJI or infectious arthritis have been limited to small animals 

such as rodents or rabbits. Small animal models, however, yield limited quantities of synovial 

fluid making them impractical for in vitro research. Complicating this issue further, biofilms, in 
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the form of free-floating clumps or aggregates, termed biofloats, are involved with the 

pathogenesis of infectious arthritis and PJI. As a results, there is increased antimicrobial 

tolerance even when used at high concentrations. Herein, we describe the use of an ex vivo 

equine and porcine models for the study of synovial fluid induced biofloat formation and 

antimicrobial tolerance. We observed Staphylococcus aureus and other bacterial pathogens adapt 

the same biofloat phenotype with significant antimicrobial tolerance in both equine and porcine 

synovial fluid, analogous to human synovial fluid. We also demonstrate that enzymatic dispersal 

of synovial fluid aggregates restores the activity of antimicrobials.  Future studies investigating 

the interaction of bacterial cell surface proteins with host synovial fluid proteins can be readily 

carried out in equine or porcine ex vivo models to identify novel drug targets for treatment of 

prevention of these difficult to treat infectious diseases. 
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Introduction 

Infectious or septic arthritis is an orthopedic emergency that results in substantial morbidity 

and mortality[1–3]. Staphylococcus  aureus (S. aureus) is the most common bacterial organism 

isolated from infectious arthritis and also in periprosthetic joint infection (PJI), accounting for the 

highest treatment failure rates[2,4–7]. These high treatment failure rates are linked to the ability of 

Staphylococci to form robust biofilms[7–10]. The traditional definition of a biofilm is a 

community of bacteria within a polymeric matrix that is attached to an abiotic or biotic surface[11]. 

However, recent advancements in biofilm research suggests that bacteria do not need a surface for 

formation; rather bacteria may attach to one another or host-derived proteins to form a biofilm[12–

16].   

Current work in the infectious arthritis field has shown the ability of S. aureus to form free-

floating biofilms, termed biofloats, in human synovial fluid both in vitro and in vivo[17–20].  

Within that body of work, the authors evaluated both S. aureus laboratory strains and clinical 

isolates from human patients [17]. In addition, biofloats have been described in other locations 

within the body such as the lungs of cystic fibrosis (CF) patients, the middle ear, and on the 

skin[12,14,21,22].  These biofloats displayed antimicrobial tolerance to cefazolin and vancomycin 

in vitro[17–19]. The antimicrobial tolerance displayed by synovial fluid biofloats is similar to 

traditional biofilms and aggregates that form the sputum of CF patients[13,23,24]. Continued in 

vitro investigations are critical for understanding this novel, free-floating bacterial phenotype in 

synovial fluid; however, these research efforts can be hampered as they rely on large volumes of 

synovial fluid which are difficult to source. Moreover, synovial fluid from human donors can be 

of variable quality due to underlying donor pathology.  
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To date, rodent and rabbit models have been at the forefront of infectious arthritis and PJI in 

vivo research[25,26]. However, rodent and rabbit cartilage biology as well as inflammatory 

responses are significantly different from that of humans[27–30]. Moreover, synovial fluid is 

difficult to obtain in large quantities from these species[31,32]. 

Large animals such as horses, pigs, goats, sheep and dogs have been successfully used to 

explore mechanisms of non-infectious joint disease, particularly osteoarthritis[33–35]. The 

advantage of large animal models is that their cartilage biology is more similar to that of humans 

than rodents and rabbits[33,36–38] and substantially larger volumes of synovial fluid can be 

collected. Of all the large animal models, horses and pigs are most commonly used for the study 

of osteoarthritis because cartilage thickness and response to injury, as well as their overall immune 

response is similar to that of humans [33,35,39–41].  

The objective of this study was to investigate if equine and porcine synovial fluid can be used 

as an ex vivo model system of human joint infection and to investigate how microbial-synovial 

fluid interactions limit antimicrobial activity. To achieve this goal, we first investigated whether 

synovial fluid induced aggregate formation would occur across the aforementioned species. Next, 

we asked if biofloat formation would also be observed with non-Staphylococcal species, i.e. 

Escherichia coli (E. coli), Streptococcus equi subspecies zooepidemicus (S. zooepidemicus) and 

Pseudomonas aeruginosa (P. aeruginosa). We then determined if biofloat formation in synovial 

fluid leads to antimicrobial tolerance as a function of antimicrobial class, bacterial species and 

synovial fluid source. Finally, we asked if enzymatic dispersal of biofloats could restore 

antimicrobial activity. 
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Materials and Methods 

Bacterial strains 

The bacterial strains used in this study were clinical isolates derived from cases of equine septic 

arthritis collected by the Pennsylvania Animal Diagnostic Laboratory System (PADLS) New 

Bolton Center Clinical Microbiology Laboratory (S. aureus, S. zooepidemicus, E. coli and P. 

aeruginosa). In vitro antimicrobial susceptibility testing and microbial identification was 

performed using the Sensititre™ Complete Automated AST System and the equine (Equine 

EQUIN1F Vet AST Plate) antimicrobial susceptibility panel (Thermo Fisher Scientific, Waltham, 

MA). Breakpoint-associated minimum inhibitory concentrations (MIC) of each strain are 

presented in Table 1. Where indicated the laboratory strain of S. aureus, ATCC®25923™, was 

used as a well-characterized control strain. Antimicrobial susceptibility of this strain was 

determined as described for the clinical isolates. Bacteria were kept in frozen stocks on glycerol at 

-80°C. Blood agar plates were streaked from frozen stocks and used for in vitro experiments for a 

maximum of 1 week. Overnight cultures were made from the blood agar plates by taking one 

colony and adding to 30mL of tryptic soy broth (TSB); these cultures were made fresh for each 

experiment. On the day of an experiment, 100µL of an overnight culture was inoculated into 10mL 

of fresh TSB and grown to 0.5 McFarland (~3 hours) to ensure the bacteria were in the exponential 

phase of growth. Concentrations of cultures were confirmed using serial plate dilutions.  
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Table 1. Median minimum inhibitory concentration of clinical isolates and ATCC®25923™ 

measured by antimicrobial susceptibility testing using the Sensititre™ Complete Automated 

AST System and the equine (Equine EQUIN1F Vet AST Plate) antimicrobial susceptibility 

panel. 

 

Synovial fluid collection 

This study was approved by the Institutional Animal Care and Use Committees of The University 

of Pennsylvania and the North Carolina State University. Healthy horses free of orthopedic disease 

and free of medication for 48 hours prior to use were used for collection of synovial fluid. Synovial 

fluid samples were obtained from standing horses sedated with 0.005-0.01 mg/kg detomidine. All 

horses were well acclimated to standing under sedation for arthrocentesis, which is a short 
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procedure. Both carpi were clipped and aseptically prepped along the dorsal aspect of the joints 

and 3-4 mL of synovial fluid was extracted from each joint. Following synovial fluid collection, 

250mg of amikacin, an aminoglycoside antibiotic, was injected into the joint through the same 

needle as a preventative measure as is routinely performed in the clinical setting. Horses were 

monitored during the procedure and every 12 hours thereafter for 48 hours for signs of discomfort, 

pain/lameness, swelling at the site of collection, or other adverse effects, none of which were 

observed. Synovial fluid from both the right and left carpi were pooled among individual horses. 

Synovial fluid from pigs was collected post-mortem from healthy Yorkshires ~6 months of age. 

Pigs were part of an unrelated research study of an independent principal investigator at North 

Carolina State University and were euthanized with 60 mg/kg iv pentobarbital sodium following 

intramuscular sedation using xylazine (2mg/kg) and ketamine (20 mg/kg) and isofluorane until 

unconsciousness. Death was confirmed via auscultation.Human synovial fluid was purchased from 

Lee Biosolutions, Inc. (Maryland Heights, MO). Synovial fluid that was visually cloudy or 

otherwise abnormal was discarded. Synovial fluid was centrifuged at 1500g for 15 minutes to 

remove the cellular component and passed through a 40µM cell strainer to remove any large 

protein aggregates. The samples were stored at -20°C until use in the described experiments.  All 

experiments were performed with four biological replicates (i.e. synovial fluid from four 

individual horses, humans or pigs). 

 

Synovial fluid biofloats and planktonic growth conditions 

Planktonic bacteria were grown in tryptic soy broth (TSB). Biofloats were grown in synovial fluid 

from the indicated mammalian species. All growth conditions were inoculated with 1x10
6
 

CFU/mL[17] of each bacterial strain in a microtiter plate (24-well or 6-well with 500µL or 2mL 
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of media respectively) and incubated overnight (16-18 hours) in a microaerophilic chamber 

(AnaeroPack™-MicroAero Gas Generator, Thermo Fisher Scientific, Waltham, MA) on a shaker 

at 120rpm at 37°C. Antimicrobial treatments and dispersal treatments were implemented during 

mid to late exponential phase or 6 hours post-infection (Fig S4) and added to TSB or synovial fluid 

containing planktonic or biofloated bacteria respectively. Macroscopic images were taken with a 

Nikon D40 camera.   

 

Confocal microscopy 

Bacteria were stained with BacLight Green (Thermo Fisher Scientific, Waltham, MA) prior to 

inoculation of synovial fluid; after overnight culture in synovial fluid, macroscopic aggregates 

were gently removed from synovial fluid and washed three times with phosphate buffered saline 

(PBS). Aggregates were suspended in PBS and stained with wheat germ agglutinin (WGA, Thermo 

Fisher Scientific, Waltham, MA; 20µg/mL) for 15 min at room temperature in the dark. 

Supernatant containing WGA was removed and aggregates were stained with 1mL undiluted 

SYPRO (FilmTracer™ SYPRO™ Ruby Biofilm Matrix Stain, Thermo Fisher Scientific, Waltham, 

MA) for 30 min at room temperature in the dark. Thereafter, stain was removed and aggregates 

were washed three times with PBS before fixation in 2% paraformaldehyde. Aggregates were kept 

at 4°C until imaging. Imaging was performed using a Leica SP5 Confocal/Multiphoton 

Microscope at the PennVet Imaging Core.  

 

Scanning electron microscopy (SEM)  

Scanning electron microscopy images were attained by the staff at the Electron Microscopy 

Resource Laboratory (EMRL) at the University of Pennsylvania. In brief, aggregates were washed, 
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fixed in glutaraldehyde, dehydrated, gold sputter coated and subsequently imaged with a scanning 

electron microscope at 3000x with a FEI-Tecnai T12 microscope at the PennMed Imaging Core. 

 

Antimicrobial Treatment 

Results from the phenotypic susceptibility testing (Table 1) were used to estimate the MIC (µg/mL) 

by microbroth dilution of planktonic cultures using the Sensititre™ Complete Automated AST 

System and the equine (Equine EQUIN1F Vet AST Plate) antimicrobial susceptibility panel. The 

vancomycin MIC for S. aureus (ATCC®25923™) was 0.5µg/mL as determined by microbroth 

dilution following CLSI standards. Microtiter wells containing infected synovial fluid (biofloats) 

or TSB (planktonic) were treated with antimicrobials at 1×, 10× or 100× the reported MIC of each 

individual planktonic bacteria during mid to late exponential phase or 6 hours post-infection (Fig 

S4). If an MIC was determined to be less than the lowest concentration evaluated, that evaluated 

concentration was used. For example, the MIC of Amikacin for S. aureus (ATCC®25923™) was 

≤ 4µg/mL; therefore, bacteria was treated with amikacin at 4µg/mL for 1×MIC, 40µg/mL for 

10×MIC, and 400µg/mL for 100×MIC. Antimicrobial treatments were carried out for 8 or 24 hours 

where indicated under the same growth conditions as the infective period. The infected TSB or 

synovial fluid was centrifuged at 8000g for 10 min and the supernatant was removed. The bacterial 

pellet was washed 3x with PBS and resuspended in 1mL of PBS containing 200µg/mL proteinaseK 

and incubated for 5-10 minutes on a shaker at 120rpm at 37°C to disperse the aggregates for 

enumeration of bacterial concentration by serial dilutions and plate counting of colony forming 

units (CFU/mL). This wash and proteinaseK step is critical for appropriate enumeration of bacteria 

as CFU/mL due to the inability to measure bacterial concentration within the biofloats. Dastgheyb 
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et al. 2015 first showed the inaccuracy of measuring CFU/mL from intact aggregates and described 

the ability of proteinaseK to disperse aggregates for accurate enumeration of CFU/mL[17]. 

 

Dispersal Treatment 

ProteinaseK (200µg/mL), trypsin (200µg/mL), endopeptidase (200µg/mL), DNase (500µg/mL) 

collagenase type II (750µg/mL), collagenase type IV (750µg/mL), dispase (500µg/mL), 

DispersinB® (100µg/mL), acetylcysteine (8mg/mL), and tissue plasminogen activator or TPA 

(1mg/mL) were used to test dispersal of biofloats. All enzymes were purchased from Sigma-

Aldrich (St. Louis, MO) apart from DispersinB® which was purchased from Kane Biotech 

(Winnipeg, Canada).The concentration of each enzyme was chosen as the highest concentration 

that did not exhibit bactericidal effects against planktonic bacteria grown in TSB. Each enzyme 

was incubated in the infected synovial fluid for 1 hour on a shaker at 120rpm at 37°C. Photographs 

of the dispersal treatment were taken with a Nikon D40 camera. Dispersal was evaluated by 

measuring optical density (OD) on a microtiter plate reader (Synergy™ 2, BioTek Instruments, 

Inc., Winooski, VT). Optical density was measured as an average of the absorbance (600nm) using 

a well-mode, or area scanning, method to ensure the entire well was measured.  Dispersal was 

reported as a percentage compared to planktonic bacteria (each bacterial strain was used as its own 

internal control) in TSB at the same CFU/mL. Specifically, percentage dispersal was calculated as 

[(OD infected synovial fluid – OD uninfected synovial fluid)/(OD infected TSB – OD uninfected 

TSB) X 100]. This method was developed based on measurements and calculations of platelet 

aggregation[42–44]. Bacterial viability (CFU/mL) was measured post-dispersal and compared to 

the no treatment control to ensure that enzymatic treatment did not induce cell death. After 1 hour 

of dispersal, enzymatically treated biofloats were challenged with amikacin at 10× MIC for 8 
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hours. Bacterial viability (CFU/mL) was assessed post-dispersal and antimicrobial challenge using 

serial dilutions and colony counting as described above. 

 

Statistics 

Data was analyzed using 1-way non-parametric (Kruskal-Wallis Test) or 1-way/2-way ANOVA 

where applicable with Tukey's post hoc tests. Correlations were calculated using Spearman 

correlation coefficient. Analysis was performed using JMP Pro 11.0 software (SAS Institute Inc., 

Cary, NC). All graphs were generated using GraphPad Prism (GraphPad Software Inc., La Jolla 

California USA). For all comparisons, p<0.05 was considered statistically significant.  
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Results 

Staphylococcus aureus forms free-floating biofloats in equine, human and porcine synovial 

fluid 

Previously, when grown in human or bovine synovial fluid, S. aureus or S. epidermidis, 

respectively, formed free-floating biofloats[17,20]. To ascertain if S. aureus could form biofloats 

in equine and porcine synovial fluid with similar structure to those formed in human synovial fluid, 

we infected each synovial fluid with S. aureus for 24 hours. Aggregation was macroscopically 

evident ~ 1-2 hours post-infection and biofloat size reached a plateau at ~16-18 hours post infection 

(Figure 1.1). We found that S. aureus formed biofloats in all species by 24 hours post-infection 

(Figure 1.2A). Analysis using scanning electron microscopy (SEM) indicated that biofloats had 

similar ultrastructure in equine, porcine and human synovial fluid. In each species, we observed S. 

aureus contained within a polymeric cord-like extracellular matrix (Figure 1.2B). Using confocal 

microscopy three-dimensional (3D) reconstruction, we observed that synovial fluid biofloats 

exhibited a mixed protein (red, SYPRO) and carbohydrate (blue, WGA) extracellular matrix; 

nucleic acid/bacterial staining (green, SYTO9) was scattered throughout the aggregate in all three 

species (Figure 1.2C).  
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Figure 1.1. Time dependent growth and biofloat formation in equine synovial fluid. Equine 

synovial fluid was infected at 1x106 CFU/mL with S. aureus (ATCC®25923™) and incubated 

overnight at 37°C in a microaerophilic chamber on a shaker at 120rpm to mimic the joint 

environment. (A) S. aureus growth in synovial fluid over time was measured by treating synovial 

fluid with proteinaseK (20µg/mL) to disperse aggregates, followed by serial dilutions and plate 

counting for CFU/mL. (B) Biofloat formation was photographed at the same time as bacterial load 

determination. 
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Figure 1.2. Staphylococcus aureus forms macroscopic biofloats in the synovial fluid of several 

different species. Equine, human or porcine synovial fluid was infected at 1x106 CFU/mL with S. 

aureus (ATCC®25923™) and incubated overnight at 37C in a microaerophilic chamber on a 

shaker at 120rpm to mimic the joint environment. (A) Macroscopic biofloats were observed in 

synovial fluid in all three species and photographed. (B) Aggregates were removed from the 

synovial fluid, fixed, dehydrated in ethanol, sputter coated and imaged with a scanning electron 

microscope with a FEI-Tecnai T12 microscope showing bacteria nested within a polymeric cord-

like extracellular matrix. (C) Aggregates were stained with wheat germ agglutinin (WGA (blue)) 

for carbohydrates, SYTO9 for nucleic acids/bacteria (green), and SYPRO (red) for proteinaceous 

content. Confocal laser scanning microscopy (CLSM) was performed using a 12.5x upright lens 

on a Leica SP5 Multiphoton Microscope. CLSM images were generated as 3-D reconstructions by 

sequential Z-stacking and tile scanning with Velocity software. 



   

15 
 

Non-Staphylococcal arthrotropic bacteria form biofloats in equine synovial fluid 

Dastgheyb et al.[17] observed that methicillin-resistant (MRSA) and methicillin-sensitive S. 

aureus, from both laboratory-adapted strains and clinical isolates from cases of human septic 

arthritis, formed biofloats in synovial fluid. Therefore, we next asked if the biofloat phenotype that 

develops in synovial fluid was restricted to S. aureus. Using arthrotropic clinical isolates derived 

from equine septic arthritis cases, we infected synovial fluid with S. aureus, S. zooepidemicus, E. 

coli, or P. aeruginosa. These strains represent the most common isolates from equine infectious 

arthritis cases seen at the University of Pennsylvania George D. Widener Hospital Large Animal 

Hospital in the last five years[45]. After 24 hours, S. aureus formed large biofloats; S. 

zooepidemicus, E. coli, and P. aeruginosa also formed aggregates in synovial fluid, although the 

aggregates were smaller than those formed with S. aureus (Figure 1.3A).  Micrograph analysis 

revealed that all biofloats were comprised of a polymeric cord-like extracellular matrix heavily 

colonized by bacteria whose morphology and size was consistent with bacterial strain (Figure 

1.3B). Confocal microscopy 3D renderings of biofloats showed similarities between all isolates 

(compare Figure 1.2C to Figure 1.3C).  
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Figure 1.3. Gram-positive and gram-negative arthrotropic clinical isolates form macroscopic 

biofloats in equine synovial fluid. Equine synovial fluid was infected at 1x106 CFU/mL for each 

clinical isolate (S. aureus, S. zooepidemicus, E. coli, and P. aeruginosa) and incubated overnight 

at 37C in a microaerophilic chamber on a shaker at 120rpm to mimic the joint environment. (A) 

Macroscopic bacterial aggregates were observed in synovial fluid for all four strains and 

photographed. (B) Aggregates visualized by SEM as in Fig 1. (C) Aggregates visualized by 

confocal microscopy using WGA, Syto9 and SYPRO as in Fig 1.  
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Synovial fluid biofloats display antimicrobial tolerance to several classes of drugs 

We asked whether antimicrobial activity against S. aureus by several classes of antimicrobials 

would be altered when grown in equine synovial fluid versus TSB (MIC concentrations presented 

in Table 1.1). For all antimicrobials, planktonic bacteria in tryptic soy broth (TSB) were inhibited 

or killed at 100× MIC (Figure 1.4); however,  S. aureus biofloats in equine synovial fluid persisted 

in vitro at 100× MIC (Figure 1.5A). Amikacin (an aminoglycoside), doxycycline (a tetracycline), 

and vancomycin (a glycopeptide) were able to reduce S. aureus bacterial concentration by >2 log 

CFU/mL (p<0.008; Figure 1.5A). As all four clinical isolates were susceptible to amikacin (based 

on antimicrobial susceptibility testing (Table 1.1)), we used this antimicrobial at 1×, 10× and 100× 

MIC to screen antimicrobial activity against biofloats in synovial fluid formed by these isolates. 

All strains were killed by amikacin at 1× MIC when grown in TSB planktonically (p<0.0001; 

Figure 1.5B); however, little to no killing was seen when the drug was used at 1× or 10× MIC 

against aggregates in synovial fluid (Figure 1.5B). At 100× MIC, a modest decrease in bacterial 

concentration (~2-3 log CFU/mL) was observed (p<0.009; Figure 1.5B). We then showed that 

aggregates in synovial fluid from equine, human and porcine sources were tolerant in a similar 

manner to amikacin (Figure 1.5C), doxycycline (Figure 1.5D) and vancomycin (Figure 1.5E) at 

1×, 10× and 100× MIC. 
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Figure 1.4. Planktonic bacteria are inhibited or killed by several different classes of 

antimicrobials. S. aureus (ATCC®25923™) was grown planktonically in TSB for 6 hours and 

challenged with a panel of different antimicrobials from several drug classes at 100× the 

minimum inhibitory concentration (MIC) as determined by in vitro antimicrobial susceptibility 

testing (Table 1).  
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Figure 1.5. Synovial fluid biofloats show antimicrobial tolerance against several different 

classes of antimicrobials. (A) S. aureus (ATCC®25923™) biofloats were formed in equine 

synovial fluid for 6 hours and synovial fluid was treated with a panel of different antimicrobials 

from several drug classes at 100× the minimum inhibitory concentration (MIC) as determined by 

in vitro antimicrobial susceptibility testing (Table 1). No concentration of any antimicrobial 

evaluated in this experiment was able to completely kill S. aureus grown in synovial fluid. (B) 

The four arthrotropic bacterial isolates from Fig 2 were grown as biofloats in equine synovial 

fluid or as planktonic cells in tryptic soy broth (TSB). Synovial fluid or TSB was subsequently 

challenged with amikacin at 1×, 10× or 100× MIC as it has broad spectrum activity and the 

isolates were susceptible to amikacin based off of our in vitro antimicrobial susceptibility. (C-E) 

S. aureus (ATCC®25923™) biofloats were grown in equine, human or porcine synovial fluid 

and synovial fluid was subsequently treated with amikacin (C), doxycycline (D) or vancomycin 

(E) at 1×, 10× or 100× MIC. Bars are means and standard deviations of four biological replicates 

(i.e. synovial fluid from four individual horses, humans or pigs; n=4), and significant differences 

(p<0.05) as determined by ANOVA with Tukey post-hoc are indicated by differing letters. 
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Enzymatic targeting of the proteinaceous matrix disperses synovial fluid biofloats 

Since confocal microscopy showed that synovial fluid biofloats display a mixed sugar and protein 

matrix (Figure 1.2C and 1.3C) we tested the ability of different enzymes to hydrolyze the synovial 

fluid biofloat matrix, disperse the bacteria and improve antimicrobial activity. After S. aureus 

aggregate formation in synovial fluid, enzymes including DNase, DispersinB® and proteinaseK, 

among others, were added to infected synovial fluid to target key molecules within the aggregate 

extracellular matrix. In agreement with Dastgheyb et al.[17], we showed that DispersinB® and 

DNase did not disperse, while proteinaseK was able to completely disperse, S. aureus biofloats in 

synovial fluid (p<0.004; Figure 1.6AB). Similar to Ibberson et al.[46], pre-treatment of synovial 

fluid with hyaluronidase, an enzyme that targets hyaluronic acid, the main carbohydrate  in 

synovial fluid, prevented aggregate formation (Figure 1.7AB); nevertheless, post-treatment with 

hyaluronidase only mildly dispersed biofloats in synovial fluid (p<0.02; Figure 1.6AB). In 

addition, the other proteolytic enzymes, trypsin, endopeptidase (LysC), collagenase (type II), and 

dispase, were also able to moderately disperse aggregates in synovial fluid (p<0.001; Figure 

1.6AB). Finally, collagenase (type IV), acetylcysteine and tissue plasminogen activator (TPA) 

were similar to proteinaseK in that they significantly dispersed aggregates in synovial fluid 

(p<0.0001; Figure 1.6AB).  
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Figure 1.6. Enzymatic dispersal of synovial fluid biofloats restores antimicrobial efficacy. (A) 

S. aureus (ATCC®25923™) biofloats in equine synovial fluid were treated with several enzymes 

in an attempt to breakdown the extracellular matrix and disperse the bacteria: hyaluronidase 

(1mg/mL), proteinaseK (200µg/mL), trypsin (200µg/mL), endopeptidase or LysC (200µg/mL), 

DNase (500µg/mL), collagenase type II (750µg/mL), collagenase type IV (750µg/mL), dispase 

(500µg/mL), DispersinB® (1mg/mL), acetylcysteine (8mg/mL) and tissue plasminogen activator 

or TPA (1mg/mL). Synovial fluid containing biofloats was treated with the respective enzyme for 

1 hour prior to macroscopic imaging. (B) Percent (%) dispersal was evaluated by measuring 

absorbance (600nm) and calculating a percentage compared to planktonic S. aureus grown in TSB 

to a similar CFU/mL. (C) After 1 hour of dispersion, amikacin was added at 10× MIC (40µg/mL) 

and log CFU/mL was measured with serial dilutions and colony counting 8 hours post-

antimicrobial challenge. Bars are means and standard deviations of four biological replicates 

(n=4), and significant differences (p<0.05) as determined by ANOVA with Tukey post-hoc are 

indicated by differing letters. 
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Figure 1.7. Hyaluronidase pre-treatment but not post-treatment of synovial fluid prevents 

biofloat formation and development of antimicrobial tolerance. (A) Equine synovial fluid was 

either left untreated or pre-treated with hyaluronidase (1mg/mL) prior to infection with S. aureus 

(ATCC®25923™). Bacteria were added, incubated for 16 hours and either left untreated or post-

treated with hyaluronidase (1mg/mL) for 1 hour.  Thereafter, amikacin was added at 10× MIC 

(40µg/mL), incubated for 8 hours, and log CFU/mL was measured with serial dilutions and colony 

counting. Bars are means and standard deviations of four biological replicates (n=3), and 

significant differences (p<0.05) as determined by ANOVA with Tukey post-hoc are indicated by 

differing letters. 

 

Enzymatic dispersal of synovial fluid biofloats restores antimicrobial activity 

Several studies have reported that dispersal of biofilms restores the activity of several classes of 

antimicrobials[18,47–49]. To determine if dispersal of S. aureus biofloats restores antimicrobial 

activity, aggregates in synovial fluid were treated with each enzyme for 1 hour, prior to challenge 

with amikacin at 10× MIC. Bacterial concentration (log CFU/mL) was measured by serial dilutions 

and plate counting 8 hours post-antimicrobial challenge. Control wells with enzymes alone did not 
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alter bacterial concentration more than 1 log CFU/mL compared to untreated synovial fluid (Figure 

1.8). Trypsin, endopeptidase (LysC), collagenase (type II) and dispase treatment prior to challenge 

with amikacin moderately increased antimicrobial killing when compared to aggregates in 

synovial fluid not treated with enzymes (p<0.01; Figure 1.6C). proteinaseK, collagenase (type IV), 

acetylcysteine and TPA treatment prior to challenge with amikacin markedly increased 

antimicrobial activity as compared to biofloats in synovial fluid not treated with enzymes 

(p<0.0003; Figure 1.6C). Treatment with hyaluronidase mildly increased antimicrobial killing 

(Figure 1.6C; p<0.04) while no change was observed with DNase or DispersinB® treatment 

(Figure 1.6C).  
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Figure 1.8. Enzymatic treatment of biofloats does not alter bacterial load >1 log CFU/mL. S. 

aureus (ATCC®25923™) biofloats formed in equine synovial fluid were treated with several 

enzymes: hyaluronidase (1mg/mL), proteinaseK (200µg/mL), trypsin (200µg/mL), endopeptidase 

or LysC (200µg/mL), DNase (500µg/mL), collagenase type II (750µg/mL), collagenase type IV 

(750µg/mL), dispase (500µg/mL), DispersinB® (1mg/mL), acetylcysteine (8mg/mL) and tissue 

plasminogen activator or TPA (1mg/mL). Bacterial load (log CFU/mL) was measured with serial 

dilutions and colony counting 9 hours post-enzymatic treatment. Bars are means and standard 

deviations of four biological replicates (n=4), and significant differences (p<0.05) as determined 

by ANOVA with Tukey post-hoc are indicated by differing letters. 

 

TPA disperses Staphylococcal and non-Staphylococcal biofloats and restores antimicrobial 

activity in synovial fluid from multiple species 

Because TPA most effectively dispersed S. aureus biofloats in equine synovial fluid (Figure 

1.6AB), we determined if it would also disperse S. aureus biofloats in human and porcine synovial 

fluid. We found that TPA was able to visibly disperse aggregates in equine, human, and porcine 

synovial fluid (p<0.0002; Figure 1.9A) and that dispersal was able to restore the antimicrobial 

activity of amikacin at 10× MIC (p<0.0004; Figure 1.9B). In addition, we showed that TPA could 
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disperse aggregates of the equine clinical isolates (S. aureus, S. zooepidemicus, E. coli and P. 

aeruginosa) (Figure 1.10A), with restoration of antimicrobial activity against both gram-positive 

and gram-negative biofloats in equine synovial fluid (p<0.001; Figure 1.10B). 

 

Figure 1.9. Tissue plasminogen activator (TPA) disperses S. aureus biofloats and restores 

antimicrobial activity in equine, human and porcine synovial fluid. (A) Equine, human and 

porcine synovial fluid containing S. aureus (ATCC®25923™) biofloats was left untreated or 

treated with DispersinB® (1mg/mL) or TPA (1mg/mL) for 1 hour prior to macroscopic imaging. 

(B) Percent (%) dispersal was evaluated by measuring absorbance (600nm) and calculating a 

percentage compared to tryptic soy broth (TSB) containing planktonic S. aureus at a similar 

CFU/mL. (C) After 1 hour of dispersion, amikacin was added at 10× MIC (40µg/mL) and log 

CFU/mL was measured with serial dilutions and colony counting 8 hours post-antimicrobial 

challenge. Bars are means and standard deviations of four biological replicates (n=4), and 

significant differences (p<0.05) as determined by ANOVA with Tukey post-hoc are indicated by 

differing letters. 
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Figure 1.10. TPA disperses synovial fluid biofloats and restores antimicrobial activity 

against both gram-negative and gram-positive aggregates. (A) The four arthrotropic bacterial 

isolates from Fig 2 were grown as biofloats in equine synovial fluid.  Synovial fluid wastreated 

with TPA (1mg/mL) for 1 hour prior to macroscopic imaging. B) Percent (%) dispersal was 

evaluated by measuring absorbance (600nm) and calculating a percentage compared to 

planktonic S. aureus grown in TSB to a similar CFU/mL. (C) After 1 hour of dispersion, 

amikacin was added at 10× MIC (40µg/mL) to the infected synovial fluid containing biofloats 

and log CFU/mL was measured with serial dilutions and colony counting 8 hours post-

antimicrobial challenge. Bars are means and standard deviations of four biological replicates 

(n=4), and significant differences (p<0.05) as determined by ANOVA with Tukey post-hoc are 

indicated by differing letters. 
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Discussion 

The purpose of this study was to examine the ability of S. aureus, the most commonly 

isolated bacteria from cases of infectious arthritis and periprosthetic joint infection[2,4–7], as well 

as non-Staphylococcal species to aggregate and form free-floating biofilms in equine and porcine 

synovial fluid, a characteristic of infected human synovial fluid.  We provide compelling evidence 

that biofloats are similar in structure and function across species indicating that both equine and 

porcine synovial fluid can be used as ex vivo model systems of human joint infection. 

Biofloat formation in synovial fluid offers protection from traditional antimicrobial 

therapies[17,19] and the host immune system[50–52]. The results presented here show that 

antimicrobials can be used at 100× MIC in synovial fluid with little to no killing activity in vitro, 

while planktonic cells are easily killed at the same MIC. Based on the wildtype MIC of 4µg/mL 

used in this study and the clinical breakpoint for susceptible isolates of S. aureus, S. zooepidemicus, 

E. coli, and P. aeruginosa and pharmacokinetic studies in horses[53], the aminoglycoside 

amikacin can achieve a concentration of  ~5× MIC in synovial fluid after intravenous 

administration of a clinically relevant 10mg/kg dose. However, unlike systemic administration, 

local administration of amikacin to horses by regional limb perfusion or direct intra-articular 

injection can achieve a concentration in synovial fluid up to 100× MIC[54–56]. Conversely, local 

administration of amikacin to inflamed joints decreases the maximal concentration to ~50× 

MIC[55]. Therefore, concentrations between 1× to 100× MIC are considered within 

pharmacodynamic range of amikacin. Nevertheless, our studies show that we could not achieve a 

significant antibacterial effect even at 100× MIC of amikacin against synovial fluid biofloats. 

These results indicate that clinical dosing of amikacin would be ineffective against biofloats in 
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synovial fluid, which offers a possible explanation for persistent sepsis and increased severity of 

degenerative joint disease following infectious arthritis[57,58].  

The antimicrobial tolerance displayed by synovial fluid biofloats is similar to surface-

attached biofilms and other biofloats such as those of P. aeruginosa in the sputum of CF 

patients[13,23,24]. In vitro models of P. aeruginosa aggregation in synthetic sputum or on alginate 

beads imparts significant antimicrobial tolerance[59–62], similar to that observed in this in vitro 

infectious arthritis model.  

New methods to evaluate the pharmacodynamics of antimicrobial agents within biofilms 

are being developed[24,48]. One such method is called a minimum biofilm eradication 

concentration (MBEC), which is the biofilm equivalent to a planktonic minimum bactericidal 

concentration (MBC)[63].  The S. aureus MBC for aminoglycosides is within 1× to 4× MIC 

whereas the MBEC for aminoglycosides can reach concentrations greater than 1000× the 

MIC/MBC[64–66]. The MIC and MBC for amikacin can be achieved using clinical doses; 

however, the MBEC concentration is not within the therapeutic index of aminoglycosides. For 

example, concentrations higher than those currently achieved by local administration of amikacin 

are toxic to the articular cartilage and can cause nephrotoxicity or ototoxicity by systemic 

administration[67,68]. These observations correlate with pharmacokinetic studies reporting that 

MBECs are typically not achievable using clinical doses within the planktonic therapeutic 

index[69–71].  Therefore, new methods that combine tissue location-specific pharmacokinetic data 

and biofilm-specific pharmacodynamic data are vital to improve the clinical treatment of biofilm 

infections. The methods developed in this study could serve as a platform with improved 

translational fidelity to generate in vitro pharmacodynamics data within the articular-specific 

location. 
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In this study, we show dispersal of synovial fluid biofloats restores antimicrobial activity. 

This is similar to other reports of restoration of antimicrobial activity after dispersing surface-

attached biofilms in vitro and in vivo[18,47–49]. Most biofilm in vitro studies rely heavily on 

traditional microbiological media, such as tryptic soy broth (TSB), which yields a biofilm matrix 

composed of bacterial-derived polysaccharide intercellular adhesion (PIA)[72–74]. In that regard, 

DispersinB®, an enzyme that specifically targets PIA, has the ability to disperse S. aureus  biofilms 

formed in vitro by traditional methods, whereas proteinaseK is unable to do so[75]. In contrast, 

this report shows that the biofloat matrix generated in synovial fluid is predominantly composed 

of proteins; therefore, treatment with proteinaseK, among other enzymes with proteolytic activity, 

but not DispersinB®, dispersed aggregates. These results line up with previous work that reported 

PIA-independent biofloat formation in synovial fluid and dispersal with proteinaseK[17,46] In 

addition, other studies have cited that in vivo biofilms and biofloats tend to be embedded in a host-

derived extracellular matrix versus a bacterial self-produced matrix such as PIA[12]. S. aureus in 

particular has several mechanisms to hijack host fibrinogen[51,76]; since TPA was able to disperse 

synovial fluid biofloats, further investigation into the role of fibrinogen as an extracellular matrix 

component is warranted. Due to the ability of dispersion to restore antimicrobial activity, dispersal 

agents could decrease the MBEC of biofloats to fall within the therapeutic index of clinically 

relevant antimicrobial agents. This is a promising area of future study. 

Human synovial fluid, particularly non-diseased, is difficult to obtain and identification of 

an alternative model that allows for movement between in vitro and in vivo components is critically 

needed to advance the field of biofloat research. Our findings show that both equine and porcine 

synovial fluid allow for robust biofloat formation in both species with a similar phenotype to those 

formed in human synovial fluid.  Noteworthy, although rodent and rabbit models have been used 
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extensively in infectious arthritis and PJI in vivo research[25,26,77], it is impractical to use these 

species for the ex vivo studies we have described here.  The volume of synovial fluid able to be 

obtained from rodents is very small, ranging from 1-5µL per tibiofemoral joint in the mouse[32] 

up to 10-100µL per tibiofemoral joint in the rat[31], and 100-400µL per tibiofemoral joint in the 

rabbit[78].  Horses and pigs offer a distinct advantage in this regard since volumes of both normal 

and diseased synovial fluid range from 1.5-3mL per  tibiofemoral joint in the pig [79] to 10-12mL 

per tibiotarsal joint in the horse[80]. In addition to these volume differences of up to four orders 

of magnitude, the cartilage biology of horses and pigs is very similar to humans[28,33,36–38]. 

Moreover, these animals are well supported by the FDA as pre-clinical models for osteoarthritis. 

Lastly, horses suffer from naturally occurring infectious arthritis that requires clinical treatment 

and rehabilitation protocols similar to that of humans [45,81,82]. Thus, the horse provides an ideal 

preclinical and clinical model for translational research. 

This study offers a powerful alternative to traditional in vitro biofilm models to specifically 

study free-floating biofloats in synovial fluid. By utilizing the microenvironment that bacteria 

encounter upon infection in vivo, the robust ex vivo model system described in this study offers an 

important advancement in benchtop biofilm research. The complexity of host-derived fluids may 

influence the bacterial phenotype differently than traditional in vitro media such as TSB. 

Therefore, studying bacteria within the context of the infective environment, such as synovial fluid 

for infectious arthritis or sputum for cystic fibrosis, has the advantage of exploring the bacteria 

phenotype similar to what is encountered in vivo.  Although the limitation of an ex vivo study is 

the lack of pressure from the host immune system or changes that occur within the biofluid during 

in vivo infection, such studies are imperative prior to performing costly long-term in vivo studies.  

By utilizing the equine and porcine model systems described here, we can study the mechanisms 
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by which bacteria form biofloats in synovial fluid and become tolerant to antimicrobials. The 

findings from these in vitro studies demonstrate a higher degree of model fidelity as the research 

efforts transition from in vitro to in vivo model systems.  Taken together, we hope that our 

investigations help advance new therapeutic modalities with the potential to decrease morbidity 

and mortality associated with infectious arthritis and periprosthetic joint infections. 
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CHAPTER 2 

Platelet-rich plasma (PRP) displays anti-biofilm properties in an ex vivo equine model of 

infectious arthritis  

 

Jessica M. Gilbertie1,2,4, Thomas P. Schaer4, Alicia G. Schubert 1, Megan E. Jacob2,5, Stefano 

Menegatti2,3, R. Ashton Lavoie3, Lauren V. Schnabel1,2* 

 

1Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, North Carolina, USA 

2Comparative Medicine Institute, North Carolina State University, Raleigh, North Carolina, USA 

3Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, North Carolina, USA 

4Department of Clinical Studies New Bolton Center, School of Veterinary Medicine, University 

of Pennsylvania, Kennett Square, PA, USA 

5Department of Population Health and Pathobiology, College of Veterinary Medicine, North 

Carolina State University, Raleigh, North Carolina, USA 

 

Infectious arthritis is difficult to treat in both human and veterinary clinical practice. Recent 

literature reports the ability of Staphylococcus aureus as well as other gram-positive and gram-

negative isolates to form free-floating biofilms in both human and equine synovial fluid that are 

tolerant to traditional antimicrobial therapy. Using an ex vivo equine model, we investigated the 

ability of platelet-rich plasma (PRP) formulations to combat synovial fluid biofloats. Synovial 

fluid was infected and biofloats allowed to form over a 2 hour period. PRP was collected and 
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processed into different formulations by platelet concentration, leukocyte presence, and activation 

or lysis. Infected synovial fluid was treated with different PRP formulations with or without 

aminoglycoside co-treatment. Bacterial load (CFU/mL) was determined by serial dilutions and 

plate counting at 8 hours post-treatment. All PRP formulations displayed antimicrobial properties; 

however, formulations containing higher concentrations of platelets without leukocytes had 

increased efficacy. Lysis of PRP and pooling of the PRP lysate (PRP-L) from multiple horses as 

compared to individuals further increased antimicrobial activity. This activity was lost with 

removal of the plasma component or inhibition of the proteolytic activity within plasma. 

Fractionation of pooled PRP-L identified the bioactive components to be cationic and low 

molecular weight (< 10 kDa). Overall, PRP-L exhibited synergism with the aminoglycoside 

amikacin against previously tolerant biofloats with the greatest activity against gram-positive 

bacteria.  In conclusion, the use of PRP-L therapy has the potential to increase treatment success 

and decrease the substantial morbidity and mortality currently associated with infectious arthritis. 
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Introduction 

Infectious, or septic, arthritis is a potentially life-threatening condition caused by invasion 

of a microorganism into a joint[82–84]. Rapid diagnosis and prompt treatment in the form of 

systemic and local antimicrobial therapy combined with surgical debridement and lavage of the 

joint are currently the most effective means of resolving infection[85,86]. However, despite this 

aggressive treatment, infection can persist, resulting in systemic illness and/or permanent damage 

to the joint in the form of degenerative joint disease[1,3,82,87,88]. Staphylococcus aureus is the 

most common bacterial isolate in all forms of osteoarticular infections including infectious arthritis 

and periprosthetic joint infection (PJI) and is also associated with the highest treatment failure 

rates[1–6,45,89]. Mortality rates for adults diagnosed with infectious arthritis are 6-15%[90–93]. 

Of those that survive, greater than 30% will suffer long-term consequences of joint damage such 

as persistent pain and impaired mobility[91,94–96].   

The ability of S. aureus to persist in joints despite robust treatment with antimicrobials is 

actively being investigated. The most recently published work in this field offers compelling 

evidence that S. aureus form free-floating biofilms in synovial fluid [17–20]. Our group recently 

validated the horse as an ex vivo animal model to study biofloat formation in synovial fluid. 

Therein, we proved that S. aureus form biofloats in equine synovial fluid that are very similar to 

those formed in human synovial fluid. We also showed that the most frequent non-Staphylococcal 

species associated with infectious arthritis, Streptococcus zooepidemicus, Escherichia coli, and 

Pseudomonas aeruginosa, form biofloats in synovial fluid as well (Chapter 1). Importantly, we 

also demonstrated that biofloat formation offers significant protection from a variety of 

antimicrobial agents even when used at high concentrations (Chapter 1). 
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With the prevalence of biofilm infections at 65%[97–99], it is imperative that we 

understand the host-pathogen interactions associated with infectious arthritis and explore 

alternative therapies that can combat biofilms. Platelet-rich plasma (PRP) is an autologous biologic 

made from a patient’s whole blood that is most commonly used to treat musculoskeletal conditions 

such as arthritis and tendon and ligament injuries[100]. Recent reports using in vitro conditions 

suggest that PRP also has antimicrobial properties[101,102]. Platelets are important players in 

innate immunity and, when activated, degranulate and release antimicrobial peptides (AMPs), such 

as defensins[103,104]. Several studies have investigated the general antimicrobial capacity of 

platelet-rich plasma, hyperimmune plasma and platelets[105–110], and platelets have also been 

shown to be antibacterial against S. aureus biofilms in vitro[111]. Most recently, platelet-rich 

plasma lysate (PRP-L) has been gaining traction as an alternative to PRP [112,113,122–129,114–

121]. PRP-L has distinct advantages over PRP as it is acellular, making allogeneic use an option, 

and rich in platelet bioactive factors[130]. For antimicrobial purposes, removal of the cellular 

component could also mitigate the ability of bacteria such as S. aureus to exploit platelets as a 

virulence factor[131,132]. In addition, PRP-L can be pooled from multiple healthy donors to 

decrease variability in the bioactive factors released by lysis[112,113,122–129,114–121].   

In this study, we explored the ability of different formulations of equine PRP to combat 

bacteria grown in equine synovial fluid. We hypothesized that PRP-L would display superior 

antimicrobial properties over PRP and that pooling PRP-L amongst multiple individuals would 

create a potent antimicrobial biologic to be used against biofloats that form in synovial fluid. 
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Material and Methods 

Animals 

Healthy horses from our closed research herd at North Carolina State University College of 

Veterinary Medicine (NCSU-CVM) (n=8) free of systemic and orthopedic disease and not on any 

medications were used for synovial fluid and blood collection.  These horses are regularly 

evaluated by veterinarians and have complete blood counts, chemistry panels, and fecal egg counts 

performed every 6 months.  They included 4 geldings (3 Thoroughbreds, 1 Appendix Quarter 

Horse) and 4 non-parous mares (all Thoroughbreds) between the ages of 6 and 19 years. The 

Institutional Animal Care and Use Committee of North Carolina State University (16-189-O) 

approved the use of horses in these studies. 

 

Bacterial strains and growth conditions 

The laboratory strain of Staphylococcus aureus, ATCC 25923, was used to initially screen the 

different PRP formulations. Significant findings were then validated using clinical isolates derived 

from cases of equine septic arthritis collected by the PADLS-NBC Clinical Microbiology 

Laboratory and processed in accordance with their Standard Operating Procedures. In vitro 

antimicrobial susceptibility testing and microbial identification was performed using the ARIS 

Sensititre™ system, using the equine (EQUIN1F) antimicrobial susceptibility panel for veterinary 

organisms. Bacteria were saved in frozen stocks on glycerol at -80°C. Blood agar plates were 

streaked from frozen stocks and used for in vitro experiments for a maximum of 1 month. 

Overnight cultures were made from the blood agar plates by taking one colony and adding to 30 

mL of tryptic soy broth (TSB); these cultures were made fresh for each experiment. On the day of 

an experiment, 100 µL of an overnight culture was inoculated into 10mL of fresh TSB and grown 
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to 0.5 McFarland (~3 hours) to ensure the bacteria is in the exponential phase of growth. 

Concentrations of cultures were confirmed using serial plate dilutions.  

 

Synovial fluid collection 

Both carpi were clipped and aseptically prepped along the dorsal aspect of the joints. 3-4 mL of 

synovial fluid was extracted from each joint. Synovial fluid from both the right and left carpi were 

pooled among each individual horse. Synovial fluid that was visually cloudy or contaminated with 

blood was discarded. Synovial fluid was centrifuged at 1500g for 15 minutes to remove the cellular 

component and passed through a 40 µM cell strainer to remove any large protein aggregates. The 

samples were stored at -20 °C until use in the described experiments.  

 

Platelet-rich plasma (PRP) formulations 

Whole blood was collected from fasted horses via jugular venipuncture into 60 mL syringes 

containing 6 mL of acid citrate dextrose (ACD). Syringes were incubated at room temperature for 

30 minutes to allow erythrocytes to settle. Thereafter, the layer above the erythrocytes containing 

the leukocytes, platelets and plasma, also called leukocyte-rich platelet-rich plasma or L-PRP, was 

gently transferred to a 50 mL conical tube. The L-PRP was centrifuged at 250g for 15 minutes to 

generate PRP or the layer containing platelets and plasma above the leukocyte pellet. The PRP 

was transferred to a new 50mL conical tube and centrifuged at 1500g for 15 minutes to pellet the 

majority of platelets. The supernatant above the platelet-pellet, or platelet-poor plasma (PPP), was 

stored. The remaining platelet pellet was then re-suspended at varying concentrations of PPP to 

generate different concentrations PRP. Leukocyte, erythrocyte and platelet concentrations in each 

formulation were determined by staining platelets with 1 μM Calcein-AM (InvitrogenMolecular 
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Probes, ThermoFisher Scientific, Waltham, MA, USA), incubating for 20 min, and then counting 

the number of fluorescent cells using a Cellometer® Auto 2000 (Nexcelom Bioscience LLC, 

Lawrence, MA, USA). White blood cell (WBC) counts in PPP and PRP samples were determined 

using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution (Nexcelom Bioscience 

LLC, Lawrence, MA, USA).  PPP samples were defined as containing less than 10,000 

platelets/µL and 10 WBC/µL. PRP samples were defined as containing greater than 350,000 

platelet/µL and less than 200 WBC/µL. L-PRP contained the same amount of platelets as PRP but 

with greater than 10,000 WBC/µL.  To generate activate PRP (A-PRP) and PRP lysate, (PRP-L), 

concentrated PRP was activated with 22 mM CaCl2 or subjected to five freeze/thaw cycles. The 

majority of cell debris was removed from the A-PRP and PRP-L by centrifugation at 20,000g for 

20 minutes. Capture of charged components was performed by incubation with cation and anion 

exchange resins, UNOsphere S and Q resin (Bio-Rad Laboratories, Hercules, CA, USA), 

respectively, in equilibrium binding mode. Further fractionation by molecular weight was 

performed with molecular weight cutoff filters (Amicon® Ultra 15 mL Centrifugal Filters, 50kDa 

and 10kDa, MilliporeSigma, Burlington, MA). 

 

Experimental design 

Synovial fluid pooled from three horses (n=3) was infected at 1x105 CFU/mL for Staphylococcus 

aureus (ATCC 25923) or for each clinical isolate (Staphylococcus aureus, Streptococcus 

zooepidemicus, Pseudomonas aeruginosa, and Escherichia coli) and incubated for 2 hours at 37°C 

in a microaerophilic chamber on a shaker at 120rpm to allow for biofloat formation. Infected 

synovial fluid was treated with the aminoglycoside amikacin at 40 µg/mL and/or designated PRP 

treatments under the same growth conditions as the infective period for 8 hours. Amikacin was 
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chosen as all isolates used in this study were susceptible based on microbroth dilution. Amikacin 

is also the most commonly used intra-articular antimicrobial in clinical equine practice[82] and 

would be the antimicrobial of choice for a future in vivo study. After treatment, the infected and/or 

treated synovial fluid was centrifuged at 8000g for 5 min and the supernatant was removed. The 

bacterial pellet was washed 3x with PBS and resuspended in 1 mL of PBS with 20 µg/mL 

proteinase K to disperse any aggregated bacteria. Bacterial load was measured using serial 

dilutions and plate counting of colony forming units. The best PRP formulation in each experiment 

was carried into the next experiment. 

 

Statistical analysis 

Data was analyzed using a 1-way or 2-way ANCOVA where the covariate was the individual horse 

or bacterial strain with Tukey's post hoc test. Correlations were calculated using Spearman 

correlation coefficient. Analysis was performed using JMP Pro 11.0 software (SAS Institute Inc., 

Cary, NC). For all comparisons, p < 0.05 was considered statistically significant. All graphs were 

generated using GraphPad Prism (GraphPad Software Inc., La Jolla California USA).  
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Results 

Platelet-rich plasma (PRP) displays platelet-dependent anti-biofilm activity against biofloats 

in synovial fluid  

We set out to determine whether PRP combats free-floating S. aureus biofilms that form in 

synovial fluid. In order to answer this question, we used a double centrifugation method to isolate 

leukocyte-rich platelet-rich plasma (L-PRP), platelet-rich plasma (PRP) and platelet-poor plasma 

(PPP). All three formulations displayed antimicrobial properties compared to the untreated control 

(p < 0.05); however, L-PRP and PRP were more active than PPP (p < 0.01) and PRP was more 

active than L-PRP (p < 0.002) (Figure 2.1A). A negative correlation was appreciated between 

platelet concentration and bacterial load (p < 0.004) indicating that the anti-biofilm activity was 

platelet dependent not leukocyte dependent. To further investigate this, we concentrated PRP 2x, 

4x, 10x, and 50x by pelleting the platelets in the PRP formulation presented in Figure 2.1A and 

suspending the platelets in less plasma. We observed a dose dependent response as increasing 

platelet concentrations yielded decreased bacterial load (Figure 2.1B). Similar to Figure 2.1A, we 

observed a negative correlation between platelet concentration and bacterial load (p<0.003). 

Therefore, we concluded that the anti-biofilm properties were dependent on platelets and not on 

leukocytes, and resolved to use 50x PRP in all following experiments. 

 

Activation and lysis of PRP increases anti-biofilm activity by increasing the release of 

platelet-derived proteins 

We hypothesized that activation and/or lysis would release the bioactive factors present in the 

platelets, thereby increasing the anti-biofilm properties of the 50x concentrated PRP formulation 

we identified in Figure 2.1B. We therefore treated this formulation with 20 mM CaCl2, incubated 
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the PRP for 1 hour at 37°C to activate platelet and cause clot formation, and collected the 

supernatant after centrifugation (A-PRP). For lysis, we subjected the concentrated PRP to five 

freeze/thaw cycles and removed the lysed cellular debris by centrifugation (PRP-L). Both 

formulations displayed increased anti-biofilm properties compared to PRP alone (p<0.008) and 

PRP-L was more potent than A-PRP (p < 0.01) (Figure 2.1C).  
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Figure 2.1. Anti-biofilm properties of platelet-rich plasma (PRP) formulations against 

Staphylococcus aureus synovial fluid biofilms termed biofloats. Infected synovial fluid was 

subsequently treated with the respective PRP formulations v/v for 8 hours under the same 

conditions as the infective period.  The untreated control (NONE) was treated v/v with phosphate 

buffered saline (PBS) while the antimicrobial control (ABX) was treated with 40µg/mL or 10× 

MIC amikacin in the same volume of PBS. Thereafter, bacterial load was quantified by serial 

dilution and plate counting and displayed on the y-axis of each graph as a log transformed 

CFU/mL. Treatments are described along the x-axis. (A) Infected synovial fluid was treated with 

platelet-poor plasma (PPP), leukocyte-reduced platelet-rich plasma (PRP) or leukocyte-rich 

platelet-rich plasma (L-PRP). (B) Infected synovial fluid was treated with varying concentrations 

(1x, 2x, 4x, 10x and 50x) of PRP. (C) 50x PRP was activated with 20mM CaCl2 for 1 hour (A-

PRP) or lysed by three consecutive freeze/thaw cycles (PRP-L) before centrifugation to remove 

any cellular debris.  These acellular PRP formulations were used to treat infected synovial fluid 

alongside the original 50x PPP or PRP. Platelet formulations were generated from individual 

horses (n=8). Bars are means and standard deviations. Statistical analysis was performed by a 1-

way ANCOVA with individual horse as a covariate and Tukey's post hoc test. Differing letters 

indicate statistical significance of p<0.05.  
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PRP-L is more active against biofloats formed in synovial fluid by gram-positive than gram-

negative organisms 

We further explored whether PRP-L combats other bacterial species that form biofloats in synovial 

fluid besides S. aureus. To this end, we infected synovial fluid with the following isolates collected 

from clinical cases of equine infectious arthritis: S. aureus, S. zooepidemicus, E. coli and P. 

aeruginosa. Each isolate was grown as biofloats in synovial fluid (same method as Figure 2.1) and 

subsequently treated with PPP, PRP, and PRP-L. PRP-L showed anti-biofilm properties and 

maintained greater efficacy than PRP and PPP against all isolates evaluated (p < 0.001) (Figure 

2.2). However, all platelet formulations were less effective against gram-negative strains than 

gram-positive strains (p < 0.003). 
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Figure 2.2. Efficacy of PRP and PRP-L against gram-positive and gram-negative clinical 

isolates that form biofloats in synovial fluid. Methodology of infection and treatment of synovial 

fluid was carried out as described for Fig. 1 but using four clinical isolates from equine infectious 

arthritis cases.  Treatments were (v/v) as follows: PBS (untreated control; NONE), antimicrobial 

treatment with amikacin at 40µg/mL or 10× MIC (ABX), platelet-poor plasma (PPP), 50x platelet-

rich plasma (PRP) or 50x platelet-rich plasma lysate (PRP-L). Platelet formulations were generated 

from individual horses (n=6). Bars are means and standard deviations. Statistical analysis was 

performed by a 2-way ANCOVA with individual horse as a covariate and Tukey's post hoc test. 

Differing letters indicate statistical significance of p<0.05. 

 

PRP-L increases the sensitivity of previously antimicrobial tolerant biofloats to 

aminoglycosides 

We tested the ability of PRP-L to increase the efficacy of aminoglycosides against tolerant 

biofloats in synovial fluid. PRP-L displayed synergism with the aminoglycoside, amikacin (p < 

0.0001) against biofloats formed by the laboratory S. aureus strain, ATCC 25923 (Figure 2.3A). 

In addition, PRP-L showed a synergistic effect with the amikacin against all four clinical isolates 
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(p < 0.0001) (Figure 2.3B). However, as seen in Figure 2.2, gram-positive organisms were more 

susceptible to the combination of PRP-L and amikacin than gram-negative organisms (p < 0.0003). 

 

 

Figure 2.3. Synergism of PRP-L with aminoglycosides against antimicrobial tolerant 

synovial fluid biofloats.  Infections and treatments were carried out as previously described.  

Synovial fluid infected with S. aureus ATCC 25923 (A) or the four clinical isolates shown in 

Figure 2 (B) was treated v/v with PBS (untreated control; NONE) or 50x platelet-rich plasma 

lysate (PRP-L) with or without the addition of 40µg/mL or 10× MIC amikacin (ABX).  Platelet 

formulations were generated from individual horses (n=6). Bars are means and standard 

deviations. Statistical analysis was performed by a 1-way (A) or 2-way (B) ANCOVA with 

individual horse or bacterial isolate as a covariate and Tukey's post hoc test. Differing letters 

indicate statistical significance of p<0.05. 

 

Observed anti-biofilm properties of PRP are dependent upon a synergism between platelets 

and plasma 

We wanted to determine if the plasma component was necessary for the activity of PRP and PRP-

L. We challenged bacteria in synovial fluid with platelets in plasma (PRP) or platelets in buffer 

(PLT) and platelets lysed in plasma (PRP-L) or platelet lysed in buffer (PLT-L). Both PLT and 
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PLT-L were antimicrobial compared to PPP, amikacin treatment, or untreated biofloats (p<0.001) 

(Figure 2.4A). However, PRP and PRP-L were more active than PLT and PLT-L (p < 0.002 and p 

< 0.001, respectively). We then measured the effect of different ratios of plasma and platelets 

within the PRP-L formulation and found that 10% plasma was more efficacious compared to 100% 

or 0% plasma (p < 0.0001; Figure 2.4B). We concluded that the combination of platelets and 

plasma during lysis is vital to the observed anti-biofilm activity and used 10% plasma in all 

following preparations.  

 

Proteolytic activity in plasma during lysis is vital to the anti-biofilm activity of PRP-L 

Most antimicrobial peptides are derived from proteolytic cleavage from larger precursors[133]; 

for example, LL-37 is processed by proteinase 3 from the larger cathelicidin (hCAP-18)[134]. In 

order to determine if proteolytic activity was important to the activity of PRP-L, we added protease 

inhibitors to PRP prior to lysis (Figure 2.4C). The PRP-L that was treated with protease inhibitors 

(PRP-L PI) lost significant anti-biofilm activity compared to untreated PRP-L (p < 0.0001). In 

order to determine if the proteolytic activity was plasma derived, we heat inactivated plasma at 

65°C or 95°C prior to platelet lysis within plasma. We found that heat inactivation of plasma 

decreased the anti-biofilm effects of PRP-L (Figure 2.4C). We concluded that the proteolytic 

activity in plasma is crucial to the anti-biofilm activity of PRP-L. 
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Figure 2.4. Anti-biofilm effects of PRP-L are dependent upon proteolytic activity within the 

plasma.  Synovial fluid infection with S. aureus ATCC 25923 and treatments were carried out as 

previously described with the standard untreated PBS control (NONE), 10× MIC Amikacin 

(ABX) and platelet-poor plasma (PPP). (A) Platelets from 50x PRP were washed, suspended in 

PBS at equivalent volume (PLT) and subsequently lysed by three consecutive freeze thaw cycles 

(PLT-L).  These formulations were used alongside PRP and PRP-L at the same 50x platelet 

concentration.  (B) PRP-L was generated in different percentages of plasma as indicated by the 

percent (%) following PRP-L and compared to untreated PBS control (NONE), 10x MIC 

Amikacin (ABX) or plasma. (C) PRP-L was compared to PRP treated with proteinase inhibitors 

prior to lysis (PRP-L PI) and to PLT combined with plasma that was heat inactivated at either 

65C or 95C for 30 minutes prior to lysis (PRP-L HIP65 or PRP-L HIP95, respectively).  

Platelet formulations were generated from individual horses (n=6). Bars are means and standard 

deviations. Statistical analysis was performed by a 1-way ANCOVA with individual horse as the 

covariate and Tukey's post hoc test. Differing letters indicate statistical significance of p<0.05. 
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PRP-L pooled from multiple individuals decreases variability and increases the 

antimicrobial potency 

Use of pooled PRP-L is a common practice in the development of a serum substitute for culture of 

stem cells to reduce the variability observed in individual donors[135,136]. Therefore, we set out 

to determine if pooled PRP-L would be more efficacious than PRP-L from individual horses. 

Pooled PRP-L (pPRP-L) was generated from 8 horses pooled on four separate occasions and 

decreased bacterial load to a greater extent than PRP-L from individual horses (p < 0.03) (Figure 

2.5). Pooled PRP-L was used in all following preparations. 

 

 

Figure 2.5. Increased anti-biofilm activity of pooled versus individual PRP-L. Synovial fluid 

was infected with S. aureus ATCC 25923 as previous described.  (A) Synovial fluid was treated 

with 50x PRP-L generated from individual horses (n=8, INDIVIDUAL) or PRP-L pooled 

amongst the same eight individual horses on four separate collection occasions (n=4, POOLED).  

Bars are means and standard deviations. Statistical analysis was performed by an unpaired t-test. 

Differing letters indicate statistical significance of p<0.05. 
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The bioactive components of pooled PRP-L are cationic and low molecular weight  

We hypothesized that the bioactivity of PRP-L was due antimicrobial peptides which are small 

(<10 kDa) and cationic[110]. In order to test this hypothesis, we fractionated pPRP-L into its 

anionic and cationic components using ion exchange resin and tested each fraction for anti-biofilm 

properties. We found that the cationic fraction of pPRP-L was significantly more active than the 

anionic fraction (p < 0.0001) and that the cationic fraction was more active than the parent pPRP-

L (p < 0.008) (Figure 2.6). We then used centrifugation filters (50 kDa and 10 kDa) in sequential 

order to divide the cationic pPRP-L components into high, medium and low molecular weight 

fractions. From there we determined that the <10 kDa or low molecular weight enriched fraction 

had higher similar anti-biofilm activity than its parent cationic pPRP-L fraction (Figure 2.6). 
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Figure 2.6. Crude protein fractionation of pooled PRP-L (pPRP-L) to determine the active 

anti-biofilm components. 50x pPRP-L was fractionated into its respective anionic and cationic 

components using ion exchange.  The cationic fraction was subsequently passed consecutively 

through molecular weight filters (cutoffs 50kDa and 10kDa).  The retentate of each passage was 

collected and the flow thru was placed on the next filter until 10kDa from which the flow thru 

was recovered.  Each fraction was tested for its anti-biofilm activity against synovial fluid 

infected with S. aureus ATCC 25923. Bars are means and standard deviations. Statistical 

analysis was performed by a 1-way ANOVA with Tukey's post hoc test. Differing letters indicate 

statistical significance of p<0.05. 

 

The cationic, low molecular weight pooled PRP-L is antimicrobial and synergistic with 

aminoglycosides against both gram-negative and gram-positive species 

We wanted to ensure that the fractionated pPRP-L from Fig. 6 maintains activity and synergism 

with aminoglycosides against the clinical isolates that form biofloats in synovial fluid.  We found 

that the cationic, low-molecular weight pPRP-L has anti-biofilm properties against all clinical 

isolates (p < 0.02) (Figure 2.7). However, as for PRP-L shown in Fig. 2, it was more active against 
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gram-positive biofloats than gram-negative biofloats (p<0.05).  We also showed that the 

fractionated pPRP-L maintained synergism with amikacin (p<0.03), albeit more so against gram-

positive biofloats (p<0.02) (Figure 2.7). 

 

 

Figure 2.7. Efficacy of fractionated cationic, low-molecular weight pPRP-L and synergism 

with aminoglycosides against gram-positive and gram-negative biofloats. Methodology of 

infection and treatment of synovial fluid was carried out as previously described using the four 

clinical isolates from equine septic arthritis cases.  Treatments were (v/v) as follows: PBS 

(untreated control; NONE), cationic low-molecular weight fractionated pooled 50x PRP-L 

(CAT, <10kDa pPRP-L) alone or in combination with antimicrobial treatment with amikacin at 

10x MIC (ABX). Bars are means and standard deviations. Statistical analysis was performed by 

a 2-way ANCOVA with individual bacterial isolate as a covariate and Tukey's post hoc test. 

Differing letters indicate statistical significance of p<0.05. 
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Discussion 

Staphylococcus aureus is the most common bacterial isolate in infectious arthritis and is 

also associated with the highest treatment failure rates[1–6,89]. These high treatment failure rates 

are linked to the ability of Staphylococci to form robust biofilms[7–10]. Traditional biofilms are 

defined as a community of bacteria encased in a polymeric matrix attached to an abiotic or biotic 

surface[11]. Recently researchers have described unattached biofilms in cystic fibrosis, otitis 

media, and within wounds that form free-floating bacterial aggregates not requiring surface 

attachment [12–14]. Staphylococcus aureus and Staphylococcus epidermidis form free-floating 

bacterial biofilms when grown in human and bovine synovial fluid, respectively[17,19,20]. 

Additionally, bacteria within these established synovial fluid biofilms were tolerant to treatment 

with cefazolin and vancomycin[17,19]. We have recently expanded upon that body of literature to 

show that S. aureus and other non-Staphylococci can form synovial fluid biofilms that are tolerant 

to antimicrobial treatment in vitro (Chapter 1). Due to the high treatment failure rates of biofilm 

related infections despite robust antimicrobial therapy, we set out to explore alternative therapies 

that could be directly anti-biofilm or serve as an adjunctive therapy to the traditional antimicrobial 

regime. 

To date, the utility of platelet-rich plasma as mostly been focused on its regenerative and 

anti-inflammatory capacities[137,138]. However, platelets can interact with the host immune 

response, recognize and respond to bacterial pathogens, and, when activated, release a large 

number of bioactive factors including those with antimicrobial properties[103,104,110,139]. 

Recently, several studies have investigated the potential antimicrobial capacity of platelet-rich 

plasma in vitro[105–109,140–142]. These studies have collectively observed a bacteriostatic to 

bactericidal effect of PRP against a variety of bacterial pathogens including S. aureus. Within those 
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studies several formulations have been investigated that differ in the presence or absence of 

leukocytes, and the concentrations of platelets. In this report, we have provided evidence that PRP 

can combat S. aureus free-floating biofilms that form in synovial fluid. We show that the anti-

biofilm effects of PRP are platelet-dependent and do not rely upon the presence of leukocytes. We 

also showed a dose dependency, wherein higher concentrations of platelets in PRP correlated with 

increased antimicrobial efficacy. 

Reports describing the antimicrobial activity of PRP have used both PRP and PRP gels to 

combat bacteria[105,107,143,144]. These gels, also called platelet-rich fibrin, are processed by 

activating PRP with thrombin or calcium chloride resulting in an increased release of platelet-

derived bioactive factors[144,145]. Lysis is a similar method to increase platelet factor release 

without the formation of a fibrin clot and is used commonly as an additive for stem cell 

culture[135,137]. Both activated and lysed PRP have been reported to have increased antimicrobial 

capacity[105,111]. We report similar findings in that activated or lysed PRP (A-PRP and PRP-L, 

respectively) increased the anti-biofilm effects of PRP against synovial fluid biofloats. We 

speculate that this is due to removal of the cellular component thereby delivering only the platelet 

and plasma-derived antimicrobial factors. The interaction of S. aureus and platelets has been well 

described as a balance between pro-bacterial and anti-bacterial roles[146]. For example, S. aureus 

can adhere to platelets during infective endocarditis to build vegetative lesions on cardiac 

valves[147]. Therefore, removal of the cellular component may deplete the ability of S. aureus to 

antagonize platelet antimicrobial functions. 

Several studies have described the antibacterial nature of platelets in the absence of 

plasma[110,142,148]. However, one report showed that plasma is a vital component to maintain 

antibacterial efficacy of PRP[149]. Therefore, we investigated the necessity of plasma for PRP and 



   

54 
 

PRP-L anti-biofilm functions. We found that the combination of both plasma and platelets was 

necessary and that 10% plasma resulted in the best PRP formulation versus 0% or 100% plasma 

and platelets. These observations correlate with another report showing that 5-10% plasma was 

synergistic with platelets but 50% or greater plasma decreased platelet antimicrobial efficacy[150].  

The use of pooled PRP-L is a common practice in the development of a serum substitute 

for culture of stem cells to reduce the variability observed in individual donors[135,136]. Our 

group has also published on the ability of pooled PRP-L to protect chondrocytes and increase the 

production of hyaluronic acid by synoviocytes in an inflammatory model of osteoarthritis[137]. 

Therefore, we investigated the difference in antimicrobial activity between PRP-L generated from 

individual horses versus PRP-L pooled from multiple individuals. Therein, we found that pooled 

PRP-L displayed greater antimicrobial capacity than individual PRP-L. We also found that pooling 

PRP-L from multiple individuals decreased the variability in the anti-biofilm effects. Literature 

has shown that there is tremendous variability in PRP based on the factors such as age or gender 

of the patient[151–153]. This leads to uncontrollable differences in growth factor and cytokine 

concentrations within the PRP leading to large variations in regenerative capacity. Undoubtedly, 

this variability translates to the antimicrobial capacity of PRP as well; therefore, the observed 

increase in anti-biofilm effects of pooled PRP-L over individual PRP-L was anticipated. 

Platelets release antimicrobial peptides (AMPs)[103,104,110,139,142,148] that are 

synergistic with traditional antimicrobial agents against resistant pathogens or bacteria within 

biofilms[154–158]. We observed a synergistic effect of PRP and PRP-L with the aminoglycoside, 

amikacin, against synovial fluid biofilms. In addition, most antimicrobial peptides are derived from 

proteolytic cleavage from larger precursors[133]; for example, LL-37 is processed by proteinase 

3 from the larger cathelicidin (hCAP-18)[134]. In accordance with that literature, we found that 
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the addition of protease inhibitors abrogated the anti-biofilm function of PRP-L. Yeaman et al., 

1992 was the first to describe small, cationic antimicrobial proteins derived from thrombin-

stimulated rabbit platelets[146,159,160]. Through the use of protein fractionation techniques, we 

determined that the bioactive components of pooled PRP-L were indeed within the fraction 

containing small (<10kDa), cationic peptides. Future studies identifying the equine specific 

platelet-derived AMPs within this PRP-L fraction could lead to a novel peptide therapeutic for the 

treatment of biofilm infections. 

In conclusion, this findings of this study support the future investigation of pooled PRP-L 

for the treatment of infectious arthritis. While we have previously reported on the 

chondroprotective effects of pooled PRP-L in vitro, further testing is needed to determine the 

effects of concentrated and fractionated pooled PRP-L on the resident cells of the joint to ensure 

lack of cytotoxicity. Once that has been accomplished, the next step is to translate these findings 

in vivo using an animal model of infectious arthritis. Results of the in vivo testing could result in a 

novel treatment that will not only reduce morbidity and mortality in infectious arthritis but also 

produce a product that combats antimicrobial resistance and tolerance. Additionally, the use of 

PRP-L could be translated to other biofilm-related infections such as orthopedic implants and 

wounds leading to an innovative anti-biofilm therapy that could be readily brought to the clinical 

setting. 
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CHAPTER 3 

Exploring the antimicrobial, immunomodulatory, and chondroprotective properties of a 

platelet-rich plasma (PRP)-derived biologic to combat infectious arthritis ex vivo 
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Infection of a joint by S. aureus leads to aggregation within the synovial fluid and the formation 

of free-floating biofilms. These macroscopic aggregates display severe antimicrobial tolerance 

resulting in persistent infection and irreparable joint damage.  Traditional surface attached biofilms 

also display significant tolerance to the host immune response; however, interactions of synovial 

fluid free-floating biofilms with the host immune response have not been investigated.  In addition, 

we have developed a novel platelet-rich plasma (PRP)-derived therapeutic, termed BIO-PLY, 

which displays potent antimicrobial activity against synovial fluid biofilms and has the potential 

to influence the host-biofilm interface. We hypothesized that BIO-PLY would display 
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immunomodulatory properties on the key cellular components of the synovial environment and 

exhibit a chondroprotective effect in an ex vivo infectious arthritis model. In order to test this 

hypothesis, we challenged neutrophils with S. aureus synovial fluid biofloats or bacteria grown as 

a single cell suspension (planktonic) with or without concurrent BIO-PLY treatment. In addition, 

we infected synoviocyte-chondrocyte co-cultures with either planktonic or biofloats and 

subsequently treated them with BIO-PLY.  We found that neutrophils responded inappropriately 

to biofloats in comparison to planktonic S. aureus; biofloats induced high NET formation and a 

low phagocytic rate resulting in enhanced bacterial survival to neutrophil challenge. At sub-

antibacterial concentrations, BIO-PLY treatment decreased NET formation, increased 

phagocytosis and decreased survival of bacteria within biofloats.  BIO-PLY increased synoviocyte 

and chondrocyte viability, decreased the gene expression of synoviocyte pro-inflammatory 

mediators and catabolic enzymes, and altered the gene expression of chondrocyte extracellular 

matrix proteins. In conclusion, biofloats shifted the immunological response by the host from a 

productive to non-productive phenotype. Treatment with BIO-PLY reversed the dysfunctional 

response and protected the synovial environment from further injury. This novel therapy has the 

potential to substantially reduce morbidity and mortality associated with infectious arthritis in 

horses, and also combat antimicrobial resistance and recalcitrance which is an area of great concern 

in both veterinary and human medical professions. 
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Introduction 

Bacterial infiltration into a joint leads to increased inflammatory markers that can result in 

the production of metalloproteases and other catabolic enzymes[94,161–163]. The end result of 

these inflammatory processes are increased arthritic changes such as cartilage erosion, osteophyte 

formation and subchondral bone sclerosis[82,87,164]. S. aureus is the most common bacterial 

isolate in all forms of osteoarticular infections including infectious arthritis and periprosthetic joint 

infection (PJI) and is also associated with the highest treatment failure rates[1–6,89]. In addition, 

S. aureus has been shown to decrease return to performance in horses by 73 to 81% as compared 

to other pathogens[87,165].  

Upon entering the joint, bacteria can aggregate and form free-floating biofilms. We have 

shown that aggregation imparts severe antimicrobial tolerance in which clinically used 

antimicrobials are ineffective even when used at high concentrations[17,19]. Traditional surface-

attached biofilms not only display antimicrobial tolerance but host immune tolerance as well[166]. 

Because the synovial fluid biofilm phenotype is novel, its interaction with the host immune system 

has not yet been explored. We hypothesize, however, that it displays similar properties to a 

traditional biofilm[167–169], a defining characteristic of which is the extracellular polymeric 

matrix (EPM)[11]. The EPM has been implicated in the biofilm’s ability to avoid immune 

clearance by blocking pathogen recognition receptors[170]. As a result, pro-inflammatory 

cytokines important for phagocyte recruitment and activation, such as IL-1β production, are 

decreased[171].  

Neutrophils are able to penetrate S. aureus biofilms and opsonization of biofilms occurs 

with immunoglobulins and complement[172]. Nevertheless, biofilms decrease neutrophil 

phagocytosis and respiratory burst while increasing NETosis and apoptosis compared to 
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planktonic bacteria[52,166,173]. In parallel, macrophages have reduced recruitment, phagocytosis 

and activation in the presence of S. aureus biofilm and shift their phenotype from M1 

(proinflammatory) to M2 (anti-inflammatory)[174,175]. It has been shown that mice infected with 

biofilms have significantly increased IL-10 concentrations compared to mice infected with 

planktonic bacteria[176]. Interestingly, the same research group showed that injection of pre-

activated M1 macrophages at the site of biofilm infection decreased the bacterial burden 

significantly, while injection of neutrophils at the biofilm did not alter the infection[177].  

Infectious arthritis is characterized by a high total nucleated cell count that is 

characteristically neutrophilic (>80%)[82]. Despite this influx of leukocytes and diligent 

antimicrobial treatment, these infections persist increasing the likelihood of degenerative joint 

disease[178,179]. Even when the infection is cleared, inflammation can continue furthering the 

damage to the joint[180,181].  Novel therapeutics that can not only be directly antibacterial but 

also stimulate the host immune response and provide anti-inflammatory properties could be a 

multimodal anti-infective that mitigates infection-induced tissue damage. 

Platelets are important players in innate immunity and, when activated, degranulate and 

release antimicrobial peptides (AMPs) such as defensins[103,104,110,139]. AMPs have been 

shown to aid in the functionality of macrophages and neutrophils by increasing their ability to 

produce reactive intermediates such as superoxide and nitric oxide[102,104,148,182,183]. Our 

group and others have shown that platelets and platelet-rich plasma (PRP) can be antibacterial and 

anti-biofilm[105,106,186,107–109,140–142,184,185]. However, the ability of PRP to alter the 

interface between host and pathogen have yet to be explored.   

The goals of this study were two-fold.  First, we investigated how synovial fluid biofilms 

interact neutrophils, synoviocytes and chondrocytes. Second, we investigated the ability of a PRP-
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derived biologic, termed BIO-PLY, to alter the host immune response to synovial fluid biofilms. 

BIO-PLY was used a sub-antimicrobial concentrations to evaluate the anti-inflammatory and 

immunomodulatory properties instead of the direct antimicrobial/anti-biofilm BIO-PLY effects. 
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Materials and Methods 

S. aureus growth conditions 

S. aureus (ATCC® 25923) was grown in RPMI 1640 or synovial fluid 24-well microtiter plate 

(Corning® Costar® Ultra-Low Attachment Multiple Well Plate, MilliporeSigma, Burlington, 

MA) to establish a planktonic phenotype or biofloat phenotype respectively. S. aureus was stained 

with BacLight™ Green Bacterial Stain (ThermoFisher Scientific Waltham, MA) prior to infection 

for imaging. Growth was carried out for 3 hours at 37°C under microaerophilic conditions. 

Planktonic bacteria was spun down at 8000g for 1 minute, resuspended in fresh RPMI 1640 with 

10% FBS and incubated for 30 minutes to opsonize bacteria. The bacteria concentration was 

adjusted to 1 x 108 CFU/mL using a McFarland reader. Biofloat bacteria was spun down at 8000g 

for 1 minute, carefully resuspended in RPMI 1640 with 10% FBS without disturbing the biofloat 

phenotype. Based on previous growth curve analysis the biofloat bacteria should be approximately 

5 x 106 CFU per well.  Biofloats were enzymatically digested and back plated for CFU/well to 

confirm bacterial numbers. 

 

Neutrophil isolation 

Whole blood was collected via jugular venipuncture from healthy horses in our closed research 

herd into four 60mL syringes containing 6mL of acid citrate dextrose (ACD), each for a total 

volume of 60 mL per horse. Erythrocytes were allowed to settle for 30 minutes in the syringe and 

the layer above the erythrocytes containing the leukocytes, platelets, and plasma (approximately 

30mL) termed L-PRP was then transferred to a 50 mL conical tube. L-PRP was carefully layered 

v/v over Ficoll Paque Plus (GE Healthcare-Life Sciences, Marlborough, MA) and centrifuged at 

695g for 15 minutes without brake. The cell pellet containing remaining erythrocytes and 



   

62 
 

leukocytes was resuspended in 1 mL of 1X DPBS. Hypotonic lysis of the remaining erythrocytes 

was performed by adding 9 mL of sterile deionized water and inverting slowly 10 times before 

adding 1 mL of 10x DPBS to restore an isotonic solution. Neutrophils were pelleted via 

centrifugation at 400g for 5 minutes and resuspended in 5 mL of RPMI 1640 with 10% FBS and 

counted using a Cellometer® Auto 2000 and ViaStainTM AOPI Staining Solution (Nexcelom 

Bioscience LLC, Lawrence, MA, USA). Neutrophils were allowed to rest for 1 hour at 37°C, 5% 

CO2, and 90% humidity prior to being challenged with bacteria. 

 

Neutrophil infection 

Neutrophils were added to a 24-well plate at 5 x 105 in RPMI 1640 with 10% FBS at 37°C under 

microaerophilic conditions. Neutrophils were stimulated with 5 x 106 CFU S. aureus in a 

planktonic or biofloat phenotype and treated with BIO-PLY at the indicated concentrations. 

 

Respiratory burst and NET quantification  

Isolated neutrophils were incubated in the presence or absence of S. aureus (MOI 10:1) in RPMI 

1640 with 10% FBS in a 24 well tissue culture plate under microaerophilic conditions at 37°C. 

After 2 hours, 10µM DHR (Dihydrorhodamine 123, ThermoFisher Scientific Waltham, MA) 

was added to each well and incubated for 30 minutes prior to measuring fluorescence (excitation 

485 nm, emission 528 nm) on a microtiter plate reader (Synergy™ 2, BioTek Instruments Inc., 

Winooski, VT) as an indicator of respiratory burst. After 4 hours of incubation in a 

microaerophilic chamber, extracellular trap (NET) formation was measured using cell 

impermeable DNA binding dye (SYTOX® Green Nucleic Acid Stain, ThermoFisher Scientific 

Waltham, MA) to measure NET formation. 5µM of SYTOX® was added and incubated for 10 
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minutes before measuring fluorescence (excitation 485 nm, emission 528 nm) using area scan 

settings (15x15 measurements per well). 

 

Neutrophil phagocytosis and bacterial survival 

After 1 hour of incubation, phagocytosis was measured by quantifying extracellular and 

intracellular bacterial load.  In brief, wells were treated with DNase (50µg/mL) and proteinaseK 

(20µg/mL) for 15 minutes to release any aggregated bacteria or bacteria within NETs.  Well 

contents were centrifuged at 400g for 5 minutes to pellet neutrophils.  Supernatants containing 

bacteria were serial diluted for colony counts to quantify extracellular bacteria.  Neutrophils 

pellets were treated with 2% Triton-X 100 for 15 minutes to lyse cells. Lysate was serial diluted 

for colony counts to quantify intracellular bacteria.  Phagocytosis was calculated as a percentage 

((intracellular CFU / (intracellular CFU + extracellular CFU)) x100).  Bacterial survival was 

determined 8 hours post-infection.  Wells were treated with DNase and proteinaseK in RPMI 

containing 2% Triton-X 100 for 15 minutes.  Cellular debris was removed by centrifugation at 

400g for 5 minutes.  Bacterial load was quantified by serial dilutions and plate counting.  

Survival was calculated as a percentage ((CFU of specific bacterial phenotype with neutrophils ± 

BIO-PLY treatment / CFU of specific bacterial phenotype without neutrophils or BIO-PLY 

treatment) x100). 

 

Neutrophil immunofluoresence 

Neutrophils were infected as described above and left untreated or treated with BIO-PLY. After 

4 hours of incubation at 37°C under microaerophilic conditions, plates were centrifuged at 500g 

for 5 minutes.  Each well was fixed with 4% paraformaldehyde and permeabilized with 0.5% 
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Triton-X 100. Immunofluorescent labeling was performed with the following after blocking with 

5% BSA: 1:250 rabbit anti-CitH3 and 1:500 goat anti-rabbit AF555. Immunofluorescence 

control wells were incubated with 1:250 rabbit IgG and 1:500 goat anti-rabbit AF555. Nuclei 

were stained with DAPI.  Images were collected on an Olympus IX73 inverted scope with DP80 

camera using appropriate fluorescent channels (Olympus Corporation, Shinjuku, Tokyo, Japan). 

 

Synoviocyte isolation 

Synovium was harvested from the femoropatellar joints of 5 systemically healthy horses (ages 2-

14 years) euthanized for reasons other than this study and free of femoropatellar joint disease. 

The isolated synovium was weighed and digested for 2 hours at 37°C under constant rotation 

with synoviocyte media (high glucose (4.5g/L) DMEM medium with 10% fetal bovine serum 

(FBS), 2mM l-glutamine, 1mM sodium pyruvate, 25mM HEPES, penicillin (100 units/mL), and 

streptomycin (100 µg/ml)) added at 10mL/g tissue and containing 1.5 mg/mL Gibco 

collagenase type II (ThermoFisher Scientific, Waltham, MA, USA)[187,188]. The resulting 

digest was passed through a 100µm filter and centrifuged at 800g for 10 minutes.  The cell pellet 

was then washed twice with fresh synoviocyte media and live synoviocyte count was determined 

using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution (Nexcelom Bioscience 

LLC, Lawrence, MA, USA).  Synoviocytes were frozen in aliquots of 10 x 106cells/mL in liquid 

nitrogen until use. 

 

Chondrocyte isolation 

Cartilage was harvested from the femoral trochlear ridges of a 2-year-old Thoroughbred gelding 

free of orthopedic disease and euthanized for reasons other than this study.  The isolated cartilage 
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was weighed and digested overnight (16-18 hours) at 37°C under constant rotation with 

chondrocyte media (Ham’s F12 medium with 10% FBS, 25 mM HEPES, ascorbic acid (50 

μg/mL), α-ketoglutarate (30 μg/mL), L-glutamine (300 μg/mL), penicillin (100 units/mL), and 

streptomycin (100 µg/ml)) containing 0.75 mg/mL of Gibco collagenase type II (ThermoFisher 

Scientific, Waltham, MA, USA)[189,190]. The resulting digest was passed through a 100µm 

filter and centrifuged at 800g for 10 minutes.  The cell pellet was then washed twice with fresh 

chondrocyte media.  Cells were resuspended in chondrocyte media and live chondrocyte count 

was determined using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution.  

Chondrocytes were frozen in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Synoviocyte-chondrocyte co-culture infection 

Synoviocytes were seeded on a polyester transwell insert of a 12-well plate (Corning® 

Transwell®, MilliporeSigma, Burlington, MA) while chondrocytes were seeded in the tissue 

culture treated base well.  Both cells were seeded at a density of 1x105 cells/cm2. After 72 hours 

in culture with media changes every 24 hours, S. aureus as biofloats or planktonic cells were 

introduced into the transwell insert containing the synoviocytes. Infections were carried out for 

24 hours prior to treatment. Co-cultures were left untreated or treated with BIO-PLY at 

concentrations lower than the minimum inhibitory concentration for 24 hours. After 24 hours of 

treatment, synoviocytes and chondrocytes were lifted with 0.5% trypsin/EDTA solution 

(ThermoFisher Scientific, Waltham, MA) and quantified using a Cellometer® Auto 2000 and 

ViaStain™ AOPI Staining Solution. Viability was calculated as a percentage ((# of live cell in 

each well / # of cells seeded into each well) x 100). Images of both synoviocytes and 
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chondrocytes were collected on an Olympus IX73 inverted scope with DP80 camera (Olympus 

Corporation, Shinjuku, Tokyo, Japan) prior to RNA extraction. 

 

RNA extraction 

Total cellular RNA was extracted from synoviocytes or chondrocytes using the RNeasy Mini Kit 

(Qiagen Inc., Germantown, MD, USA) according to the manufacturer’s instructions.  The RNA 

purity and quantity were evaluated using UV microspectrophotometry (NanoDrop 2000 

Spectrophptometer, ThermoFisher Scientific, Waltham, MA, USA).  RNA was stored at -80°C 

until cDNA construction by RT-PCR using the QuantiTect Reverse Transciption Kit (Qiagen 

Inc., Germantown, MD, USA) according to the manufacturer’s instructions. 

 

qPCR 

Previously published equine primers were used to amplify COL1, COL2, IL-1β, MMP-3, and 

MMP-13 with 18S used as a housekeeping gene[191].  Quantitative real time RT-PCR (qPCR) 

was performed using the QuantiFastSYBRGreen PCR Kit (Qiagen Inc., Germantown, MD, 

USA) according to the manufacturer’s instructions with the QuantStudio6 Flex System 

(applied biosystems, ThermoFisher Scientific, Waltham, MA, USA).  Relative gene 

expression, 2-ΔΔCt, was generated using Real-Time PCR Software v1.2 (Applied Biosystems, 

ThermoFisher Scientific, Waltham, MA, USA).  

 

Statistical analyses 

All results were assessed for normality by means of Shapiro-Wilk test. Normally distributed data 

was analyzed by the analysis of covariance (ANCOVA) with horse as covariate, followed by the 
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Tukey’s test for multiple comparisons. Non-normally distributed data was analyzed by the non-

parametric Wilcoxon rank sum test.  Statistical analyses were performed within the non-treated 

group across stimulations to assess the effects of stimulation and then within each stimulation 

group to assess for treatment effects.  Analyses were performed using JMP® Pro11 (SAS 

Institute Inc., Cary, NC, USA) and significance set at p<0.05.  All graphs were generated with 

GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).   
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Results 

Bacteria within biofloats induces neutrophil NETs  

Neutrophils produced robust extracellular traps when challenged with biofloats compared to 

planktonic bacteria measured by extracellular DNA fluorescence (SYTOX®; p<0.02; Figure 

3.1A).  In support of the fluorescence quantification by SYTOX®, imaging of biofloats and 

neutrophils revealed increased staining by anti-CitH3 (red; Figure 3.1B). Higher magnification 

showed increased anti-CitH3 (red) incorporated within the biofloat compared to the significant 

intracellular bacteria within neutrophils during planktonic infection (Figure 3.1C). 
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Figure 3.1. S. aureus within synovial fluid biofloats induced extracellular trap formation by 

neutrophils that can be reversed by the addition of BIO-PLY. S. aureus (ATCC® 25923) 

was grown as a single cell suspension (planktonic) in RMPI or as aggregates in synovial fluid 

(biofloat) for 3 hours. Neutrophils were isolated from healthy horses and incubated with each 

bacterial phenotype for 4 hours at a MOI of 10:1 with or without the addition of BIO-PLY at 

sub-antimicrobial concentrations.  (A) NET formation was quantified by the addition of 5µM of 

the cell impermeable DNA binding dye (SYTOX® Green Nucleic Acid Stain, ThermoFisher 

Scientific Waltham, MA) for 10 minutes before fluorescence was measured with area scan 

settings on a microtiter plate reader. (B) Immunofluorescent labeling (scale bar 20µM) was 

performed using fluorescent stained S. aureus (green), anti-CitH3 (red) (NETs) and DAPI (PMN 

nuclei; blue). (C) Higher magnification of the immunofluorescent labeling (scale bar 10µM). 

Data is shown as the mean ± standard deviation of n=3. Differing letters indicate significant 

differences between groups (p<0.05); statistical analysis was performed by one-way ANCOVA 

with Tukey post-hoc and individual horse as the covariate.   
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Bacteria within biofloats decreased neutrophil antibacterial function 

Neutrophils displayed decreased phagocytosis (p<0.0002; Figure 3.2A) and subsequent respiratory 

burst (p<0.004; Figure 3.2B) in response to bacteria within biofloats compared to planktonic 

bacteria.  The increased NET formation and decreased phagocytosis resulted in higher survival of 

bacteria with biofloats compared to planktonic bacteria (p<0.0001; Figure 3.2C). 

 

 

Figure 3.2. BIO-PLY treatment increased neutrophil phagocytosis and respiratory burst 

thereby increasing neutrophil antibacterial function against biofloats. Infections and 

treatments were carried out as in Figure 1. (A) After 1 hour of incubation, phagocytosis was 

measured by quantifying extracellular and intracellular bacterial load. (B) Respiratory burst was 

evaluated 2 hours post infection by adding 10µM DHR for 30 minutes prior to measuring 

fluorescence on a microtiter plate reader. (C) Bacterial survival was determined 8 hours post-

infection.  Bacterial load was quantified by serial dilutions and plate counting. Data is shown as 

the mean ± standard deviation of n=3. Differing letters indicate significant differences between 

groups (p<0.05); statistical analysis was performed by one-way ANCOVA with Tukey post-hoc 

and individual horse as the covariate.   
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BIO-PLY treatment shifted neutrophil responses to bacteria within biofloats 

Concurrent treatment of neutrophils with BIO-PLY during challenge with biofloats results in 

decreased NET formation (p<0.03; Figure 3.1A), increased phagocytosis (p<0.008; Figure 3.2A) 

and respiratory burst (p<0.05; Figure 3.2B).  Imaging of neutrophils showed subjectively less 

neutrophils positive for anti-CitH3 (Figure 3.1B); also, larger biofloats displayed subjectively less 

anti-CitH3 incorporated within the mass of bacteria (Figure 3.1C). The altered response induced 

by BIO-PLY resulted in decreased survival of bacteria within biofloats (p<0.003; Figure 3.2C).  

As BIO-PLY was used a sub-antimicrobial concentration, the decreased bacterial load observed in 

Figure 3.2C is due to increased neutrophil antibacterial function versus direct killing of bacteria 

within biofloats by BIO-PLY. This was verified by determining bacterial load of biofloats treated 

with the same concentration of BIO-PLY without neutrophils. 

 

Bacteria within biofloats had a greater impact on chondrocyte viability  

Synoviocyte-chondrocyte co-cultures challenged with biofloats or planktonic bacteria resulted in 

decreased viability of both chondrocytes and synoviocytes by 24 hours post-infection (p<0.03; 

Figure 3.3ABCD); although biofloats decreased chondrocyte viability (p<0.002; Figure 3.3CD) to 

a greater degree than synoviocytes compared to planktonic bacteria that had a greater impact on 

synoviocyte viability (p<0.005; Figure 3.3AB). 
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Figure 3.3. Treatment with BIO-PLY protected chondrocytes from biofloat induced 

chondrotoxicity. Synoviocytes and chondrocytes were isolated from the stifle of young horses 

(<5 years of age) by enzymatic digestion. Synoviocytes were seeded the top of a transwell insert 

while chondrocytes were seeded in the base well. After 72 hours in culture, S. aureus as biofloats 

or planktonic cells were introduced into the transwell insert containing synoviocytes. Co-cultures 

were left untreated or treated with BIO-PLY at sub-antimicrobial concentrations. Viability 

synoviocytes (A) and chondrocytes (C) were calculated as a percentage for each condition 

compared to seeding concentration. Images of both (B) synoviocytes and (D) chondrocytes were 

collected at 24 hours post-treatment and displayed as grayscale images. Data is shown as the 

mean ± standard deviation of n=3. Differing letters indicate significant differences between 

groups (p<0.05); statistical analysis was performed by one-way ANCOVA with Tukey post-hoc 

and individual horse as the covariate.   
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Biofloats altered pro-inflammatory and catabolic enzyme gene expression in synoviocytes 

Planktonic bacteria produced high gene expression of IL-1β (p<0.02; Figure 3.4A) in synoviocytes 

but bacteria within biofloats resulted in higher levels of MMP-13 (p<0.003; Figure 3.4C).  Levels 

of MMP-3 were similar between biofloats and planktonic bacteria (Figure 3.4B). 

 

 

Figure 3.4. Biofloats decreased IL-1β and increased MMP-13 gene expression in 

synoviocytes compared to planktonic S. aureus. Total cellular RNA was extracted from 

synoviocytes. Quantitative real time RT-PCR (qPCR) was performed using previously published 

equine primers to amplify IL-1β, MMP-3, and MMP-13 with GAPDH used as a housekeeping 

gene.  Relative gene expression of each infection and/or treatment was calculated as 2-ΔΔCt 

compared to the untreated control. Data is shown as the mean ± standard deviation of n=3. 

Differing letters indicate significant differences between groups (p<0.05); statistical analysis was 

performed by one-way ANCOVA with Tukey post-hoc and individual horse as the covariate.   

 

Biofloat infection resulted in a more dramatic shift in collagen gene expression  

Bacteria within biofloats higher collagen type 1 (p<0.03; Figure 3.5A) and lower collagen type II 

(p<0.04; Figure 3.5B) gene expression than planktonic bacteria.  This shift resulted in a lower 

COL2:COL1 ratio by bacteria in a biofloat versus a planktonic phenotype (p<0.05; Figure 3.5C). 
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Figure 3.5. Bacteria within biofloats caused dysfunctional chondrocyte collagen expression 

that is restored by BIO-PLY treatment. Total cellular RNA was extracted from chondrocytes. 

Quantitative real time RT-PCR (qPCR) was performed using previously published equine 

primers to amplify COL1 and COL2 with GAPDH used as a housekeeping gene.  Relative gene 

expression of each infection and/or treatment was calculated as 2-ΔΔCt compared to the untreated 

control. Data is shown as the mean ± standard deviation of n=3. Differing letters indicate 

significant differences between groups (p<0.05); statistical analysis was performed by one-way 

ANCOVA with Tukey post-hoc and individual horse as the covariate.   

 

BIO-PLY treatment decreased inflammation in synoviocytes and restored chondrocyte function in 

co-cultures infected with biofloats 

BIO-PLY treatment of co-cultures infected with biofloats resulted in increased synoviocyte 

(p<0.03; Figure 3.3AB) and chondrocyte viability (p<0.008; Figure 3.3CD).  A lower trend in 

MMP-13 gene expression was appreciated with BIO-PLY treatment (p<0.1; Figure 3.4C); 

however, no differences were appreciated in IL-1β and MMP-3 gene expression by BIO-PLY 

treatment.  BIO-PLY treatment decreased collagen type I (p<0.04; Figure 3.5A) and increased 

collagen type II (p<0.02; Figure 3.5B) gene expression resulting in an improved COL2:COL1 ratio 

(p<0.006; Figure 3.5C). 



   

75 
 

Discussion 

In this study, we set out to determine if synovial fluid free-floating biofilms, termed 

biofloats, altered immune cell recognition and function.  We found significant alterations in 

activity and function of key cellular components of the synovial environment.  During synovial 

infection, an influx of predominately neutrophils (>80%) into the synovial space occurs[82]. 

However, neutrophils are not able to combat the infection and are thought to be the main cause of 

tissue damage[192]. Therefore, in order to investigate the ability of neutrophils to combat 

biofloats, we compared neutrophil function when challenged with planktonic bacteria or bacteria 

within a biofloat phenotype. During neutrophil challenge, the S. aureus lab-adapted strain used in 

this study within a planktonic phenotype are readily phagocytosed and neutrophil antibacterial 

capacity is intact. We observed a robust respiratory burst around 3-hours post-infection indicating 

phagolysosomal fusion post-phagocytosis.  We also observed a >50% decrease in bacterial load 

by neutrophils when challenged with planktonic S. aureus.  However, when neutrophils were 

challenged with S. aureus as biofloats their antibacterial function became dysfunctional.   

The most prominent feature of neutrophil-biofloat interactions was prominent extracellular 

trap (NET) formation. Biofilms have been implicated in skewing neutrophils responses towards 

NET formation mostly in otitis media and cystic fibrosis[193–196].  In addition, planktonic S. 

aureus can also induce NET formation through the production of leukocidins[197,198].  

Investigations into the mechanism behind induction of NETs by S. aureus biofilms implicated 

leukocidins as well[199]. However, unlike the aforementioned study that used spent media from 

biofilms to induce NET formation in neutrophils, we challenged neutrophils with the bacterial 

biomass (either aggregated into a biofloat or as a single cell planktonic suspension) with the 

bacterial growth media removed.  Therefore, we cannot conclude that NET induction by biofloats 
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is dependent upon secreted leukocidins.  Frustrated phagocytosis occurs when neutrophils 

encounter ingestible particles or microbes of sizes beyond their phagocytic capacity[200]. 

Interesting, particles of varying size can induce different cytokine release in peripheral blood 

mononuclear cells[201]. Future studies are needed to determine how biofloats induce NET 

formation and the potential involvement of a novel pathway termed frustrated phagocytosis.  

Suggesting that biofloat size may play a role in the induce of NETs, one study showed that 

neutrophils release NETs when challenged with large fungal hyphae but phagocytose small fungal 

yeasts[202]. 

Similar to other biofilm-neutrophil studies, we showed that NET formation did not have 

strong antibacterial effects against biofloats[199]. However, unlike previous reports that show 

neutrophils phagocytosing S. aureus biofilms[203], we revealed decrease phagocytosis in the 

presence of biofloats compared to their planktonic counterparts.  Nevertheless, previous S. aureus 

biofilm-neutrophil studies used immature biofilms grown as traditional biofilms.  As stated in 

Chapter 1, traditional biofilms grown in microbiological media in microtiter plates have significant 

difference to in vivo biofilms[12]. Using synovial fluid, we produce a robust ex vivo biofilm 

phenotype that more closely mimics in vivo biofilms.  As discussed in Chapter 1, P. aeruginosa 

aggregates in CF sputum to produce free-floating biofilms similar to S. aureus biofloats in synovial 

fluid[61,204,205].  

Neutrophil dysfunction and NET formation has been highly implicated in the pathogenesis 

of P. aeruginosa in the CF lung[206–208].  A link is beginning to develop between P. aeruginosa 

aggregates and NET production by neutrophils[193].  The implicated mechanism is delayed 

apoptosis of neutrophils skewing NET formation over phagocytosis[209]. The resulting neutrophil 

dysfunction enchases P. aeruginosa survival and furthers lung damage as NETs are not 
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antibacterial but are extremely inflammatory. In addition, instead of clearing the infection, the 

extracellular DNA release during NET formation is actually incorporated into the P. aeruginosa 

biofilm EPM. Due to the complexity surround NET formation by neutrophils in CF, this pathway 

is being proposed as a potential therapeutic target in chronic infections involving biofilms such as 

CF[210].  Continued investigation into the mechanism behind S. aureus synovial fluid biofloat 

induction of NET formation could aid research of biofilm-implicated infections such as CF and 

otitis media. 

The other key cellular components of the synovial environment are synoviocytes and 

chondrocytes which crosstalk to regulate inflammation in the joint[211].  In order to investigate 

the interactions between different S. aureus phenotypes (planktonic or biofloat) and the resident 

cells of the joint, we developed a co-culture system using transwell inserts.  Using this model, we 

found that bacteria within biofloats alter the inflammatory mediator and catabolic enzyme gene 

expression of synoviocytes. Biofloats decreased the expression of IL-1β but increased MMP-13 

expression compared to planktonic S. aureus.  These results are preliminary and need to be 

validated by measuring protein concentrations of IL-1β and MMP-13 in the media.  In addition, 

investigating other inflammatory mediators and catabolic enzymes such as TNFα and the 

ADAMTS will aid in generating conclusions.  Nevertheless, it appears that biofloat formation may 

skew anti-Staphylococcal immune responses.  IL-1β is vital to clearance of S. aureus during 

infectious arthritis as its absence increases intraarticular bacterial load, cartilage destruction and 

mortality in murine models[212–214].   

Primary synoviocytes are a mixed population of macrophagic cells (type A cells) and 

fibroblast-like cells (type B cells) [215].  Biofilm formation on orthopedic implants has been 

shown to alter macrophage function by altering TLR ligation and subsequent MyD88 signaling 
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resulting in M2 polarization[174,216].  Therefore, biofloats could be shifting type A synoviocytes 

to M2 while planktonic S. aureus induces M1 synoviocytes. Some preliminary support of this 

hypothesis is the diminished IL-1β but increased MMP-13 gene expression by S. aureus biofloats 

compared to planktonic S. aureus.  Certain MMPs, such as MMP-13, have been implicated in M2 

vs M1 macrophages[217,218].  Therefore, future work should focus on other M1 and M2 markers 

of type A synoviocytes such as arginase-1 and iNOS.  

Although planktonic S. aureus produced higher transcription of the pro-inflammatory 

mediator IL-1β, biofloats were more chondrotoxic as evidenced by the lower chondrocyte viability 

in S. aureus biofloat versus planktonic infection.  Interestingly, biofloats also altered type I to type 

II collagen gene expression.  Normal, healthy chondrocytes should have higher collagen type II 

gene expression than collagen type I resulting in a higher COL2:COL1 ratio[219].  Therefore, the 

resulting lower COL2:COL1 ratio induced by biofloats indicates a greater dysfunction in 

chondrocyte ECM generation.  Further investigations into the production of other ECM 

components by chondrocytes is needed to verify these observations such as measuring 

proteoglycan content in the chondrocyte cellular monolayer by alcian blue staining[220].  

Although we noted a shift in the immune response of the key cellular components of the 

synovial environment to the S. aureus biofloat phenotype, treatment with BIO-PLY restored a 

more productive immune response (similar to S. aureus planktonic infection).  We noted that BIO-

PLY treatment decreased NET formation, increased phagocytosis and respiratory burst and 

increased neutrophil-dependent antibacterial capacity evidenced by decreased bacterial survival to 

neutrophil challenge.  The current mechanism(s) by which BIO-PLY is influences these responses 

is/are unknown.  By shifting neutrophil responses from aberrant NET formation to phagocytosis 

we are restoring the antibacterial ability of this phagocytic cell type and mitigating damage by 
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NETotic factors such as cell free DNA.  This is a promising area of research that requires more 

exploration as several chronic diseases, apart from infectious arthritis, such as CF, are plagued by 

dysfunctional neutrophil responses.   

In addition to BIO-PLY’s ability to alter the neutrophil function towards biofloats, we also 

appreciated a shift in the synoviocyte-chondrocyte response.  We found that BIO-PLY treatment 

reduced MMP-13 production, increased chondrocyte viability, and an increased COL2:COL1 

ratio.  We hypothesize that BIO-PLY may be altering the M2 polarization of type A synoviocytes 

by biofloats.  However, to validate that speculation we would expect IL-1β gene expression to be 

increased by BIO-PLY treatment.  In order to investigate this further, IL-1β expression as well as 

other pro-inflammatory mediators such as TNFα and MyD88 should be assessed earlier than 24 

hours post treatment[216].  In addition, IL-1β production in the media should also be quantified to 

account for release of pro-IL-1β by NLRP3 inflammasome activation[221].  Other M1 versus M2 

markers such as iNOS and arginase-1 could be evaluated as well to confirm altered 

polarization[218]. 

Results of the following experiments are promising; however, more study is required to 

validate these preliminary results.  Several aspects of the results warrant further investigation such 

as the ability of biofloats to induce NET formation and the ability of BIO-PLY to downregulate 

NET formation.  Also, more work is needed to assess the ability of biofloats polarize synoviocytes 

to a M2 phenotype with the potential ability of BIO-PLY to shift synoviocytes polarization to an 

M1 phenotype.  
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CHAPTER 4 

An antimicrobial peptide-rich platelet-rich plasma-derived biologic exhibits anti-biofilm, 

anti-inflammatory and chondroprotective properties in an in vivo equine infectious arthritis 

model 

 

Jessica M. Gilbertie1,2, Thomas P. Schaer4*, Alicia G. Schubert 1, , Gabriela S. Seiler1, Bennett L. 

Deddens1, Julie B Engiles4, Devorah M. Stowe1, Megan E. Jacob5, Darko Stefanovski4, Lauren V. 

Schnabel1,2* 

 

1Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, North Carolina, USA 

2Comparative Medicine Institute, North Carolina State University, Raleigh, North Carolina, USA 

4Department of Clinical Studies New Bolton Center, School of Veterinary Medicine, University 

of Pennsylvania, Kennett Square, PA, USA 

5Department of Population Health and Pathobiology, College of Veterinary Medicine, North 

Carolina State University, Raleigh, North Carolina, USA 

 

Platelet-rich plasma (PRP) has recently been recognized for its antimicrobial properties. Our group 

has developed a PRP-derived biologic that has potent bactericidal effect on S. aureus grown as 

biofilms in synovial fluid.  The purpose of this study was to test the efficacy of this PRP-derived 

biologic, termed BIO-PLY, in vivo using an equine infectious arthritis model.  S. aureus was 

introduced via intra-articular injection into one randomly assigned tarsocrural joint of twelve 

horses (n=12).  Twenty-four hours post-infection, horses were treated with 500mg of amikacin and 
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BIO-PLY (5mL) (treatment; n=6) or sterile saline (5mL) (control; n=6) daily for 7 days.  All horses 

received systemic antimicrobials for 10 days post-infection as well as a tapering course of a non-

steroidal anti-inflammatory for the duration of the study. Outcomes to monitor progression of 

infection and response to treatment were assessed by clinical pain scores, diagnostic imaging, 

systemic and synovial fluid biomarker analyses, microbiology, and histology. Horses treated with 

BIO-PLY had lower pain scores at days 4-7, 14, and 21 (p<0.003) with most notable differences 

in tarsus and distal limb swelling. Systemic fibrinogen was lower in BIO-PLY treated horses at 

days 2-3, 6-7, and 21 (p<0.0003) as was D-dimer concentration at days 3-7, 14 and 21 (p<0.001). 

BIO-PLY treated horses had lower percentages of neutrophils (p<0.02) and higher percentages of 

mononuclear cells (p<0.01) at day 7 compared to control horses.  BIO-PLY treatment also 

improved joint appearance on grayscale ultrasound imaging at days 7, 14, and 21 (p<0.05).  

Synovial fluid from BIO-PLY treated horses had lower concentrations of IL-18 (p<0.001), IL-4 

(p<0.0008), and IL-8 (p<0.03) from days 2-7, lower concentrations of IL-1β (p<0.02) from days 

4-7, and lower concentrations of IFNγ (p<0.02) from days 6-7.  BIO-PLY treated horses had 

significantly lower concentrations of bacteria in synovial fluid at days 3-7 (p<0.006) and 

significantly less bacteria within the synovial tissue at end-term (p<0.009). On histologic 

assessment, BIO-PLY treatment increased cartilage proteoglycan content and decreased synovial 

tissue fibrosis and inflammation. The findings of this in vivo study support the antimicrobial, anti-

inflammatory and chondroprotective properties of BIO-PLY in combination with antimicrobials 

for treatment of S. aureus infectious arthritis in horses. In its current form, this product is not 

translatable from horses to humans; therefore, the identification of the bioactive components of 

BIO-PLY will increase the translational potential from equine to human medicine.  Despite a clear 

need for antimicrobials that target bacteria within biofilms, currently there are no FDA-approved 
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drugs that affect such bacteria. BIO-PLY is a promising therapeutic that has the potential to make 

the treatment of infected joints more effective, thereby decreasing the morbidity and mortality 

associated with these infections. 
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Introduction 

Bacterial colonization of a joint, termed infectious or septic arthritis, is an orthopedic 

emergency that results in substantial morbidity and mortality[1–3]. If treatment is not implemented 

promptly, infection can persist, resulting in systemic illness and/or permanent damage to the joint 

in the form of degenerative joint disease[1,3,85,86].  Several studies in rabbits have demonstrated 

significant glycosaminoglycan and collagen loss as well as overt cartilage erosions despite 

treatment with antimicrobials as early as 8 hours post-infection, [180,181,222]. An explanation for 

the poor efficacy of antimicrobial treatment is the development of free-floating biofilms or 

biofloats in synovial fluid that are tolerant to several classes of antimicrobials[17,19]. In support 

of these observations, researchers and clinicians originally reported Staphylococcus aureus within 

a fibrin or fibrous matrix in rabbit and human joints with infectious arthritis[223,224] which are 

structurally similar to the S. aureus biofloats that have recently been reported[17,19]. In addition, 

our group has shown that S. aureus forms biofloats similarly in synovial fluid from both humans 

and horses in vitro (Chapter 1). 

Biofilm or biofloat formation offers protection from antimicrobial therapies[19] and cloaks 

bacteria from the host immune system.  In accordance with the literature, we have shown that 

biofloats can persist despite treatment with high concentrations of antimicrobials (Chapter 1).  

Treatment failure in orthopedic infections such as infectious arthritis, osteomyelitis, and device-

related infections are commonly attributed to the formation of biofilms[97].  However, to date, no 

single antimicrobial is effective against biofilms and dual antimicrobial therapy with rifampicin is 

controversial due to its side effects, concerns of emerging resistance, and conflicting reports of 

efficacy[7,225–230]. Current research efforts for biofilm treatment, especially for orthopedic 

infections, have been focused on biofilm dissociation/ dispersal[231,232], but dispersal of biofilms 
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in vivo can lead to sepsis or severe host tissue damage[49]. Other areas of focus are on agents that 

inhibit vital functions of S. aureus biofilms like quorum sensing although these compounds have 

yet to show clinical efficacy[9,233,234]. 

Platelet-rich plasma (PRP) is an autologous biologic that has anti-inflammatory and 

regenerative properties[100,191,235,236].  PRP has also been reported to have antimicrobial 

properties[105–109,140–142]. A recent report from our group showed that PRP lysate (PRP-L) 

and its fractionated derivative (termed BIO-PLY) are anti-biofilm using a novel ex vivo model of 

synovial fluid biofilm/biofloat infection (Chapter 2).  In that study, we evaluated the use of several 

PRP formulations against biofloats formed in equine synovial fluid.  We found that the anti-biofilm 

activity was platelet-dependent and relied upon a synergy between platelets and plasma.  We also 

discovered that using an acellular platelet lysate formulation pooled from multiple individuals 

increased the bioactivity of PRP.  Finally, we found that the bioactive factors were platelet peptides 

within the cationic, <10 kDa fraction. By fractionating a pooled PRP lysate into BIO-PLY (the 

cationic, <10 kDa fraction) we remove most immunogenic factors such as immunoglobins; 

therefore, our final product can be used allogenically. The objective of this study was to evaluate 

the in vivo efficacy of BIO-PLY using an equine model of synovial fluid biofloat infection.  Our 

hypothesis was that the use of BIO-PLY would significantly improve the outcomes of intra-

articular infection with S. aureus thereby protecting the joint from bacterial and host-induced 

damage. 
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Materials and Methods 

BIO-PLY preparation 

BIO-PLY was prepared from eight healthy horses in our closed research herd at North Carolina 

State University College of Veterinary Medicine (NCSU-CVM) which includes 4 geldings (3 

Thoroughbreds, 1 Appendix Quarter Horse) and 4 non-parous mares (all Thoroughbreds) between 

the ages of 6 and 19 years. The Institutional Animal Care and Use Committee of North Carolina 

State University (16-189-O) approved the use of these horses for BIO-PLY preparation. Whole 

blood was collected from fasted horses via jugular venipuncture into 60 mL syringes containing 6 

mL of acid citrate dextrose (ACD). Syringes were incubated at room temperature for 30 minutes 

to allow erythrocytes to settle and the layer above the erythrocytes called leukocyte-rich platelet-

rich plasma or L-PRP, was centrifuged in a 50mL conical tube at 250g for 15 minutes to remove 

the leukocytes. The supernatant or PRP was transferred to a new 50mL conical tube and 

centrifuged at 1500g for 15 minutes to the platelets. The platelet-poor plasma (PPP) or supernatant 

above the platelet-pellet was saved and platelet pellet was re-suspended in 1mL PPP to generate 

50× PRP. Leukocyte, erythrocytes and platelet concentrations were determined as previously 

described (Chapter 2). The 50× PRP, defined as containing greater than 1,000,000 platelet/µL, less 

than 100 WBC/µL and <10 RBC/µL. PRP lysate, (PRP-L), was generated by  five freeze/thaw 

cycles. The platelet debris was removed from PRP-L by centrifugation at 20,000g for 20 minutes. 

Capture of anionic components was performed by incubation with loose anion exchange resin 

(UNOsphere Q resin, Bio-Rad Laboratories, Hercules, CA, USA). Fractionation by molecular 

weight was performed with a 10kDa molecular weight cutoff filters (Amicon® Ultra 15 mL 

Centrifugal Filters, 10kDa, MilliporeSigma, Burlington, MA). The filtrate containing proteins and 
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peptides <10kDa in size was collected, aliquoted into 5mL aliquots, and stored at -80°C until use 

in this study. 

 

Experimental design 

Skeletally mature horses (n=12; 7 mares, 4 geldings, 1 stallion; ages 2-14 years; multiple breeds) 

with normal physical examinations, bloodwork, and tarsocrural radiographs were randomly 

allocated into treatment or control groups (IACUC protocol #16-194 of NC State University).  A 

pictorial representation of the study design is presented in Figure 4.1. Horses were quarantined for 

14 days before entrance into the study including 5-7 days of stall acclimation. On day 0, horses 

underwent standing sedation with intravenous detomidine (0.005-0.01mg/kg) and butorphanol 

(0.005-0.01 mg/kg) in order to administer epidural analgesia and then perform the tarsocrural joint 

inoculation.  Sacrocaudal epidural injection was performed using a 20-gauge 3.5 inch spinal 

needle; placement of the needle within the epidural space was confirmed using the loss of 

resistance technique[237–239].  Buprenorphine (0.005 mg/kg) and detomidine (0.01 mg/kg) 

brought up to a total volume of 20mL with sterile saline were administered epidurally for hindlimb 

pain control[237].  S. aureus (ATCC 25923) at 1x106 CFU in 1mL sterile saline was then 

introduced via intra-articular injection into one randomly assigned tarsocrural joint using a 

standard dorsomedial approach and a 21-gauge 1.5 inch needle.  Prior to withdrawal of the needle 

from the joint, an additional 1mL of sterile saline was injected into the joint in order to limit S. 

aureus extravasation. Twenty-four hours post-infection, horses were treated with BIO-PLY (5mL) 

and 500mg amikacin (treatment; n=6) or 500mg of amikacin and sterile saline (5mL) (control; 

n=6) daily for 7 days.  All horses received systemic antimicrobials by intravenous administration 

of potassium penicillin (22,000 U/kg every 6 hours) in combination with gentamicin (6.6 mg/kg 
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every 24 hours) for 10 days post-infection as well as a tapering course of phenylbutazone (2.2 

mg/kg every 12 hours for days 1-3, 1.1 mg/kg every 12 hours for days 4-10 and 1.1 mg/kg every 

24 hours for the duration of the study). 

 

Figure 4.1. Diagram of the experimental design and timing of major events such as sample 

collection and ultrasound. Baseline diagnostic imaging and epidural catheter placement was 

performed 24-48 hours prior to the start of the study. On day 0, baseline samples (whole blood, 

serum and plasma) were collected, epidural medication was administered, and S. aureus was 

injected intraarticularly (IA) into one randomly chosen tarsocrural joint. Beginning 24 hours post-

infection (day 1), horses were treated with 500mg amikacin alone (control; n=6) or BIO-PLY and 

500mg of amikacin (treatment; n=6) daily for 7 days. Synovial fluid samples were collected at 

baseline (day 0) and from days 1-7. All horses received intravenous (IV) antimicrobials (ABX) 

and analgesics (NSAID) twice per day (BID) for 7-10 days. From day 7 to 21, NSAIDs were 

administered once per day (SID). Samples were collected and ultrasounds performed at day 14 and 

21. At end-term (day 23-24), horses had post-infection radiographs performed, were humanely 

euthanized, and had samples (synovium and cartilage) collected at necropsy for microbiology and 

histopathology.  
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Clinical observations 

Horses were examined twice daily by a veterinarian for comfort and any clinical signs of systemic 

infection or sepsis (change in general demeanor, fever, etc.).  Horses were evaluated and scored 

daily for pain with each category scored on a scale of 0-3 (0 = most normal, 3 = most abnormal): 

lameness, tarsocrural swelling, distal limb edema, pain to palpation of the joint, and heat at the site 

of infection. 

 

Sample collection 

Starting on day 0, whole blood, plasma and serum samples were collected and plasma/serum saved.  

After day 7, blood was collected weekly until the end of the study. Whole blood and serum were 

analyzed for changes in white blood cell populations and biochemistry values using the Clinical 

Pathology Laboratory at NC State University College of Veterinary Medicine. Synovial fluid was 

aspirated prior to treatment. Portions of the synovial fluid samples collected daily were submitted 

for analysis of total protein, total nucleated cell count and cellular differential.  A portion of that 

sample was processed as a cytospin as well for further analysis of cellular changes. Aliquots of 

clarified synovial fluid were also saved for biomarker/biochemical analysis at the conclusion of 

the study.  All samples were stored at -80°C until analysis. 

 

Diagnostic Imaging 

Horses had pre-infection radiographs performed (full series: lateromedial, dorsoplantar, medial 

oblique and lateral oblique) followed by end-term radiographs at 21 days post infection.  

Ultrasonography was performed at day 0 (pre-infection), day 1 (post-infection, pre-treatment), and 

days 7, 14, and 21 (post-treatment).  Tarsocrural joints were imaged with grayscale using the Aplio 
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500 system (Canon Medical Systems, CA, USA) with a linear 12 MHz broadband transducer. 

Transverse and longitudinal grayscale images of the dorsomedial and plantolateral recesses of the 

tarsocrural joint were acquired with the limb weight bearing. Images were stored in a DICOM 

format and evaluated in a dedicated DICOM viewer (eFilm, Merge Healthcare, IL, USA). All 

images were anonymized and randomized prior to analyses. Grayscale images were assessed by a 

radiologist unaware of treatment group using established criteria for infectious arthritis with each 

category scored on a scale of 0-3 (0 = most normal, 3 = most abnormal): degree of distension; 

degree of synovial thickening; character of synovial effusion; and presence of fibrinous 

loculations[240]. Radiographs were evaluated using a previously published scoring system for 

osteoarthritis on a scale of 0-4 (0 = normal, 4 = severe change): boney proliferation at the joint 

capsule attachment; subchondral bone lysis; subchondral bone sclerosis; and osteophyte 

formation[241]. 

 

Necropsy 

At the conclusion of the study, horses were euthanized following IACUC and AVMA guidelines 

and the standard of care at the NC State University College of Veterinary Medicine.  The infected 

tarsocrural joint was aseptically prepared and dissection of the tarsocrual joint was performed 

aseptically from the dorsomedial aspect.  The joint was evaluated for gross morphology and 

photographed as a reference.  Synovial membrane samples were collected from four different sites 

within the joint (dorsomedial, dorsolateral, plantomedial, and plantolateral) for histological and 

microbiological analysis. Four osteochondral samples were taken from both the lateral and medial 

trochlea of the talus from the dorsal and plantar aspects for histological analysis.   
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Histology 

Tissues samples from necropsy were fixed in neutral-buffered 10% formalin and processed for 

histologic examination based on the standard operating procedures set forth in the pathology 

department.  Articular cartilage and synovial tissue specimens were harvested and processed using 

paraffin (soft tissues) and plastic embedding (methylmethacrylate/hard tissues), followed by 

sectioning on a rotary microtome and mounting/staining on glass slides.  A subset of sections was 

stained with Saf-O- fast green for qualitative assessment of GAG and PG content. Another set of 

sections from cartilage and synovial tissue were stained using Brown-Brennan-H&E stain to assess 

inflammatory changes including the presence of bacteria. Synovial membrane specimens will be 

examined histologically (hemotoxylin and eosin stain) and articular cartilage specimens, 

histochemically (safranin-O fast green stain). Immunohistochemical analysis of synovial sections 

was performed to identify inflammatory cell infiltrates in the synovium: CD3 (T lymphocytes), 

CD20 (B lymphocytes), M2-like macrophages (CD204), and M1-like macrophages (MAC387). 

Assessment and scoring of histology specimens were performed by a blinded board-certified 

pathologist at the University of Pennsylvania, Department of Pathobiology, New Bolton Center. 

 

Microbiology 

Historically, it has been difficult to isolate and culture bacteria from the synovial fluid of patients 

with infectious arthritis [45,58,242]. Therefore, we have developed novel experimental methods 

to accurately and effectively quantify S. aureus grown as biofloats in synovial fluid as CFU per 

milliliter of synovial fluid. Our group discovered that enzymatic digestion is required in order to 

appropriately quantify bacterial load in infected synovial fluid[19](Chapter 1). In brief, synovial 

fluid was treated with 20µg/mL proteinase K (QIAGEN, Hilden, Germany) for 1 hour before 
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centrifugation at 300g to remove host cells.  The supernatant containing synovial fluid and 

dispersed bacteria from biofloats was then serially diluted and plated for colony counts.  For end-

term synovium, tissue was removed aseptically at necropsy and weighed in grams. Tissue was then 

gently homogenized and enzymatically digested for 1 hour in media containing proteinase K and 

collagenase type II (ThermoFisher Scientific).  Tissue homogenate was then centrifuged at 300g 

for 15 min to remove debris and the supernatant containing dispersed bacteria and media was then 

serially diluted and plated for colony counts. 

 

Serum and synovial fluid biomarker analysis 

Venous blood samples were used to determine concentrations of D-Dimer[243] and serum amyloid 

A[244] using the MILLIPLEX MAP Human Cardiovascular Disease (CVD) Magnetic Bead Panel 

(MilliporeSigma, MA, USA) that the manufacturer predicted to have cross reactivity with equine 

samples[244,245]. Concentrations of the predominate inflammatory cytokines found in synovial 

fluid was quantified with the MILLIPLEX MAP Equine Cytokine/Chemokine Magnetic Bead 

Panel (MilliporeSigma, MA, USA)[137,246].   

 

Statistical analysis 

All statistical analyses were performing using Stata 14.1MP, StataCorp, State College TX, with 

two-sided tests of hypotheses and a p-value < 0.05 as the criterion for statistical significance. 

Systemic and synovial fluid cell parameters and biomarkers, and bacterial load were analyzed 

using multivariate statistical methods. Principle component analysis was performed to examine 

intrinsic clusters and obvious outliers within the observations. Discriminant analysis was 

conducted to establish a set of biomarker concentrations based on variable selection to distinguish 
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between groups. All scores (imaging and histology) were compared between control and treatment 

groups using Wilcoxon rank-sum tests. Continuous data from ultrasonography, biomechanical 

testing and cytokine analyses was compared between control and treatment groups using t-tests or 

non-parametric tests based on normality.  A generalized linear mixed model was performed to 

compare among groups. Sex and other covariates were included as fixed effects in the model where 

indicated.  
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Results 

BIO-PLY treated horses exhibited less clinical signs of infection 

All horses completed the study and maintained an acceptable comfort level.  Tarsocrural joint 

sepsis was clinically evident in all horses following inoculation with S. aureus. Horses treated with 

BIO-PLY had lower pain scores at days 4-7, 14, and 21 (p<0.003; Figure 4.2A) with most notable 

differences in tarsus and distal limb swelling (Figure 4.2B).   

 

Figure 4.2. BIO-PLY treatment reduced clinical signs of infection. (A) Each horse was 

evaluated and scored for clinical signs of infection (pain score) on a scale of 0-3 (0 = most normal, 

3 = most abnormal): lameness, tarsocrural swelling, distal limb edema, pain to palpation of the 

joint, and heat at the site of infection. Pain scores were lower for treatment horses from days 3-7, 

14 and 21. (B-C) Experimental limbs were photographs at day 7 and a notable reduction in joint 

and distal limb effusion was appreciated in treatment horses (C) compared to control horses (B). 

Means and standard deviations of each group (control vs treatment; n=6), and significant 

differences *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 were determined by the Wilcoxon rank-

sum test comparing control and treatment at each day (0-7, 14, and 21). 
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BIO-PLY treated horses had lower levels of systemic inflammatory markers 

Systemic fibrinogen was significantly lower in BIO-PLY treated horses at days 2-3, 6-7, and 21 

(p<0.0003; Figure 4.3A) as was D-dimer concentration at days 3-7, 14 and 21 (p<0.001; Figure 

4.3B). Serum amyloid A concentrations were not significantly different between BIO-PLY treated 

and control horses (Figure 4.3C).   

 

Figure 4.3. BIO-PLY treated horses had lower systemic inflammation. Serum was collected 

on day 0-7, 14 and 21. (A) Fibrinogen (mg/dL) was reported by the Clinical Pathology Laboratory 

at North Carolina State University. (B) D-dimer and (C) serum amyloid A (SAA) was measured 

in serum samples by the MILLIPLEX MAP Human Cardiovascular Disease (CVD) Magnetic 

Bead Panel (MilliporeSigma, MA, USA). Fibrinogen was lower in treatment horses at day 2-3, 6-

7 and 21. D-dimer levels were lower in treatment horses from day 2-7, 14, and 21. No differences 

were noted in SAA between treatment and control. Means and standard deviations of each group 

(control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 ***p<0.001 

****p<0.0001 were determined by the paired t-tests comparing control and treatment at each day 

(0-7, 14, and 21). 

 

BIO-PLY treatment altered local inflammatory patterns 

Synovial fluid samples were obtained from all horses at sufficient volume for analyses from days 

0-7. Although no differences in synovial fluid TNCC or TP were appreciated between treated and 
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control horses (Figure 4.4AB), BIO-PLY treated horses had a lower percentage of neutrophils 

(p<0.02; Figure 4.4C) and higher percentage of mononuclear cells (p<0.01; Figure 4.4D) at day 7 

compared to control horses.   

 

Figure 4.4. BIO-PLY treatment altered cellular populations in the synovial fluid. Synovial 

fluid was collected from day 0-7 by arthrocentesis prior to infection at day 0 and prior to daily 

treatment from day 1-7 and submitted for analysis of total protein, total nucleated cell count and 

cellular differential to the Clinical Pathology Laboratory at North Carolina State University.  (A) 

No difference in synovial fluid total nucleated cell counts was appreciated from days 1-7 nor (B) 

total protein; however, lower neutrophil (C) and higher mononuclear cell percentages (D) were 

observed in the synovial fluid of BIO-PLY treated horses at days 6-7. Means and standard 

deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 

***p<0.001 ****p<0.0001 were determined by the paired t-tests comparing control and treatment 

at each day (0-7, 14, and 21). 
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BIO-PLY treated horses had improved ultrasonographic appearance 

Horses treated with BIO-PLY had improved ultrasonographic scores compared to control horses 

(Figure 4.5A).  At both the dorsomedial (Figure 4.5B) and plantolateral (Figure 4.5C) location, 

BIO-PLY treatment resulted in improved ultrasonographic appearance.  More specifically, BIO-

PLY treatment resulted in less intracapsular hyperechoic lobular and striated material, that would 

be best described as fibrinous material, with an increased fluid component at day 7, 14 and 21.  At 

day 14, the degree of joint distension has improved with BIO-PLY treatment. At day 21, the 

thickness of the joint capsule and synovial thickening is improved with BIO-PLY treatment. These 

observations were more evident at the dorsomedial location (Figure 4.5B) compared to the 

plantolateral location (Figure 4.5C) 
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Figure 4.5. Treatment with BIO-PLY decreased ultrasound scores and altered appearance 

at day 7, 14 and 21.  Ultrasonography was performed at day 0, 1, 7, 14, and 21 using the Aplio 

500 system (Canon Medical Systems, CA, USA) with a linear 12 MHz broadband transducer. 

Transverse and longitudinal grayscale images of the dorsomedial and plantolateral recesses of the 

tarsocrural joint were acquired with the limb weight bearing. All images were evaluated by a 

radiologist unaware of treatment group. Ultrasound images were assessed using established criteria 

for infectious arthritis with each category scored on a scale of 0-3 (0 = most normal, 3 = most 

abnormal): degree of distension; degree of synovial thickening; character of synovial effusion; and 

presence of fibrinous loculations. (A) At days 7, 14, and 21 ultrasound scores were lower for BIO-

PLY treated horses compared to control horses. Less fibrin deposition, synovial effusion and joint 

capsule thickening were observed in ultrasonographic images from BIO-PLY treated horses at the 

dorsomedial (B) and plantolateral (C) aspect of the tarsocrural joint. Means and standard 

deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 

***p<0.001 ****p<0.0001 were determined by the paired t-tests comparing control and treatment 

at each day (0, 1, 7, 14, and 21). 
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BIO-PLY treatment shifted synovial fluid cytokine concentrations 

Treatment with BIO-PLY resulted in altered cytokine concentration in the synovial fluid. BIO-

PLY treatment decreased IL-1β at days 3-7 (p<0.02; Figure 4.6A), IL-6 at day 7 (p<0.05; Figure 

4.6B), TNFα at day 5 (p<0.04; Figure 4.6C), IL-8 at days 2-7 (p<0.03; Figure 4.6D), MCP-1 at 

days 4-7 (p<0.03; Figure 4.6E), G-CSF at days 2-7 (p<0.04; Figure 4.6F), IL-18 at days 2-7 

(p<0.001; Figure 4.6G), IL-4 at days 2-7 (p<0.0008; Figure 4.6H), IL-5 at days 2-7 (p<0.02; Figure 

4.I), IL-10 at days 4-7 (p<0.04; Figure 4.6J), and IL-2 at days 4-5 (p<0.03; Figure 4.6K).  IFNγ 

was increased in BIO-PLY treated horses at day 2 but decreased in BIO-PLY treated horses at 

days 6-7 (p<0.04; Figure 4.6L).  BIO-PLY treatment did not alter synovial fluid concentrations of 

FGF2 (Figure 4.7A), eotaxin (Figure 4.7B), GM-CSF (Figure 4.7C), IL-1α (Figure 4.7D), 

fractalkine (Figure 4.7E), IL-13 (Figure 4.7F), IL-17A (Figure 4.7G), IL-12p70 (Figure 4.7H), IP-

10 (Figure 4.7I), or GRO (Figure 4.7J). 
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Figure 4.6. BIO-PLY treatment altered cytokine parameters in synovial fluid. Concentrations 

of predominate inflammatory cytokines found in synovial fluid was quantified with the 

MILLIPLEX MAP Equine Cytokine/Chemokine Magnetic Bead Panel (MilliporeSigma, MA, 

USA) according to manufacturers’ instructions.  BIO-PLY treatment decreased (A) IL-1β at days 

3-7, (B) IL-6 at day 7, (C) TNFα at day 5, (D) IL-8 at days 2-7, (E) MCP-1 at days 4-7, (F) G-CSF 

at days 2-7, (G) IL-18 at days 2-7, (H) IL-4 at days 2-7, (I) IL-5 at days 2-7, (J) IL-10 at days 4-7, 

and (K) IL-2 at days 4-5.  (L) IFNγ was increased in BIO-PLY treated horses at day 2 but decreased 

in BIO-PLY treated horses at days 6-7.  Means and standard deviations of each group (control vs 

treatment; n=6), and significant differences *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 were 

determined by the paired t-tests comparing control and treatment at each day (0-7). 
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Figure 4.7. BIO-PLY treatment did not alter concentrations of select cytokines. (A) FGF2, 

(B) eotaxin, (C) GM-CSF, (D) IL-1α, (E) fractalkine, (F) IL-13, (G) IL-17A, (H) IL-12p70, (I) IP-

10, or (J) GRO were not different in the synovial fluid of control versus treatment horses from day 

0-7. RANTES was the only biomarker that was not detectable in synovial fluid from any condition 

on any day. 

 

Treatment with BIO-PLY decreased bacterial load in synovial fluid and tissue 

All horses had obvious biofloats at day 1 (post-infection/pre-treatment) (Figure 4.8A). BIO-PLY 

treated horses had significantly lower concentrations of bacteria in synovial fluid at days 3-7 

(p<0.006; Figure 4.8B) and significantly less bacteria within the synovial tissue at end-term 

(2.06±4.86 CFU/g tissue) compared to horses treated with amikacin alone (80.95±58.77 CFU/g 

tissue) (p<0.009; Figure 4.8C).   
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Figure 4.8. Treatment with BIO-PLY decreased bacterial load in the synovial fluid and 

synovial tissue at end-term. (A) Synovial fluid biofloats were observed macroscopically in all 

horses prior to treatment or day 1. (B) Bacterial load was measured in the synovial fluid from day 

1-7 by enzymatic digestion, serial dilutions and plate counting. (C) Synovium was collected from 

four sites in the joint (dorsomedial, dorsolateral, plantomedial, plantolateral), weighed, gently 

homogenized and enzymatically digested. Bacterial load was determined by serial dilutions and 

plate counting. BIO-PLY treated horses had a lower bacterial load (CFU/mL) in synovial fluid 

from day 2-7 and less bacteria within the synovial tissue at end-term or day 23-24. Means and 

standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 

**p<0.01 ***p<0.001 ****p<0.0001 were determined by the paired t-tests comparing control and 

treatment at each day (0-7) and at end-term. 

 

BIO-PLY treatment exhibited chondroprotective effects 

The cartilage from horses treated with BIO-PLY (Figure 4.9) had improved Safranin-O staining 

compared to control horses indicating increased proteoglycan content within the cartilage. 
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Figure 4.9. BIO-PLY treatment protected cartilage from proteoglycan loss. H&E (left panels) 

& Safranin-O (right panels) stained, formic-acid decalcified osteochondral sections explanted from 

site 1 of treated (A,B) and control (C,D) horses. The explant from the treated joint shows focal 

loss of Safranin-O staining that extends beyond the superficial layers of cartilage (arrow); 

however, the explant from the control joint shows regionally extensive loss of Safranin-O staining 

that extends into the deep layers of cartilage [1× mag; scale bar = 1mm]. 

 

BIO-PLY treatment altered synovial tissue inflammation and fibrosis 

Treatment with BIO-PLY decreased erosion and fibrinous exudate (arrow for treatment, double 

headed arrow for control) along the intimal layer of the synovium (Figure 4.9A). In addition, 

treatment with BIO-PLY decreased the extent of granulation tissue in the subintimal layer of the 

synovium (indicated by the arrow heads).  Treatment with BIO-PLY caused clustering of T and B 

cells (CD3+ and CD20+ respectively) compared to diffuse staining of T and B cells in control 

horses (Figure 4.9B). BIO-PLY treated horses had a higher ratio of macrophage type 1 (M1, 

MAC387+) to macrophage type 2 (M2, CD204+) infiltrate compared to control horses (Figure 

4.9C).   
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Figure 4.10. BIO-PLY treatment altered cellular infiltrate and decreased fibrosis in the 

synovial tissue. H&E stained sections (left upper and lower panels) of synovium from a treated 

joint shows only a single focal erosion of the intimal layer with mild accumulation of fibrinous 

exudate (arrow), compared to diffuse erosion of the synovial intima with accumulation of a thick 

fibrinous exudate (double-headed arrow) in the control joint. Also, compared to the treated joint, 

the control joint has a thicker bed of granulation tissue (G) expanding the subintimal layers 

between the outer collagenous stroma (C) [2× mag; scale bar = 500µm]. Sections of synovium 

stained with immunohistochemical stains including CD3 (T cell antibody), CD20 (B cell 

antibody), and CD204 (macrophage antibody) show rare scattered T and B cells within the 

superficial layers of synovium of treated joints with occasional perivascular clusters of B cells 

(CD20, arrows), and T cell clusters (CD3, inset) within the deep synovial layers. Moderate 

numbers of CD204+ macrophages are scattered throughout the subintimal layers of treated joints 

with rare individual cell staining within the intimal layer. In contrast, synovium from control joints 

shows moderate diffuse infiltrates of T cells, B cells and macrophages within the subintimal layers 

and superficial exudate [10× mag; scale bar = 100 µm]. 

 

 

 



   

104 
 

Discussion 

Infectious arthritis is a potentially life-threating condition that, despite prompt and 

aggressive treatment, can cause permanent, debilitating joint damage[1,3,85,86].  Recent studies 

have provided possible explanation of the poor outcomes associated with this infection[17,19]. 

Our group and others have observed the formation of robust biofloats in synovial fluid that are 

tolerant to several classes of antimicrobials (Chapter 1).  Therefore, we set out to determine if there 

were alterative or adjunctive therapies to combat synovial fluid biofloats.  From that work, we 

developed a PRP-derived biologic, termed BIO-PLY, which displayed potent anti-biofilm 

properties against S. aureus grown as biofloats in synovial fluid (Chapter 2).  In addition, we 

observed synergism between BIO-PLY and aminoglycosides against biofloats in vitro. The 

purpose of this study was to evaluate the in vivo efficacy of BIO-PLY using an equine infectious 

arthritis model.   

Recent in vitro studies have shown the antimicrobial properties of PRP as well as platelets 

against both planktonic bacteria and bacteria within biofilms[105–111]. Most recently, we 

developed the PRP-derived biologic, termed BIO-PLY using a systemic step-by-step process to 

identify the most bioactive formulation against synovial fluid biofloats using a robust ex vivo 

model (Chapter 2).  In this study of horses with acute S. aureus infectious arthritis, BIO-PLY 

treatment, in combination with conventional antimicrobials, resulted in lower bacterial 

concentrations in the synovial fluid and synovial tissue compared to conventional antimicrobials 

alone. This is the first study to demonstrate in vivo efficacy of PRP against infectious arthritis.  

However, other studies have shown an efficacy of PRP alone or in combination with conventional 

antimicrobials in animal models of osteomyelitis, spinal implant infections and infected surgical 

wounds[107,140,247].  
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Another major finding of this study was the changes in ultrasonographic appearance in the 

BIO-PLY treatment group.  We found that BIO-PLY treatment reduced ultrasound scores with the 

most notable difference in the presence of intraarticular fibrinous loculations.  It is well known 

that S. aureus can hijack the host coagulation system to aggregate and form biofilms[76,248–250]. 

In addition, the synovial fluid biofloats that form in vitro can be disperse by tissue plasminogen 

activator (TPA) which dissolves fibrin clots (Chapter 1).  Therefore, it is reasonable to assume that 

S. aureus utilizing host fibrinogen to build a fibrin-based biofloats in synovial fluid.   

In accordance with this speculation is the correlation between increased intraarticular 

fibrinous loculations in the control horses and increased serum levels of D-dimers. D-dimers are 

fibrin degradation products resulting from fibrin dissolution by plasmin[251]. S. aureus has a 

secreted factor called staphylokinase that has plasmin activity and is thought to be involved in 

maturation of fibrin-based biofilms[252].  A recent study using D-dimers as a biomarker to 

diagnose periprosthetic joint infection (PJI) reported an 850 ng/mL threshold for PJI 

diagnosis[243].  In this study, BIO-PLY treatment reduced serum D-dimer levels below 500ng/mL 

while control horses maintained D-dimer levels >1000ng/mL from day 2 until the end of the study. 

In addition to D-dimers, recent studies of PJI biomarkers have begun using fibrinogen as a 

prognostic indicator of infection[253–255].  In these studies, the fibrinogen threshold for PJI 

diagnosis ranged from 361 to 519 mg/dL.  In this study, control horses had fibrinogen levels >400 

mg/dL from day 2 until day 7 while treatment horses had levels <400 mg/dL. 

Another parallel with host coagulation and S. aureus infection, was the increased 

accumulation of fibrinous exudate along the intimal layer of the synovium in the control versus 

BIO-PLY treated horses.  In addition, control horses had increased granulation tissue in the 

synovial subintimal layer.  It is known that S. aureus biofilms can augment the host response to 
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increase a pro-fibrotic or anti-inflammatory phenotype[174,216].  Therefore, S. aureus that had 

been identified inside a fibrin or fibrous matrix in rabbit and human joints with infectious 

arthritis[223,224] could be biofilms inducing a pro-fibrotic host response.  Immunohistochemistry 

of the synovium also revealed a predominance of M2 macrophages (stained by CD204) compared 

to M1 macrophage (stained by MAC387) in control horses.  These results are in accordance with 

studies observing an M2 dominant response in a murine model of orthopedic biofilm 

infection[177,216]. However, treatment with BIO-PLY shifted the macrophage response from an 

M2 phenotype to an M1 dominant phenotype. M1 macrophages have been shown to be anti-

biofilm[177]; therefore, M1 immune polarization by BIO-PLY could be an immunomodulatory 

properties of the biologic that results in enhanced anti-biofilm effects.  Future studies are required 

to validate these speculations. 

Another aspect of this study that supports the immune polarization of S. aureus synovial 

fluid biofloats are the results of the synovial fluid cytokine analysis.  Control horses displayed 

increased concentrations of IL-18, IL-4 and IL-5.  Although IL-18 can induce a Th1 response 

through the induction of IFNγ, depending on the cytokine environment, it can also induce a Th2 

response[256–258].  Here we show that IL-18 levels are considerably increased in control horses.  

Additionally, IL-4 and IL-5 levels are considerably elevated.  We suspect that S. aureus biofloats 

could be shifting the immune response towards a predominant Th2 response as an immune evasion 

technique.  Other researchers have begun to investigate the ability of biofilms to augment the host 

immune response and have shown an M2/Th2 polarization[52,166,171,177,216].  Nevertheless, 

BIO-PLY treatment altered the synovial fluid cytokine milieu.  Horses treated with BIO-PLY had 

increased levels of IFNγ on day 2 followed by lower levels of IL-18, IL-4 and IL-5.  These 

observations could indicate that BIO-PLY has immunomodulatory effects by shifting the 
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intraarticular immune response towards an M1/Th1 dominant response. Platelets and platelet-

released products are known to interact with the innate and adaptive immune 

response[103,122,139,259]; however, future work is required to investigate this hypothesis. 

The findings of this in vivo study to date strongly support the use of BIO-PLY in 

combination with antimicrobials to treat S. aureus infectious arthritis.  Further safety testing is 

required, however, before moving this allogeneic product into clinical use.  Although acellular, 

removal of immunoglobulins and major histocompatibility complex (MHC) fragments must be 

confirmed and donor horses must be screened for viral diseases which can be transmitted through 

biologics. This in vivo study evaluated the effect of BIO-PLY on acute infectious arthritis due to 

S. aureus only. Therefore, it is unknown if BIO-PLY will display similar properties against other 

pathogens in vivo as it has in vitro and/or chronic versus acute infectious arthritis. Despite a clear 

need for antimicrobials that target antimicrobial tolerant bacteria within biofilms/biofloats, 

currently there are no FDA-approved drugs that affect such bacteria. BIO-PLY shows great 

promise as a therapeutic against biofilm/biofloat infections and has the potential to make the 

treatment of infected joints more effective, thereby decreasing the morbidity and mortality 

associated with these infections.  Future studies into the potential immunomodulatory function of 

BIO-PLY are necessary to validate observation made in this study. 
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CHAPTER 5 

Future directions to further characterize host-pathogen interactions in synovial fluid and 

develop a novel BIO-PLY-derived peptide therapeutic 

We have discovered that S. aureus as well as other arthrotropic pathogens form biofilm-

like aggregates, that we term biofloats, in synovial fluid from both humans and horses in vitro and 

in vivo. However, the mechanism by which bacteria form biofloats in synovial fluid is currently 

unknown.  In Chapter 1, we found that the biofloat extracellular matrix (ECM) was predominantly 

proteinaceous and that tissue plasminogen activator (TPA) was able to disperse biofloats into 

planktonic bacteria.  It is well known that S. aureus can aggregate using fibrinogen in human 

plasma by hijacking the coagulation cascade[76]. S. aureus accomplishes this by expressing 

clumping factor A (clfA) which binds to fibrinogen, after which S. aureus uses its two coagulases, 

stapylocoagulase (coa) and von-Willebrand factor binding protein (vWbp), to bind host 

prothrombin to form a complex called staphylothrombin[260]. Staphylothrombin triggers 

prothrombin exposing the active site of thrombin which subsequently converts fibrinogen into 

fibrin[260][147]. Thereby S. aureus aggregates and forms a fibrin shield that has been shown to 

increase virulence and mortality during systemic sepsis[261,262], increase biofilm 

formation[263], decrease activity of antimicrobials and decrease phagocytosis by 

neutrophils[248].  

On the other side of coagulation is fibrinolysis. Some S. aureus strains have a gene called 

staphylokinase (sak) that interacts with plasminogen to form plasmin and subsequently digest 

fibrin clots[264,265]. Due to the fact that sak directly opposes clfA, coa and vWbp by lysing the 

fibrin shield, sak-positive strains do not form biofilms as readily as sak-deficient strains, are more 

readily phagocytosed by neutrophils and are freely killed by antimicrobials[252]. 
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The next steps of the work from Chapter 1 will be to determine the role that coa, vWbp, 

clfA, and sak have in the biofloat phenotype.  A recent proteomic experiment revealed that the S. 

aureus biofloat ECM extracellular matrix is mostly host-derived fibrinogen-α, -β, and –γ chains 

which make up the fibrin polymer. Additionally, we have screened over fifty, fully sequenced, 

clinical S. aureus isolates for their ability to biofloat in synovial fluid and found that biofloat 

forming isolates were sak-clfA+coa+vWbp+ while non-biofloat forming isolates were sak+clfA-

coa-vWbp-. Sak is positively regulated by agr and negatively regulated by sarA [266,267]. 

Strengthening out hypothesis is the observation that overexpression of agr or removal of sarA, 

which would increase sak production, decreases biofloat formation. We hypothesize that S. aureus 

utilizes staphylothrombin to exploit host coagulation in synovial fluid and build fibrin-based 

biofloats which can be dispersed by fibrinolytic agents to improve treatment efficacy. 

In order to test that hypothesis, we will test the ability of mutants lacking clfA, coa, vWbp 

or sak for their ability to biofloat in synovial fluid[268]. We will also examine the effects of a sak-

overexpressing strain for its ability to biofloat in synovial fluid[252]. Synovial fluid will be 

pretreated with the DTIs, argatroban and dabigatran, to determine if inhibition of staphylothrombin 

in non-mutated S. aureus impedes the ability of biofloats to form. We will measure the 

concentration of secreted and surface bound sak during biofloat formation by the clinical isolates 

described in the introduction and the S. aureus sak mutants using ELISA to confirm sak 

production[269]. Exogenous sak will be provided to the sak-deficient mutants prior to infection to 

determine the effect on biofloat formation. We will determine if the addition of exogenous sak to 

pre-formed biofloats leads to dissolution of the fibrin matrix and subsequent dispersal. The rTPA 

drugs, Alteplase, Reteplase, and Tenecteplase, with different pharmacodynamic parameters and 



   

110 
 

affinities for fibrin[270] will be tested for their ability to disperse biofloats formed in synovial 

fluid.  

Additionally in Chapter 1, we showed that biofloat formation imparted significant 

antimicrobial tolerance. Historically, it was thought that biofilms were tolerant to antimicrobial 

therapy due to the inability of antimicrobials to penetrate the extracellular matrix. However, 

research has since shown that the majority of antibiotics penetrate the biofilm matrix quite well 

[271,272]. Investigations into P. aeruginosa biofilms indicate that antimicrobial tolerance may 

develop due to the slow growth of biofilms and their resultant low metabolic activity[24,271]. In 

accordance with these reports, we have recently discovered that S. aureus biofloats exhibit reduced 

growth rate and metabolic activity compared to planktonic bacteria. Since the bactericidal activity 

of antimicrobials relies on active bacterial metabolic and cell cycle processes[273,274], 

antimicrobial tolerance may develop in biofloats due to altered metabolism. 

Biofilm formation can be initiated by environmental stresses, including nutrient limitation, 

pH stress, osmotic stress, and oxygen deprivation[275,276]. The environment within synovial fluid 

contains high levels of hyaluronic acid (HA) that may cause nutrient stress on bacteria[277]. Select 

bacteria can use HA as a primary carbon source[278], but growth on HA is slower and less efficient 

than growth on glucose. Because HA is a polymer of disaccharides composed of D-glucuronic 

acid and N-acetyl-D-glucosamine linked by glycosidic bonds[279], extensive breakdown of HA is 

required to access the carbon within[280]. In our in vitro S. aureus biofloat model, we have 

observed a decrease in HA concentration of synovial fluid as bacterial load increases over time. 

Additionally, when we remove HA prior to infection with S. aureus, biofloat formation and 

antimicrobial tolerance do not develop. Therefore, we hypothesize that S. aureus metabolism of 

HA in synovial fluid causes biofloat antimicrobial tolerance.  
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In order to investigate this hypothesis, we will perform in vitro experiments utilizing 

chemically defined media supplemented with a sole carbon source[281–283]. The sole carbon 

sources we will use are: glucose, glutamine, glucosamine, glucuronic acid, N-acetylglucosamine, 

HA disaccharides, low molecular weight HA, and high molecular weight HA. Each of these carbon 

sources are components of the HA polymer and will provide insights into growth efficiency during 

stages of HA carbon utilization. Growth curves will be generated of S. aureus growing on each 

carbon source[280]. Cellular respiration of S. aureus will be determined using a Seahorse XFe24 

Analyzer to measure oxygen consumption rates (OCRs) and extracellular acidification rates 

(ECARs)[273]. We will measure ATP production during the mid-exponential growth phase for 

each carbon source [275]. Also, during mid-exponential phase, antimicrobial tolerance will be 

determined by measuring the mean inhibitory and bactericidal concentrations (MIC and MBC 

respectively) to the aminoglycoside amikacin[284]. We will quantify S. aureus biofloat formation 

during growth on each carbon source by measuring size distribution of S. aureus clusters in 

suspension. Correlations between growth efficiency, ATP production, and antimicrobial tolerance 

will provide insights into how different carbon sources affect response to antimicrobial treatment.   

More experiments are required to strengthen the preliminary data gathered in Chapter 3 on 

biofloat interactions with synoviocytes, chondrocytes and neutrophils.  The polarization of 

synoviocytes towards an M2 phenotype and chondrotoxicity is of particular interest.  A group from 

the University of Nebraska has shown that S. aureus biofilms polarize tissue macrophages to an 

M2 phenotype which is pro-biofilm and pro-fibrosis[174,176,177,216]. We plan to use the 

staphylokinase (sak) mutants to investigate the ability of biofloats to induce an M2 phenotype 

compared to their planktonic counterparts which we expect will induce an M1 phenotype. 

Synoviocyte will be grown in synovial fluid with the sak-overexpressing (biofloat negative or 
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planktonic) or sak-deficient (biofloat positive) strains. A control of synoviocytes incubated with 

exogenous staphylokinase will be used as a control. We will perform an infection time course with 

time points at 6 hr, 12hr, 18hr, 24hr, 48hr, and 72hr post infection.  We will evaluate the gene 

expression and protein production of IL-1β, IL-18, IFNγ, IL-4, IL-10 and TNFα by qPCR and the 

equine specific multiplex assay described in Chapter 4.  We will also measure gene expression of 

iNOS and arginase-1.  We anticipate that bacteria within biofloats will increase arginase-1, IL-4 

and IL-10 gene expression indicating an M2 phenotype while planktonic bacteria will increase 

IFNγ, TNFα, IL-1β and iNOS indicating an M1 phenotype.  

Our current studies show that S. aureus biofloat formation leads to an increase in NET 

formation compared to a planktonic phenotyp; however the cause of this increase needs to be 

investigated. NET formation has been described as a frustrated phagocytosis response to 

pathogenic aggregates[285], but release of the exotoxin pyocyanin has been shown to cause NET 

formation alone and enhance the NET formation response of neutrophils to P. aeruginosa[286]. It 

is not currently known if it is the size of S. aureus biofloats or an exotoxin causes the observed 

increase in NET formation. To this end, it is also important to determine the mechanism through 

which BIO-PLY is able to mitigate this aberrant DNA release. There have been reports of NET-

inhibitor factors found in neonatal cord blood plasma which prevents even adult neutrophils from 

releasing NETs[287]; further investigation is required to determine if BIO-PLY is inhibiting NET 

formation or shifting the neutrophils to a more productive response that decreases the bacterial 

burden without compromising the host tissue. 

In Chapters 2, 3 and 4, we showed that BIO-PLY possesses potent bactericidal properties 

against antimicrobial-tolerant unattached biofilms (biofloats) that form in synovial fluid. In 

addition, we also showed that BIO-PLY has potential immunomodulatory properties. The World 



   

113 
 

Health Organization reported a significant drop in the number of new antimicrobials in 

development since 2000 and most developed since the 1980s are derivatives of known drugs 

without novel mechanisms of action[288]. Despite a clear need for antimicrobials that target 

antimicrobial tolerant bacteria within biofilms, currently there are no FDA-approved drugs, and 

few in development, that affect such bacteria[289]. Therefore, we are currently in the process of 

isolating the antimicrobial peptides (AMPs) from BIO-PLY.  

The novelty of using BIO-PLY-derived AMPs is their ability to combat antimicrobial-

tolerant bacteria within biofilms. Bacteria within biofilms gain tolerance due to slow growth, 

decreased protein synthesis and low metabolic activity[24]. Currently available antimicrobials, 

such as beta-lactams and aminoglycosides, target components of actively growing, metabolizing 

and synthesizing bacteria[14]. In biofilms, these cell processes are reduced thereby decreasing 

targets of conventional antimicrobials rendering them ineffective[178]. BIO-PLY, however, is 

able to combat dormant bacteria within biofilms which is extremely unique. New treatments that 

are independent of active growth and metabolism targets are vital in the war against chronic 

infection and biofilms.  

Antimicrobial peptides (AMPs) are a promising new class of therapeutics that combats 

bacterial infections owing to their unique multimodal approach[290–292]. Firstly, AMPs are 

directly antibacterial and maintain this activity against both planktonic and biofilm bacterial 

phenotypes[292–294].  In addition, AMPs exert immunomodulatory properties by improving the 

ability of the host immune response to combat infection[295–297].  Further, AMPs promote a 

balance between pro-inflammatory and anti-inflammatory responses to limit tissue damage cause 

by both the host and the bacteria[298]. Finally, owing to their cationic amphiphilic nature (i.e., 

combination of positive charges and hydrophobic moieties displayed across the peptide sequence) 
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AMPs target only prokaryotic cells (bacteria) and are silent towards eukaryotic cells (the 

mammalian host)[299].  AMPs exert their antibacterial action rapidly against both gram-positive 

and gram-negative bacteria using several different mechanisms leading to significantly lower 

development of antimicrobial resistance[300].  

We are currently in the process of identifying the peptides within BIO-PLY that are 

responsible for the unprecedented level of antimicrobial activity. To this end, we are using 

chromatography to further separate and identify the bioactive peptide fractions within BIO-PLY 

and will perform subsequent mass spectrometry on the bioactive fraction. De novo sequencing will 

be used to identify the peptide sequences. We will generate a library of 30-50 most promising 

sequences chosen by computer modeling of bioactivity[301]. This modeling takes into account the 

amino acid composition and predicted structure of a given peptide to predict antimicrobial activity. 

The peptides will be synthesized and screened for their antimicrobial and anti-biofilm effects by 

minimum inhibitory concentration (MIC) assays and minimum biofilm eradication concentration 

assays (MBECs). The peptide library will also be screened for their potential immunomodulatory 

effects based on the results we reported in Chapter 3.  

We have already used BIO-PLY and its parent biologic, PRP-L, in an in vitro model of 

osteoarthritis (OA).  Our most recently published data showed that PRP-L substantially increased 

HA production in resting or synoviocytes stimulated with either IL-1β or LPS[137]. PRP-L also 

protected cartilage explants during LPS-induced inflammation by retaining proteoglycan content 

in the extracellular matrix of explants. A follow-up study showed that BIO-PLY significantly 

increased hyaluronic acid synthase (HAS) gene expression and hyaluronic acid (HA) production 

compared to Hyvisc® and KENALOG®, two commonly used OA therapies.  In addition, IL-1β 

and MMP-13 gene expression was significantly decreased by BIO-PLY comparable to 
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KENALOG® and more so than Hyvisc®. The results of these studies suggest that BIO-PLY could 

be a potential disease-modifying osteoarthritis treatment.  

BIO-PLY is superior to current standard therapies in that it can upregulate HA production 

while simultaneously decreasing pro-inflammatory mediators.  In order to explore the use of the 

AMPs identified from BIO-PLY for the treatment of OA, we will determine if BIO-PLY-derived 

AMPs increase the synthesis of HA by equine synoviocytes.  We follow the same steps proposed 

above to identify the immunomodulatory and antimicrobial peptides to identify those peptides that 

increase HAS expression and subsequent HA production. 

Finally, Dr. Gilbertie is translating the findings herein to biofloats that form in the cystic 

fibrosis (CF) lung. She will take a multipronged approach to study neutrophil-S. aureus 

interactions in CF. She will do so by studying microbe, the host and the interaction between the 

two. The literature to date on biofloats that form in CF sputum has focused on P. 

aeruginosa[61,204,205].  However, over >70% of CF patients in 2017 cultured positive for S. 

aureus; these number are significantly increased since 2002, unlike the incidence of P. aeruginosa 

which is on the decline[302]. Due to the focus of CF microbiology research on P. aeruginosa in 

years past, there is a large gap in the literature in regards to S. aureus and the CF lung.  Therefore, 

Dr. Gilbertie will focus the next steps of her career to understand if S. aureus forms similar 

aggregates to P. aeruginosa in the CF lung.  As P. aeruginosa aggregates appear similar in 

synovial fluid as they do in synthetic CF sputum, Dr. Gilbertie hypothesizes that S. aureus will be 

able to form aggregates in synthetic CF sputum.  Dr. Gilbertie’s committee member Dr. Brian 

Conlon has gathered preliminary data showing S. aureus aggregating synthetic CF sputum and Dr. 

Gilbertie will collaborate with Dr. Conlon to investigate the S. aureus phenotype in CF sputum 

further.   
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Dr. Gilbertie will follow a similar workflow to that of this thesis to understand how S. 

aureus CF aggregates interact with neutrophils.  Recent literature has implicated excessive NET 

formation in the CF lung[206,207,209]; however, the cause of increased NET formation in CF is 

unknown. Dr. Gilbertie hypothesizes that the formation of bacterial aggregates in sputum leads to 

increased neutrophil NET formation and diminished antibacterial functions.  In order to evaluate 

this hypothesis, Dr. Gilbertie plans to submit a CF Foundation Grant focusing on S. aureus and P. 

aeruginosa aggregate interactions with neutrophils.  She plans to use a newly developed porcine 

model of CF in which the pigs have a mutation in the cystic fibrosis transmembrane conductance 

regulator (CFTR) anion channel[303].  Dr. Gilbertie will first determine if porcine and human 

neutrophils exhibit increased NET formation in the presence of S. aureus or P. aeruginosa 

aggregates. Next, using littermates with and without the CFTR mutation, Dr. Gilbertie will 

determine if CFTR-/- neutrophils exhibit increased NET formation with chemical agonists.  Then 

she will determine if CFTR-/- neutrophils NET more robustly against planktonic and/or aggregates 

S. aureus and P. aeruginosa.  

Finally, Dr. Gilbertie will determine if BIO-PLY and BIO-PLY-derived peptides exhibits 

similar properties against CF aggregates.  She will evaluate their anti-biofilm and 

immunomodulatory capacity first in vitro and if successful she will move in vivo using the porcine 

model and nebulization of the bioactive peptides. If successful, this peptide therapeutic could 

mitigate the high morbidity and mortality associate with CF lung infections. 
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