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ACADEMIC ABSTRACT

Infections of fracture fixation implants and synovial structures are a primary cause of
complications, increased treatment costs, and mortality in people and horses. Treatment failure is
often due to biofilms that are communities of bacteria that are adhered to a surface or to each
other and are surrounded in a self-secreted extracellular matrix. The biofilm matrix protects the
indwelling bacteria from being killed by antibiotics and the immune system. Biofilms also
stimulate chronic inflammation and tissue destruction, including peri-implant osteolysis and
subsequent implant failure and chondromalacia with subsequent osteoarthritis. In horses, the
resulting lameness, reduced athletic potential, and poor quality of life may necessitate
euthanasia. Equine bone marrow-derived mesenchymal stromal cells (MSC) reduce
inflammation and promote healing in musculoskeletal injuries and have recently been discovered
to have antimicrobial properties. Equine MSC Kill planktonic (free-floating) bacteria and prevent
biofilm establishment in laboratory models. MSC from mice and people also promote the
transition from acute inflammation to tissue regeneration (resolution of inflammation) by
secretion of specialized pro-resolving lipid mediators (SPM). Whether equine MSC can disrupt
established biofilms of orthopedic pathogens and modulate the inflammatory response to

orthopedic biofilms is unknown.



Using a novel biofilm-MSC co-culture model, our objectives were two-fold. We investigated
whether MSC alone or with amikacin sulfate, an antibiotic used to treat equine orthopedic
infections, could reduce biomass, pellicle size, and live bacteria of biofilms of orthopedic
infectious agents S. aureus and E. coli. Next, we investigated whether MSC could modulate
immune response to S. aureus biofilms by reducing secretion of pro-inflammatory cytokines by
peripheral blood mononuclear cells (PBMC) and by secreting SPM. MSC demonstrated partial
ability to reduce biofilms but performed differently on S. aureus versus E. coli biofilms. Co-
culture of biofilms with MSC significantly reduced pellicle area of biofilms of both bacteria,
reduced biomass of S. aureus biofilms, and killed live S. aureus bacteria. MSC combined with
amikacin also significantly reduced S. aureus biomass to a greater extent compared to amikacin
alone. The resolution in detecting differences between groups for E. coli was diminished because
of high variation between biofilms treated with MSC between different donors and between

control biofilms between experiments.

Using the same experimental system, culture of S. aureus biofilms with MSC in the transwell
inserts and PBMC in the bottom wells significantly reduced biofilm size compared to untreated
biofilms. Co-culture of MSC and PBMC with S. aureus biofilms also significantly increased
detection of multiple SPM on lipid chromatography-mass spectrometry compared to MSC or
PBMC cultures alone. Using a commercial equine multiplex bead ELISA, multiple inflammatory
cytokines and chemokines were increased when S. aureus biofilms were cultured with MSC and
PBMC; however, these were not different from untreated biofilms. Our results indicate that the

utility of MSC in combating orthopedic biofilm infections lies in their ability to disrupt the



biofilm matrix and promote inflammation resolution. These findings support continued

investigation into and optimization of the anti-biofilm mechanisms of MSC.
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GENERAL AUDIENCE ABSTRACT

Biofilms are coating layers made by bacteria to protect them from being killed by antibiotics or
the immune system. Biofilms result in untreatable infection, chronic inflammation and tissue
destruction in people and horses with bone and joint infections. The resulting complications,
including pain, reduced mobility, and poor quality of life, may result in horses being euthanized.
Equine bone marrow-derived mesenchymal stromal cells (MSC) kill free floating bacteria in
laboratory models and reduce inflammation in orthopedic injuries. Whether MSC can disrupt
formed biofilms and reduce inflammation resulting from biofilm infections is unknown. Using a
laboratory model, our objectives were to determine: 1) whether MSC alone or with an antibiotic
used to treat orthopedic infections in horses can disrupt biofilms and kill indwelling live bacteria
of orthopedic infectious agents S. aureus and E. coli, and 2) whether MSC can modify the
immune response to S. aureus biofilms. MSC demonstrated some biofilm reducing ability but
performed differently on S. aureus versus E. coli biofilms. Specifically, MSC reduced the size of
biofilms of both bacteria, reduced the coating layer of S. aureus biofilms alone and to a greater
extent when combined with the antibiotic, and Killed live S. aureus bacteria. Using the same
system, culture of MSC with S. aureus biofilms and peripheral blood mononuclear cells

(PBMC), a type of white blood cell, reduced biofilm size compared to controls. The addition of



MSC and PBMC to S. aureus biofilms also increased detection of fatty acid-derived signals that
promote resolution of inflammation, compared to controls. Multiple inflammatory cytokines and
chemokines were increased with culture of MSC and PBMC with S. aureus biofilms but were
not different from untreated biofilms. These results indicate that MSC may be useful to combat
biofilm infections by breaking down the coating layer of biofilms and by promoting resolution of
inflammation. Taken together, our results support continued investigation into the potential of
MSC as a treatment for orthopedic biofilm infections. The potential of MSC to simultaneously
break down biofilms and mitigate inflammation in orthopedic infections would improve cure

rates and overall outcomes for horses and people afflicted with orthopedic biofilm infections.
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OVERVIEW OF DISSERTATION

Chapters 1 and 2 of this dissertation comprise the Literature Review. Chapter 1 discusses the
impact of biofilms on clinical orthopedic infections in people and horses, and the need for an
improved treatment for these infections. Biofilms in orthopedic infections protect bacteria from
antimicrobials and the immune system, thereby causing persistent infection, chronic
inflammation and secondary tissue damage. The resulting complications increase treatment
duration, costs, complications, and mortality in people and horses. The remainder of Chapter 1
discusses biofilm biology in general and as applicable to orthopedic infections, and the
mechanisms by which biofilms enhance antimicrobial resistance and inflammation-related tissue

destruction.

Chapter 2 focuses on current diagnostic and treatment strategies for orthopedic biofilm
infections, their limitations, and how mesenchymal stromal cells may improve treatment success.
Additionally, Chapter 2 discusses current research models to evaluate biofilm reductions by
novel treatments and the necessity for a simple in vitro model to evaluate paracrine biofilm-MSC

interactions.

Chapters 3-5 comprise manuscripts targeted for publication that summarize the research
objectives, approaches, and key findings of this dissertation. Our first objective, as described in
Chapter 3, describes development of an in vitro transwell co-culture model to quantify MSC-
mediated reduction of established biofilms of two orthopedic biofilm pathogens, S. aureus and E.
coli. Our model was developed to allow assessment of interaction between biofilms and MSC

alone or combined with amikacin sulfate, an aminoglycoside antimicrobial commonly used to
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treat equine orthopedic infections. Furthermore, our model permits ready quantification of
reductions in established biofilm biomass, pellicle size, and live bacteria following co-culture

with MSC with or without amikacin.

Using the model described in Chapter 3, Chapter 4 describes evaluation of equine bone marrow-
derived MSC-mediated reduction of biomass, pellicle size, and live bacteria of established
biofilms of S. aureus and E. coli. Results from this study demonstrated that MSC reduced
biofilm organization and pellicle size of both bacteria, with reduced S. aureus biomass. Live
bacterial counts and reduction of E. coli biofilms were more variable. Chapter 4 provides a

foundation for continued investigation into the antibiofilm mechanisms of MSC.

The potential for MSC to have multi-modal activity in biofilm infections led us to investigate the
immunomodulatory properties of MSC in response to biofilms (Chapter 5). Using the same
model, the final experimental chapter describes evaluation of the potential of MSC to modulate
the immune cytokine/chemokine response of peripheral blood mononuclear cells to S.

aureus biofilms and to promote resolution of inflammation via secretion of specialized pro-
resolving lipid mediators. This experiment demonstrated increased lipid mediators when MSC
were added to a co-culture system, with more variable results for cytokines and chemokines.
This study suggests that secretion of SPM may be a key mechanism by which MSC modulate the

immune response to biofilms.

Finally, Chapter 6 summarizes the key conclusions of this dissertation and a discussion of areas

of future investigation into the antibiofilm potential of MSC.
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CHAPTER 1: THE THREAT OF BIOFILMS IN ORTHOPEDIC INFECTIONS

Introduction

The advent of surgical techniques to repair fractures by placement of indwelling metallic
implants (internal fixation), replace diseased joints with prostheses (arthroplasty), and treat
infected synovial structures (joints, tendon sheaths, bursae) represent a monumental advance in
human and veterinary medicine over the last century [1-10]. However, orthopedic infections,
including infections of fracture fixation or arthroplasty implants and synovial structures, remain
a significant challenge to patients, their treating clinicians, and the healthcare system. In the
United States alone, over 2% of arthroplasties in people become infected at an annual cost of
$1.62 billion/year [11]. Additionally, 20-30% of fracture repairs in people become infected, with
medical costs being 2-6.5 times greater than for non-infected repairs [12, 13]. Horses likewise
suffer from natural orthopedic infections, with current rates of fracture fixation infections
ranging from 11-28% [1, 14, 15]. Septic synovitis also represents one of the most common
emergencies encountered in equine medicine [7, 10, 16-18] and is often acquired following
penetrating wounds in adults [17, 19, 20] or via hematogenous (blood-borne) spread from other

sites of infection in foals [9, 10, 18].

One of the greatest hurdles encountered in resolving orthopedic infections in people and horses is
the formation of bacterial biofilms on metallic fracture fixation implants [12, 14, 15],
arthroplasties [11, 21, 22], and on and within the adjacent bones [23-26], soft tissues [25], and

synovial fluid [27-31]. Staphylococcus aureus (S. aureus), a Gram-positive coccus, and



Escherichia coli (E. coli), a Gram-negative bacillus, are two common orthopedic infectious
agents isolated from people [32-35] and horses [10, 14, 15, 17]. S. aureus and E. coli readily
form biofilms on metallic implants and bones [14, 36-39], and as floating aggregates within
synovial fluid [27-31, 40]. The formation of biofilms protects indwelling bacteria against
antimicrobials [28, 30, 41, 42] and the immune system [43-47], thereby enabling infections to
persist in the face of treatment. Persistent biofilm infections simultaneously cause complications
by stimulating a chronic inflammatory response and secondary tissue destruction [24, 48-50]. In
infected implants, persistent inflammation leads to activation of osteoclasts with peri-implant
osteolysis (bone dissolution) and subsequent implant loosening and failure [14, 24, 36, 51]. In
infected synovial structures, release of matrix metalloproteinases from polymorphonuclear
leukocytes causes chondromalacia (cartilage destruction) and osteoarthritis [7, 36], or tendon
matrix degradation and development of painful adhesions between the tendon and the

surrounding sheath [17, 19, 20].

The consequences of persistent biofilm infections and the associated inflammatory-mediated
tissue damage are dire. While long-term antimicrobial therapy is a mainstay of orthopedic
infection treatment [12, 33, 52], one-third of people with implant infections additionally need
one or more surgeries to remove and replace infected implants, a process that can take over a
year and reduce patient mobility, comfort, and quality of life [11, 33, 53, 54]. If surgery and
antimicrobial therapy fail to resolve the infection, amputation of the affected limb becomes
necessary [33, 55, 56]. Persistent biofilms are also a nidus for bacterial dissemination, which
worsens persistence of the orthopedic infection via re-seeding of the original site and can cause

life-threatening infections of vital organs or the bloodstream (sepsis) [22, 33, 42, 56]. Due to



these dangerous sequelae, 26-55% of people with orthopedic implant infections die within 5

years of diagnosis [12, 21, 33].

Horses with refractory orthopedic biofilms infections likewise suffer a markedly reduced
prognosis due to persistent lameness and associated secondary complications, including support
limb laminitis, loss of athletic ability, poor quality of life, and treatment costs that exceed the
ability of clients to pay [17, 36, 57]. As such, 6-56% of horses with orthopedic infections are
subjected to euthanasia due to failure to respond to treatment [1, 14, 15, 17]. The development of
an orthopedic infection reduces prognosis for horse survival to hospital discharge; only 59% of
horses with infected fracture repairs survived to discharge, compared to 92% of horses without
infected repairs [14]. In another retrospective study, horses with fracture fixation surgical site
infections were 12 times less likely to survive to discharge than horses without infections [15].
The risk of developing implant-associated infection in fracture repairs increases, and prognosis
decreases, with fractures open to the environment (bone fragments penetrating the skin) versus
closed fractures [14]. Horses with open fractures were 4.23 times more likely to develop an
implant-associated infection, and 4.59 times less likely to survive to hospital discharge,

compared to horses with closed fractures [14].

Given the grim economic and patient welfare outcomes associated with orthopedic biofilm
infections, there is an urgent need to develop treatment that will disrupt orthopedic biofilms,
reduce the inflammatory response to these biofilms, and improve the success of surgery and

antimicrobials.



Biofilm Biology in Orthopedic Infections

Biofilm definition and structure

A biofilm consists of bacteria adhered to a surface or to each other and encased in a self-secreted
extracellular polymeric substance (EPS), also known as the biofilm matrix (Fig 1.1) [46, 58-60].
The core of the biofilm is relatively hypoxic [61, 62], nutrient-poor [63], and rich in waste
products [42, 64] compared to the biofilm periphery. The oxygen and nutrient gradients have
important implications for antimicrobial resistance [63, 65]. The matrix is primarily composed of
bacterial-secreted carbohydrates [66, 67], proteins [60, 68], extracellular DNA (eDNA) [46, 69,
70], and lipids [47, 58]. The majority of biofilm matrix eDNA is derived from autolysis of
indwelling bacteria [46, 70] and is important for initial bacterial attachment to surfaces [70] and

stabilization of the biofilm matrix [46, 70].

The composition of biofilm matrix components varies between bacterial species and reflects
adaptation to colonization of specific biological niches. Both S. aureus and E. coli biofilms
contain N-acetyl glucosamine as a primary carbohydrate source [71, 72]. However, a polymer of
N-acetyl glucosamine residues called polysaccharide intercellular adhesin (PIA) comprises the
majority of matrix carbohydrate in the S. aureus biofilm [71], whereas the E. coli biofilm matrix
also contains cellulose [66]. The primary protein components of S. aureus biofilms are microbial
surface components recognizing adhesive matrix molecules (MSCRAMM) [60], a set of
adhesion proteins that recognize and bind host extracellular matrix proteins, with amyloid fibrils
making a smaller contribution [73]. The protein composition of the S. aureus biofilm thereby

enables S. aureus to readily colonize and form biofilm on host tissues, including wound surfaces



[74] and bones [75]. In comparison, E. coli biofilms are rich in curli, a fimbrial amyloid protein
[68, 76, 77]. Curli facilitates E. coli attachment to abiotic surfaces, such as those found on
medical devices [77-79], and to host fibronectin [80]. Additionally, the tertiary structure of curli
consists of tightly packed, parallel B-sheets that confer rigidity to the biofilm matrix and
resistance to overlying fluid shear stresses [68, 76]. Type I fimbrial proteins known as pili also

facilitate initial E. coli attachment to abiotic surfaces [81].

In contrast to matrix eDNA, carbohydrates and proteins, the roles of lipids in the matrix of S.
aureus and E. coli biofilms are less understood but may be important in biofilm formation. The
O-antigen of lipopolysaccharide (LPS) is derived from the outer membrane of E. coli and is
important in cell adhesion and biofilm matrix synthesis [82]. The matrix of early S. aureus
biofilms is lipid-rich, which may protect against diffusion of antimicrobials or other
environmental threats into the interior of the biofilm [83]. It was recently discovered that the
lipid component of S. aureus biofilm is primarily comprised of phospholipids that are stratified

by chain length along the oxygen gradient in the matrix, the function of which is unknown [84].
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Figure 1.1: Biofilm structure. Biofilms consists of bacterial cells adhered to a surface or to

each other and encased in a self-secreted matrix of carbohydrates, proteins, eDNA, and lipids.

The concentrations of oxygen and nutrients are lowest, and the concentration of wastes are

highest, in the biofilm core.

As often depicted in scientific illustrations, biofilms grown in static in vitro culture systems

typically form pellicles, which are globular structures adhered to the base of the container and

extending vertically to the liquid-air interface at the site of highest oxygen concentration [85].

However, biofilms in natural environments can also form as floating aggregates in fluid media

[27-31], adhered small aggregates on surfaces [74, 86, 87], or sheet-like structures [85, 88, 89].

The environmental nutrient concentration [72, 77, 85, 90], material surface properties [32, 78,



91, 92], medium viscosity [29, 40], and shear stress applied by the medium in conditions of
active overlying fluid movement [90, 93-95] can influence the degree of biofilm formation and

the final morphology.

Polymicrobial biofilms

While biofilms of single bacterial species are often studied in experimental conditions [87, 89,
90, 96-98], biofilms in natural infections of multiple body systems often contain multiple co-
existing bacterial species (polymicrobial) [38, 67, 99-101]. The formation of polymicrobial
biofilms can provide unique opportunities for resource sharing between [102], and mutual
protection of, the indwelling bacteria via enhanced adhesion [103, 104], matrix production [67]
and inter-species transfer of mobile genetic elements encoding antimicrobial resistance genes
[102]. The relative hypoxia in the biofilm core also favors co-existence of anaerobic organisms
alongside aerobic organisms [62]. While standard bacterial culture/susceptibility testing often
grows the most abundant organism in the sample [10, 17, 105, 106], genetic-based techniques
including polymerase chain reaction and next generation sequencing have more recently been
utilized to diagnose polymicrobial orthopedic infections in people [38] and horses [17, 99, 107].
The potential for polymicrobial biofilm infections in equine orthopedic infections likewise
warrants further exploration, particularly in septic synovitis caused by penetrating wounds with

environmental contamination [17, 19, 36].

Phases of biofilm formation
Biofilm formation follows 4 phases (Fig. 1.2), beginning with initial temporary interactions with

the target surface, including electrostatic [70, 108] and van der Waals interactions [109]. For E.



coli, flagella-powered swimming motility is also important for initial surface colonization, with
eventual biofilm formation directly proportional to the motility of a given strain [110]. Next,
bacteria form irreversible attachments to the surface via secretion of adhesion proteins [60, 78].
The ability of S. aureus and E. coli to secrete adhesion proteins that target abiotic surfaces [78,
111] and host extracellular matrix proteins [60, 75, 80] facilitates biofilm formation on
orthopedic implants and tissues. Examples of target host proteins include fibronectin [60, 80],
fibrinogen [80], collagen [75], von Willebrand factor [95], and bone sialoprotein [75]. Once
attached, bacteria replicate and secrete the biofilm extracellular matrix components [71, 87, 89,
94, 112]. The regulatory mechanisms for bacterial attachment and matrix secretion involve
multi-gene units (operons) that are specific to bacterial species [59, 113, 114]. For S. aureus,
production of matrix PIA is regulated by the icaADBC operon [113], which encodes the enzymes
that synthesize PIA. For E. coli, cellulose production is regulated by the bscA operon [59], while
matrix proteins curli is encoded by the csgBAC operon and pili are encoded by fim genes [114].
Once synthesized, the biofilm matrix undergoes additional maturation, including conformational
changes in eDNA that confer additional matrix stability [46] and formation of pores and channels

that distribute nutrients, water, and waste products throughout the matrix [64, 115].
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Figure 1.2: Stages of biofilm formation. Biofilm formation requires attachment of bacteria to a
surface or to each other via a) initial temporary surface interactions, b) irreversible attachment,
and c) cell growth and matrix secretion. Biofilm dissemination d) follows when bacterial cell

density within the biofilm reaches a threshold and allows bacterial colonization of distant sites.

The final stage of biofilm formation is dissemination. Endogenous proteases and endonucleases
dissolve the matrix and liberate the indwelling bacteria, which subsequently colonize other sites.
The transition between matrix production and dissemination is regulated by quorum sensing, a

process through which bacteria regulate gene expression and biofilm formation proportionate to

their population density [115-118]. Quorum sensing systems rely on production of an autocrine



signal, the levels of which reflect bacterial population density [119, 120]. Upon detection of this
signal at a threshold concentration, downstream intracellular signaling cascades reduce
expression of genes important in biofilm matrix formation genes and increase expression of
genes that promote matrix dissolution and bacterial motility to disperse the biofilm [59, 116,

117].

In S. aureus, the accessory gene regulatory (agr) system is the primary driver of quorum sensing
in biofilm formation and dispersion [116]. The autocrine signal is an autoinducer peptide (AIP)
with a thiolactone ring structure [119]. This system consists of 4 genes that regulate and encode
the AIP synthesizing and modifying enzymes, receptor, and response regulator that modify
biofilm synthesis according to cell density (Fig 1.3) [121, 122]. During bacterial attachment and
biofilm matrix production, AIP is synthesized by AgrD and is modified by AgrB [119]. When S.
aureus population density within the biofilm reaches a threshold concentration, AIP binds AgrC,
which phosphorylates AgrA [119]. The phosphorylated AgrA then stimulates transcription of
regulatory RNA 111 to increase transcription of proteases and phenol-soluble modulins, small
amphipathic proteins that disrupt the biofilm matrix in a detergent-like manner [121, 122].
Simultaneous repression of biofilm matrix protein expression, including fibronectin binding

proteins, is achieved through interaction of AgrA with the separate sarA locus [123].

10



VvV V v x
[/V/\l Cell membrane T :

. ‘
® @
]
() * Increase +
- Phenol-soluble
modulins
- Proteases . RNAIII
* Decrease matrix
synthesis

+ Biofilm dispersal

Figure 1.3: The agr system of quorum sensing in S. aureus regulates biofilm formation and
dispersal. This system consists of 4 genes controlled by a regulatory RNA: agrD encodes the
autoinducer peptide. agrB encodes a membrane-bound enzyme that post-translationally the AIP.
agrC encodes the membrane-bound AIP receptor. agrA encodes the DNA binding protein
response regulator. AgrC and AgrA form a 2-component system that detects levels of the
autocrine signal AIP and modifies synthesis versus disruption of biofilm matrix according to cell

density within the biofilm [122].



In comparison to S. aureus, Gram-negative organisms utilize the Al-1 quorum sensing system in
regulating biofilm formation and dispersal (Fig 1.4) [59, 116]. The autocrine signal in this
system is the acyl homoserine lactone molecule, which is synthesized by Al-1 synthase (encoded
by luxl) and is detected by the Al-1 response regulator (encoded by luxR) once bacterial density
reaches a threshold [120]. While E. coli cannot synthesize acyl homoserine lactone, it encodes a
luxR homolog through the sdiA gene, which detects homoserine lactone molecules produced by
other bacterial species. Binding of homoserine lactones to SdiA upregulates expression of genes
that promote fimbrial expression [124], flagellar motion and bacterial motility through the
Motility QS regulator (MgsR) and the flhDC regulon [125] to promote bacterial dispersal from

the biofilm.
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Figure 1.4: The Al-1 quorum sensing system in Gram-negative organisms.

* Fimbrial genes
» Flagellar motility
- MgsR
- flhDC

LuxI generates the acyl homoserine lactone (AHL) signal. Acyl homoserine lactone is detected
by LuxR when cell density reaches a threshold, leading to expression of genes that encode
fimbiral proteins and regulate bacterial motility to promote biofilm dispersion. In E. coli, a luxR

homolog SdiA detects homoserine lactones released by other bacterial species.
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Biofilm formation within the orthopedic environment: unique niches for establishment and

persistence of infections

Metallic implants: the “race for the surface”

Fracture fixation and arthroplasty implants provide an ideal environment for biofilm formation as
they are designed to promote rapid integration with host tissues [32, 43, 126-128]. Orthopedic
implants are minimally immunogenic [127, 129, 130] and promote cell attachment [32, 127].
Implants are also rapidly coated in host proteins following placement, a process known as
“conditioning,” which further facilitates bacterial attachment [32, 75, 128]. Successful implant
integration and fracture healing requires formation of new bone via direct primary healing
between osteons [131] or secondary ossification of a cartilaginous soft callus [131] and can take
a minimum of 12 weeks in the absence of infection and interfragmentary motion [1, 14, 15, 130,
131]. Progression of appropriate healing before bacteria can form biofilms on implants and

surrounding bone has thereby been dubbed a “race for the surface” [128].

Bone and soft tissues

Bones provide a multitude of surfaces and privileged sites for bacterial attachment and biofilm
formation. The periosteum, endosteum, and the canaliculi are examples of such sites of
attachment (Fig 1.5) [23, 24, 26, 132, 133]. Biofilms can form within abscesses in the soft tissues
surrounding bones and joints [25, 134] and provide an additional reservoir of persistent infection
in septic osteomyelitis and synovitis cases. As discussed in Chapter 2, surgical removal of

infected implants, bone and soft tissue aims to eliminate these sources of biofilm infection.
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However, the inability to diagnose and remove all microscopic reservoirs of infection

intraoperatively can complicate eradication of infection and lead to infection persistence [36, 56].

Osteocyte

Soft tissue
Canaliculi
abscesses Implant :
surfaces Wi
bacterial
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Endosteum
Periosteum

Figure 1.5: Longitudinal and cross-sections of a long bone to demonstrate sites for biofilm

formation in an implant-associated infection. The surface of implants (e.g., plates and screws),

the periosteum, endosteum, canaliculi, and surrounding soft tissues provide reservoirs for

persistent biofilm infection.



Synovial fluid

Synovial fluid itself promotes bacterial cell-cell adhesion and formation of floating biofilm
aggregates by Gram-positive and Gram-negative species [27-31, 40, 135]. The mechanisms by
which synovial fluid promotes biofilm aggregate formation are further enhanced in an
inflammatory environment following surgical intervention or establishment of infection [28, 136,
137]. Synovial proteins fibrinogen and fibronectin promote bacteria aggregation and matrix
formation [27, 30], a phenomenon which is enhanced by elevations in these proteins during
inflammation [28, 136]. Hyaluronan, a non-sulfated glycosaminoglycan molecule that is
abundant in synovial fluid, also encourages bacterial aggregation and is incorporated into the
biofilm matrix [29]. Reductions in synovial fluid viscosity with infection [138] and/or post-
surgical inflammation [137] also encourage bacterial aggregation and bridging of biofilm matrix
polymers [40]. The inflamed synovial structure thereby represents an optimal environment for

formation of biofilms and a reservoir of persistent infection.

How Biofilms Cause Treatment Failure in Orthopedic Infections

Antimicrobial resistance

One of the overarching causes of treatment failure of orthopedic biofilm infections is the ability
of these infections to resist antimicrobial therapy. The biofilm matrix itself inhibits penetration of
antimicrobial drugs and prevents their access to the indwelling bacteria [28, 65, 139]. Bacteria
within biofilms also undergo metabolic downregulation [68, 87, 140], particularly in the central,
relatively hypoxic and nutrient-poor region of the biofilm [87]. The hypometabolic state confers

additional resistance to currently available antimicrobial drugs that target bacterial cell

16



replication pathways, including protein synthesis, cell wall synthesis, and DNA replication [28,
30, 41, 141]. Bacteria within biofilms also express [41] and exchange antimicrobial resistance
genes [142] at a higher rate than in planktonic cultures. These phenomena may be enhanced in
multispecies biofilms as compared to single species biofilms [143]. The hypoxic environment in
the biofilm core can also promote antimicrobial resistance by increasing expression of genes
encoding antimicrobial efflux pumps [61]. Additionally, the biofilm matrix can provide a
reservoir for bacterial antimicrobial resistance factors by sequestering enzymes that degrade

antimicrobials, such as beta-lactamases [144].

As a result of the multiple antimicrobial resistance mechanisms enabled by the biofilm, the
minimum inhibitory concentrations (MIC) of commonly used antimicrobials for indwelling
biofilm bacteria can be increased from hundreds [30, 145] to several thousands of times [28,
146] the MIC of planktonic cultures. Exposure of biofilm-bound bacteria to sub-therapeutic
concentrations of antimicrobials can, in turn, enhance biofilm formation [147]. Exposure of 15
strains of S. aureus to low concentrations of beta-lactamase antimicrobials increased biofilm
matrix formation up to 10-fold compared to non-exposed strains via release of eDNA from lysed
bacterial cells [147]. Increased biofilm maturity can likewise augment resistance to
antimicrobials due to continued reductions in indwelling bacterial metabolism with biofilm aging
[35]. Taken together, the effective antimicrobial resistance of biofilm-bound bacterial strains
genetically susceptible to all or most antimicrobials in their planktonic form can equal the
resistance levels of multi-drug resistant strains [146]. This scenario poses a frustrating

conundrum to clinicians in choosing appropriate antimicrobial drugs, concentrations and delivery
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routes based on routine susceptibility testing of clinical samples, which measure antimicrobial

MIC for planktonic forms of isolates [41, 105, 146, 148].

Biofilm-immune system interactions

The biofilm matrix physically shields the indwelling bacteria against the host immune response
by multiple mechanisms [44, 46, 47, 149, 150]. The matrix protects bacteria against phagocytosis
[149, 151] and killing by neutrophil extracellular traps (NETS), webs of host extracellular DNA
and antimicrobial proteins that destabilize bacterial cell membranes [44, 45, 150].
Conformational changes in matrix eDNA [46] or formulation of insoluble amyloid fibers [73] as
biofilms mature further increases resistance to phagocytosis [149] and to host DNases and
proteases [46]. The presence of orthopedic implant infections can indirectly reduce the ability of
immune system to clear biofilms. Wear particles released from metallic implants over time can
trigger a chronic, low-grade foreign body response, ultimately leading to a phenomenon called
“immune exhaustion” [152]. The result is that the implant site is vulnerable to biofilm

establishment and persistence [152].

In addition to avoiding host immunity, S. aureus and E. coli biofilms also directly trigger the
host inflammatory response by stimulating host pattern recognition receptors and enhancing
recruitment and activation of inflammatory cells. S. aureus biofilms stimulate inflammatory
cytokine release [151], neutrophil chemotaxis and phagocytosis [151], and activation of
Th1/Thl7 T-lymphocytes [49]. Additionally, S. aureus implant-associated infections produce a
marked inflammatory cell influx [132] and increased gene expression of inflammatory cytokines

interleukin (IL)-1B and -6 and toll-like receptor (TLR)-2 [24]. Moreover, S. aureus biofilms
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increase expression of nuclear factor kappa-B (NF-kB) ligand (RANKL) on osteoclasts [24],
leading to osteoclast activation and peri-implant osteolysis [23, 24, 133]. LPS in the E. coli
biofilm matrix also stimulate inflammation by binding TLR-4 on host immune cells and
increasing expression of IL-1p, -6 and -8 [153]. The E. coli biofilm matrix adhesion protein curli
also stimulates inflammatory cytokine gene expression by binding host TLR-2 and subsequent

activating the NF-kB pathway [154].

Aggravation of the immune response by biofilms can promote further biofilm formation in a
vicious cycle. Biofilms utilize the host immune response to their advantage through mechanisms
that enable them to persist. For example, S. aureus uses host fibrin to form biofilm aggregates in
synovial fluid [27, 30] and incorporates platelets and NETs into biofilms on cardiac valves [155].
The opportunistic pathogen Pseudomonas aeruginosa incorporates eDNA from host neutrophil
extracellular traps into its biofilm matrix in cystic fibrosis patients [69]. Release of pro-
inflammatory cytokines from host immune cells promote biofilm formation [49, 50, 156]. In
particular, inflammatory cytokines IL-1, IL-6, interferon (IFN)-y, and tumor necrosis factor
(TNF)-a promote S. aureus biofilm formation on bone implants in mice [49, 157]. Gene
expression of IL-1pB, IL-6, and TNF-a are also positively correlated with S. aureus biofilm

formation on skin lesions in human patients with atopic dermatitis [50].

Biofilm infections ultimately lead to failure in host tissues due exacerbation of inflammation. In
orthopedic implant infections, stimulation of inflammatory cytokine expression and Thl T-
lymphocytes leads to activation of osteoclasts [24, 36, 133, 158, 159]. Chronic activation of

osteoclasts leads to peri-implant osteolysis, implant loosening and subsequent implant failure
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[12, 24, 33, 36, 133]. In septic arthritis, expression of inflammatory cytokines causes release of
MMPs from polymorphonuclear leukocytes recruited to the infected joint [9, 160]. These MMPs
digest the articular cartilage extracellular matrix and ultimately lead to osteoarthritis and/or

osteomyelitis via extension of the infection into the subchondral bone [9, 17, 160, 161].

The extent of inflammation triggered by the biofilm and associated tissue damage may vary
between bacterial strains. The methicillin-resistant S. aureus strain USA300 induced greater
osteomyelitis and tibial implant loosening compared to a methicillin-sensitive S. epidermidis
strain in mice [24]. However, it is unknown whether variation between individuals in their
inflammatory responses may also influence the severity of biofilm persistence or subsequent
tissue damage. For example, BALB/c mice secreted higher levels of the regulatory cytokines IL-
4 and IL-10 in response to S. aureus implant biofilm infections, and resisted development of
chronic infection, as compared to C57BL/6 mice [49]. The potential for variation between
clinical patients in their response to orthopedic biofilm infections should be investigated and may

support a need for more personalized approach to treatment.

Summary

Biofilms in orthopedic infections reduce treatment success and contribute to increased treatment
costs, complications, and mortality in people and horses. The process of biofilm formation
involves bacterial adhesion to a substrate or cell-cell aggregation, followed by secretion of
extracellular polymeric substance (matrix). Orthopedic niches, including bones, implants, and

synovial fluid, provide optimal environments for biofilm formation by multiple mechanisms. The
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presence of biofilms in orthopedic infections promotes antimicrobial and immune resistance,
chronic inflammation and tissue destruction. Furthermore, the immune response to biofilms can
directly contribute to further biofilm formation or enhance biofilm persistence. Investigation of
novel therapeutics for orthopedic biofilm formations should thereby focus on treatments that can

disrupt biofilms and modulate the immune response to biofilms.
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CHAPTER 2:
COMBATING ORTHOPEDIC BIOFILM INFECTIONS:

CURRENT LIMITATIONS AND FUTURE THERAPEUTIC OPTIONS

Diagnostic Testing

Physical examination and imaging

The diagnosis of orthopedic biofilm infections requires a multimodal approach to localize the
infection, determine its chronicity, and identify the causative agents. Clinical diagnosis of
orthopedic infections in people and horses involves documenting variable pain and gait changes
in the affected limb. This is identified from patient history and on physical examination by gait
assessment in addition to the presence of swelling, pain on palpation, and draining tracts over the
affected structure(s) [1-5]. Diagnostic imaging, including radiography [5-7], ultrasonography [1,
8, 9], computed tomography [4, 10], or magnetic resonance imaging [11, 12] is then performed
to document and localize evidence of infection over the affected bones or synovial structures and
to guide sampling for bacteriologic testing. Although nuclear scintigraphy demonstrates
increased radiopharmaceutical uptake in the area of infection due to increased osteoblast activity,
higher-resolution imaging techniques are required to localize and evaluate the extent of infection
[8, 10]. Signs of implant-associated infection include reduced bone density around implants due
to peri-implant osteolysis, disorganized new bone proliferation, swelling of the surrounding soft
tissues, and the presence of fluid tracts adjacent to the infected hardware [2, 3, 13]. Infected

synovial structures manifest as synovial effusion, synovial membrane thickening, heterogenous

43



synovial fluid appearance due to the presence of cellular infiltrates, and fibrinous loculations [1,

14, 15].

Bacteriologic testing

Bacteriologic testing to document the species present in orthopedic infections and their
antimicrobial sensitivity is essential to guide antimicrobial therapy. For accurate analysis,
samples of synovial fluid from joints or fluid pockets surrounding infected implants are obtained
aseptically prior to surgical intervention [1, 2, 10, 16, 17]. Additional biopsies of infected bone,
soft tissues and/or infected implants may be taken intraoperatively [18-20]. Samples are then
submitted for aerobic and anaerobic bacterial culture with antimicrobial susceptibility [2, 3, 16,

17, 21-23].

Standard cultures provide important information on the presence and species of bacteria in a
sample. However, cultures can yield false negative results in an average of 50% of cases due to
low organism numbers, uneven organism distribution within the sample, or sequestration of
organisms within biofilms [16, 17, 21, 23, 24]. Sensitivity of bacterial culture can be improved
by sample incubation in blood culture medium prior to plating (77.6%) [21] and by sonication of
infected implants to dislodge adherent biofilm-bound bacteria (72.6%) [18-20]. Concurrent
Gram-staining and cytologic evaluation of fluid samples may also confirm infection and give
information on bacterial morphology [8]. Polymerase chain reaction (PCR) to detect bacterial
16s ribosomal RNA sequences has been utilized more recently to improve speed and sensitivity
of bacterial detection (70.4-89.5% sensitivity, 90-97.8% specificity) compared to standard

culture techniques [18, 21, 25]. PCR may be performed alone or combined with next generation
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sequencing to identify the presence and relative abundances of multiple bacterial species and
antimicrobial resistance genes. This approach is advantageous for diagnosing and managing

polymicrobial infections [26-28].

Other clinicopathologic testing

Routine hematology and serum biochemistry are often performed to evaluate for signs of
systemic inflammation due to an orthopedic infection and to evaluate general systemic status
prior to initiating antimicrobial therapy or performing surgical treatment under general
anesthesia [10, 29]. Patients with orthopedic infections may show elevations in total white blood
cell count, neutrophil count, or the presence of band neutrophils due to rapid release from bone
marrow [10, 29, 30]. Alterations in plasma proteins, including depressions in serum albumin
and/or elevations in serum globulins, secondary to systemic inflammation may also be observed.
Additionally, elevations in circulating acute phase proteins, including C-reactive protein in
people [31, 32] or fibrinogen [8, 33] or serum amyloid A in horses [33-35], can document
inflammation due to infection and their rapid decline is useful to monitor response to treatment.
In septic synovitis, elevations in synovial fluid total nucleated cell count (TNNC) (> 30,000
cells/pL), total protein (> 4.0 g/dL), and percentage of neutrophils (> 80%) are also consistent
with infection [8, 10]. However, alterations in synovial cytologic parameters are variably specific
to diagnose sepsis as they may be less markedly elevated with chronic infections [8] or may be

elevated in non-septic inflammation [34].
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Current treatments for orthopedic infections and their limitations

Antimicrobial therapy

Broad-spectrum antimicrobial therapy delivered systemically and regionally is a mainstay of the
treatment of orthopedic infections [4-7]. The choice of antimicrobial(s) is initially empirical and
is based on the most common organisms isolated from orthopedic infections, and is subsequently
adjusted based on bacteriologic testing results [4, 7]. Regional intravenous limb perfusion is
standard of care for equine orthopedic infections and involves application of a torniquet to a limb
with direct antimicrobial injection into the vein distal to the torniquet [36, 37]. The tourniquet is
left in place for a fixed time period following the injection to allow the antimicrobial to
accumulate in the target tissues [38-41]. The purposes of regional antimicrobial therapy are to
achieve drug concentrations at the infection site that are higher than those achieved through
systemic administration and to use antimicrobials that are effective against common orthopedic
pathogens but are not feasible to administer systemically [36, 38, 41-45]. Antimicrobials can also
be administered into local circulation via intraosseous infusion [46] or, in the case of septic
synovitis, via direct intrasynovial injection [8, 47, 48]. Placement of intrasynovial catheters
facilitates repeated lavage of the affected structure and antimicrobial administration without
repeated injections [42]. For implant-associated osteomyelitis, biodegradable antimicrobial-
impregnated devices, such as polymethylmethacrylate [43, 49, 50] or Plaster of Paris [45] can be
prepared and placed within the infection site or prophylactically around implants (“luting”) in

open fracture cases for sustained drug delivery.
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Regionally-delivered antimicrobials are selected by their spectrum of action against the target
pathogen(s) and their pharmacokinetic properties. Antimicrobials used in regional delivery
systems preferably have concentration-dependent versus time-dependent efficacy to maximize
the dosing interval and thereby minimize the dosing frequency [51]. Concentration-dependent
antimicrobials include aminoglycosides [38, 42, 45] and fluoroguinolones [39, 50]. The
aminoglycoside amikacin sulfate is the most commonly used antimicrobial for regional treatment
of orthopedic infections in horses [1, 3, 44, 52, 53] given its broad spectrum of activity against
common equine orthopedic pathogens [51]. Gentamicin sulfate, another aminoglycoside, is also
commonly used as a treatment in slow-release delivery systems [43, 45]. A summary of
clinically-used antimicrobial classes and their mechanisms of actions is presented below (Table

2.1).
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Table 2.1: Common antimicrobial drug classes used clinically and their mechanisms of action [54, 55].

Drug Class

Mechanism of Action

Examples

Aminoglycoside

Inhibits bacterial protein synthesis: binds 16sRNA of bacterial 30S
ribosomal subunit

Amikacin sulfate, gentamicin
sulfate, neomycin sulfate

Beta-lactam

Inhibits bacterial cell wall synthesis: bind penicillin binding proteins to
inhibit peptidoglycan cross-linking

Ampicillin, amoxicillin,
ampicillin, carbapenem,
imipenem

Fluoroquinolone

Inhibits bacterial DNA replication: DNA gyrase

Enrofloxacin, ciprofloxacin,
marbofloxacin, ofloxacin

Glycopeptide

Inhibits bacterial cell wall synthesis: inhibit lipid Il and recycling of lipid
transporter required for peptidoglycan and teichoic acid synthesis
(bactoprenol)

Vancomycin

Nitroimidazole

Disrupts bacterial DNA via formation of nitroso radicals

Metronidazole

phenicol Inhibits bacterial protein synthesis: binds bacterial 50S ribosomal subunit | Chloramphenicol
Polypeptide Disrupts bacterial cell membranes via detergent-like action Polymyxin B, bacitracin
Rifamycin Binds and inhibits bacterial DNA-dependent RNA polymerase Rifampin

Sulfonamides

Inhibit bacterial tetrahydrofolic acid synthesis: competitive inhibitor of
dihydropteroate synthase

Sulfamethoxazole (combined
with trimethoprim),
sulfadiazine,
sulfadimethoxine

Tetracyclines

Inhibits bacterial protein synthesis: inhibits aminoacyl-tRNA binding on
30S ribosomal subunit

Doxycycline, minocycline,
oxytetracycline
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Despite the overall positive impact of multimodal antimicrobial therapy on outcomes for horses
with orthopedic infections, barriers to successful treatment still exist in the context of biofilm-
associated infections. Concentration-dependent antimicrobials are maximally effective when
their peak concentration reaches > 10 times the MIC for target organism(s) [54]. While synovial
concentrations of amikacin achieved in vivo surpass the MIC for common infections agents
following regional administration [38, 40, 41, 48, 56], the presence of biofilms can increase
antimicrobial MIC from several hundred [57, 58] to several thousand times [59, 60] the
planktonic MIC and thereby reduce local antimicrobial efficacy. Synovial inflammation may also
reduce antimicrobial efficacy by increasing antimicrobial uptake from the synovial vasculature.
The peak amikacin concentration in experimentally inflamed equine joints was significantly
lower than the concentration in non-inflamed joints [47]. In implant-associated infections,
sustained antimicrobial release devices may fail to eradicate all biofilm-bound bacteria due to
limited diffusion through the biofilm matrix [7, 59], even in the face of initial rapid elution of

antimicrobial from the device [43, 45].

Surgical removal of biofilm

Surgery to identify and remove infected tissues and implants is often required to resolve
orthopedic biofilm infections because antimicrobials alone may not be able to penetrate biofilms
and eradicate all live bacteria [4, 15, 29, 44, 61, 62]. In cases of infected synovial structures in
horses, arthroscopy remains the procedure of choice for detailed examination and visual
documentation of infection and secondary chondromalacia in chronic cases [1, 9, 15, 63, 64].
Synovial membrane biopsies can also be obtained intraoperatively for bacteriologic testing to

isolate the causative agent(s) [64]. High-volume fluid lavage and endoscopic instruments are
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utilized to remove floating biofilm aggregates, fibrin and inflammatory cells and mediators [35,
42, 64]. Biofilm adhered to the synovial membrane and intrasynovial adhesions can also be
debrided using motorized synovial resectors [64]. In chronically infected tendon sheaths that
have not responded to previous treatment, open debridement, lavage of the sheath, with or
without resection of infected tendon (tenectomy), can be performed through a large incision [15].
In chronic cases, the synovial structure can be sutured closed or left open for drainage with or
without concurrent placement of an indwelling drain [8, 15]. Repeat post-operative lavage
through synoviocentesis or an intrasynovial catheter placed intraoperatively can be performed

[42].

In cases of infected fracture fixation implants and prosthetic joints, removal of the infected
implants and debridement of the surrounding infected bone and soft tissue is performed to
remove as many sources of biofilm as possible [13, 29, 65]. Tissue biopsies are collected and
submitted along with the infected implants for bacteriologic testing [5, 29, 66]. Placement of
passive or active suction drains to prevent post-operative seroma development can be performed
as for chronically infected synovial structures. [10, 15, 67]. Negative pressure wound therapy can
also be applied to remove accumulated fluid and reduce surgical site bacterial loads [68, 69].
Depending on the importance of the implant for bone healing and mobility of the affected limb,
implant replacement can be performed once no signs of infection are detected on repeat physical

examination, imaging, and clinicopathologic testing [5, 8, 29].

Several novel treatments to inhibit formation or prevent recurrence of implant-associated

infections have recently been evaluated in vitro [70-74]. Implant surface modifications, including
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coating with antimicrobials [70-72], synthetic antimicrobial peptides [75-77], or microscopic
topographical modifications [73, 74, 78], show promise in inhibiting bacterial adherence. Local
bacteriophage therapy has also been investigated as a technique to limit biofilm formation on
implants by reducing live bacterial counts [79, 80]. Ultrasonic debridement of indwelling
implants has shown superior S. aureus biofilm removal compared to standard pulsed lavage [65].

However, clinical translation of these novel treatments has yet to be achieved.

Even with attentive surgical debridement, accurate identification of infected tissues for removal
remains a challenge [4, 61, 81]. Determining the extent of infection relies on pre-operative
imaging and intra-operative visual examination, which may miss microscopic residual sources of
biofilm that can cause local recurrence of infection or life-threatening dissemination infection
dissemination to vital organs or the bloodstream [4, 29, 82]. Colorimetric, non-toxic stains that
grossly highlight necrotic tissue and biofilm, such as methylene blue [61, 81, 83], have been
evaluated as a tool to guide surgical debridement. However, methylene blue can also non-
specifically stain healthy articular cartilage and meniscus tissue, and biofilm stain uptake can
vary between doses and bacterial species [83]. Fluorescence-guided debridement of necrotic and
infected tissue showed promise in a rat model of high-energy open fracture but has yet to be
evaluated in clinical patients [62]. Intraoperative techniques to accurately and efficiently detect
residual microscopic biofilm reservoirs within bone or infected synovial structures are thereby an

unmet need.

Despite the current treatments available for biofilm infection, persistent biofilm infections

continue to be a clinical challenge and cause significant patient morbidity. Adequate infection
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clearance following combined therapy may take several weeks to months to achieve, during
which time the patient may suffer pain and instability in the absence of the initial implant [84-
87]. The recurrence rate for implant-associated infections in people ranges from 8-35%, even
with two-stage implant removal and replacement [86-88]. While infected implants can be
removed in horses [2, 3], the ability to perform two-stage radical implant removal and
replacement is limited by the need to maintain fracture reduction for adequate healing given the
large patient size and their inability to remain non-weight bearing for long periods. Additionally,
no techniques currently exist to prosthetically replace joints with end-stage cartilage destruction
secondary to chronic infection in horses. As such, persistent orthopedic infections often result in
euthanasia due to a combination of high costs associated with continued treatment [52] and a

poor prognosis for athleticism and quality of life [1, 17, 63, 89].

Summary of treatment options and limitations

While surgical removal of infected implants and tissues and long-term antimicrobial therapy aim
to remove all sources of biofilm, residual biofilm reservoirs may persist that lead to re-infection
or infection dissemination. The presence of chronic biofilm infections also aggravates
inflammation that leads to bone and cartilage destruction that cause implant failure, pain,
reduced quality of life, and can require euthanasia in horses. There is a desperate need for a
treatment that can disrupt biofilms to facilitate antimicrobial access to indwelling bacteria and
modulate the immune response to reduce inflammation-associated tissue damage and
complications. Mesenchymal stromal cells (MSC) are a promising candidate to treat orthopedic
biofilms given their dual antimicrobial and immunomodulatory properties. However, equine

MSC require rigorous in vitro investigation prior to translation into a pre-clinical model.
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The evidence for MSC as a potential therapy for orthopedic infections

Mesenchymal stromal cells as a therapeutic

Mesenchymal stromal cells are a heterogenous population of multipotent cells that can
differentiate into multiple specialized mature cell types and guide tissue regeneration and repair
in a paracrine fashion [90-92]. Equine MSC are typically isolated from bone marrow collected
from the sternum [93, 94] or tuber coxae [95] or from adipose tissue [96-98]. MSC isolated from
blood [99-101], placenta [102], and umbilical cord [103-106] have also been evaluated for their
therapeutic potential. To-date, MSC have primarily been harnessed as a treatment to improve
healing and return to function following musculoskeletal injuries in people [107-109] and horses
[110-113]. MSC therapy has improved quality of healing and outcomes in tendinopathies [96,
98, 107, 110, 111], meniscal injuries [108, 112, 113], and osteoarthritis [97, 109, 114]. MSC
used therapeutically are most commonly administered as intralesional [96, 110] or intrasynovial
injections [97, 112, 113], although the feasibility of administration via regional limb perfusion

has also been evaluated in horses [115-117].

MSC are typically isolated from and administered to the same patient (autologous) to avoid the
risk of an immune reaction [110, 118, 119]. However, isolation and expansion of MSC from a
patient can take a minimum of 3 weeks to obtain adequate cell numbers for treatment [120],
delaying treatment. While the safety of administering MSC isolated from one individual into
another individual of the same species (allogeneic) has been evaluated with variable results [105,

121-124], future advancements in the ability to administer allogeneic, banked MSC without
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inducing an immune response would avoid delays associated with MSC isolation. Immediate

availability is particularly important when treating orthopedic infections.

Antimicrobial properties

The primary antimicrobial mechanism of MSC is secretion of antimicrobial peptides (AMP),
including those of the cathelicidin family [125-128], B-defensins [129, 130], elafins [99, 101],
and cystatins [99]. These AMP have a dual hydrophobic-hydrophilic (amphipathic) structure and
disrupt bacterial cell membranes in a detergent-like fashion [99, 125-127, 129]. MSC also secrete
AMP that inhibit bacterial growth by interfering with metabolism of required nutrients, such as
iron [102, 131] or the amino acid tryptophan [132]. Equine blood-derived MSC have also been
shown to secrete cysteine proteases as an anti-biofilm defense [100]. Together, MSC-secreted
AMP reduce live bacterial counts [99, 100, 125, 126, 128] and inhibit biofilm formation [99,
100, 128] from planktonic cultures. In addition to their inherent antimicrobial mechanisms, MSC
synergize with antimicrobials and achieve better bacterial killing than MSC or antimicrobials

alone [126, 127, 133].

MSC-mediated AMP secretion is stimulated in a paracrine fashion by binding of bacterial
pathogen-associated molecular patterns (PAMP), such as LPS from Gram-negative outer
membranes, cell wall teichoic acid, or bacterial nucleic acids to pattern recognition receptors
(PRR) expressed on MSC membranes [102, 128, 129]. MSC specifically express TLR-2 [129], -
3[128, 134], -4 [102, 129, 134], and nucleotide-binding oligomerization domain (NOD)-like
receptors [128]. Importantly, pre-stimulation of MSC with PRR ligands prior to exposure to

bacteria enhances AMP synthesis and bacterial killing compared to unstimulated MSC [102, 126,
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128]. In a mouse model of S. aureus mesh implant infection, the combination of antimicrobials
and MSC pre-stimulated with a TLR-3 ligand achieved the greatest bacterial reduction [126],
suggesting that pre-stimulation of MSC may enhance synergy with antimicrobials in bacterial
killing. MSC also exert indirect antibacterial effects, including enhancing phagocytosis of
planktonic bacteria by neutrophils [128] and AMP synthesis in keratinocytes [101]. These
indirect mechanisms are driven by release of pro-inflammatory chemokines CCL-2 [101],
macrophage chemotactic protein-1, and IL-8 [128] and are likewise enhanced by MSC pre-

stimulation with PRR ligands [128].

MSC antimicrobial properties may vary between tissue sources [99-102, 125-128, 135, 136].
Equine endometrial-derived MSC secreted higher levels of AMP and reduced planktonic E. coli
counts to a greater extent than bone marrow-derived or adipose-derived MSC [102]. Similarly,
cysteine proteases have been detected in conditioned medium from equine blood-derived MSC
[100] but have not been described in MSC from other tissues. The specific AMP profiles
secreted by MSC from the same tissue source also varies between species. Human bone marrow-
derived MSC secrete indoleamine 2,3 dioxygenase, an AMP that interferes with tryptophan
metabolism, but murine bone marrow-derived MSC do not [132]. Further comparisons of MSC
antimicrobial properties within and across species are therefore warranted prior to clinical

translation as a treatment for orthopedic infections.

The ability of MSC to kill bacteria and inhibit biofilm formation via AMP secretion, and to

synergize with antimicrobials in bacterial reduction, makes them a promising candidate for

further evaluation as a treatment for orthopedic biofilm infections. One limitation of published
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literature on MSC antimicrobial properties is that bacterial reduction is often evaluated following
incubation with MSC conditioned medium. The conditioned medium, which contains the
secreted antimicrobial proteins, is often generated by prior MSC stimulation with a specific PRR
ligand [99-102, 128]. This approach may generate a more limited anti-bacterial response versus
direct incubation with bacteria that would stimulate multiple PRR on MSC and thereby reflect
how MSC would respond to an in vivo infection. Additionally, the antimicrobial ability of MSC
is often measured by reduction of planktonic bacterial counts and prevention of biofilm
formation from planktonic cultures [99-102, 128]. However, patients may present with
orthopedic biofilm infections that have been present for several days to weeks [6, 137]. These
long-standing biofilms would consist of adhered bacteria with a mature extracellular matrix and
may be more resistant to MSC-mediated reduction than planktonic bacteria. Whether MSC can
reduce established orthopedic biofilms in an in vitro system that allows interaction between MSC

and biofilms requires investigation.
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MSC immunomodulation: reduction versus resolution of inflammation

In addition to their antimicrobial properties, the ability of MSC to modulate inflammation [124,
138-141] and promote tissue healing in orthopedic injuries [96, 98, 108, 139] make MSC a
promising therapy for orthopedic biofilm infections. MSC may reduce inflammation-associated
tissue damage in orthopedic infections by directly suppressing inflammation [104, 124, 140] and
by promoting resolution of inflammation [139, 142-144]. Resolution of inflammation is defined
as the active transition from the inflammatory state to the reparative state and a return to tissue
homeostasis (Fig 2.1) [30, 145-148]. The key requirement for inflammation resolution is
synthesis of specialized pro-resolving lipid mediators (SPM) by regulatory macrophages and
progenitor cells [139, 147, 149]. Stimulation of SPM synthesis, in turn, requires an initial
inflammatory response. Binding of inflammatory cytokines and PAMP to target cells stimulates
concurrent synthesis of pro-inflammatory lipid mediators and SPM [147, 149-153]. Resolution
of inflammation by SPM synthesis is thereby an endogenous regulatory mechanism to prevent
development of chronic, uncontrolled inflammation that results in tissue damage and loss-of-

function [145].
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Figure 2.1: MSC reduce and promote resolution of inflammation.

MSC in mice and people modulate the immune response to infection by reducing inflammation
and by promoting resolution of inflammation via SPM secretion. SPM simultaneously
inflammatory signaling pathways and enhance pathways involved in tissue repair and

homeostasis [111, 139, 154, 155].
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Phases and resolution of inflammation

The acute inflammatory phase begins immediately following onset of inflammatory stimulus and
can last for hours to days, depending on the strength and persistence of the stimulus (Fig 2.1)
[10]. In a bacterial infection, the goal of the acute inflammatory phase is to remove the causative
pathogen and tissue debris in preparation for tissue healing. During acute inflammation,
neutrophils and inflammatory phenotype macrophages release pro-inflammatory lipid mediators,
including prostaglandins, thromboxanes, and leukotrienes [150, 153, 154, 156]. These mediators
promote vasodilation, increased vascular permeability, edema formation, and activation of
hemostatic pathways [149, 154, 157, 158]. Prostaglandins and binding of bacterial PAMPs to
PRR on host cells (e.g., TLR) also promote expression of pro-inflammatory cytokines, including
IL-1, -6, -8, and -17, TNF, and interferons (INF), and activate Th1l and Th17 lymphocytes [159,
160]. These pathways result in further leukocyte recruitment to the site and stimulate bacterial

killing by phagocytosis and release of antimicrobial extracellular traps and proteases [161-165].

The resolution of inflammation is triggered by enzymatic conversion of the w-6 fatty acid
arachidonic acid and the ®»-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) into SPM (Fig 2.2) [139, 146, 147]. SPM are synthesized by leukocytes and progenitor
cells in response to complement [153], prostaglandins [149], and apoptosis [166]. In biofilm
infections, binding of bacterial products such as LPS [150] and Staphylococcal toxins [152] to
PRR also stimulate SPM synthesis. SPM bind G protein-coupled receptors on target cells to
trigger production of anti-inflammatory cytokines and growth factors [139, 151], recruit
progenitor cells to the site [139, 152], and stimulate polarization of macrophages to a regulatory

phenotype [153]. SPM simultaneously reduce infiltration of neutrophils [147, 149], expression of
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pro-inflammatory cytokines [152, 153], and macrophage polarization to an inflammatory
phenotype [153]. Together, the actions of SPM on local cellular phenotype and signaling limit
the duration and severity of the inflammatory response and allow transition into the reparative

phase.

While both pro-inflammatory mediators (prostaglandins, thromboxanes, leukotrienes) and pro-
resolving mediators (lipoxins) are derived from arachidonic acid, only pro-resolving mediators
(resolvins, protectins, maresins) are derived from EPA and DHA (Fig 2.2) [139, 146, 147, 167,
168]. The function of the arachidonic acid-derived mediators also depends on the target cell. For
example, the immunomodulatory functions of MSC are largely driven by prostaglandin (PG)Ez,
including suppression of T-lymphocyte proliferation [104, 124], secretion of anti-inflammatory
cytokines [140, 169], and reduction of pro-inflammatory cytokines [104]. The intermediate
metabolites of SPM synthesis pathways may also have direct pro-resolving effects, including

support of physiologic tissue remodeling [170] and inhibition of neutrophil function [171].
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Figure 2.2: SPM synthesis from -6 and ®-3 fatty acids. Pro-inflammatory mediators are
listed in red and pro-resolving mediators are listed in blue. Note that arachidonic acid can be
metabolized to generate pro-inflammatory and pro-resolving mediators. COX = cyclooxygenase.

LOX = lipoxygenase.
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Following resolution of inflammation, the reparative phase can last weeks to months and is
dominated by regulatory phenotype macrophages, fibroblasts, progenitor cells, anti-
inflammatory cytokines, and angiogenic and anabolic growth factors (Fig 2.1) [139, 154, 155,
172]. Progenitor cells divide, differentiate, and recruit other progenitor cells to the site to
promote angiogenesis and extracellular matrix synthesis [111, 139, 146, 173]. Regulatory
macrophages also promote new tissue synthesis and remodeling by releasing anti-inflammatory
cytokines and growth factors [154, 172, 174]. While SPM levels peak in serum at 1-8 hours post-
inflammatory stimulus [149, 150] and are rapidly metabolized in target tissues [175, 176], SPM
can be detected in sera from mice up to 14 days post-inflammatory challenge [177]. SPM may
therefore have ongoing roles in promoting tissue repair and homeostasis following inflammation

resolution.

Failure to resolve inflammation causes tissue damage in orthopedic biofilm infections
Inflammation in and of itself is not pathologic. A finite acute inflammatory response is necessary
to remove pathogens and cellular debris prior to healing. However, persistent inflammation due
the presence of biofilms in orthopedic infections causes secondary tissue damage, loss of
function, and failure of appropriate tissue repair [127, 178, 179]. When implants become
infected, inflammatory cytokines and Th1 lymphocytes promote osteoclast differentiation and
activation, leading to bone matrix resorption and implant failure [178, 179]. In infected synovial
structures, neutrophils and inflammatory macrophages release MMPs that degrade two key
components of the cartilage extracellular matrix, aggrecan and type Il collagen, leading to

irreversible cartilage degradation and osteoarthritis [180, 181]. The goal of preventing these

62



complications is not only to reduce the magnitude of the inflammatory response, but to also

promote resolution of inflammation such tissue repair can occur and homeostasis achieved [182].

The potential of MSC to modulate inflammation in orthopedic infections

The immunomodulatory potential of MSC in orthopedic infections is two-fold: reduction of
inflammation [121, 124, 140, 183] and promotion of inflammation resolution via release of SPM
(Fig 2.2) [138, 139, 142, 155]. MSC reduce expression of pro-inflammatory cytokines [103, 124,
133, 140, 141], express anti-inflammatory cytokines [140, 141, 183], and suppress lymphocyte
proliferation [104, 121, 184]. MSC from people [139, 144, 150, 155] and mice [147, 185] also
secrete multiple SPM that promote inflammation resolution. MSC-secreted SPM have promoted
inflammation resolution in models of diabetic nephropathy [142], periodontitis [139, 155],
peritonitis [147, 153], and neoplasia [186]. Administration of MSC-derived SPM has also been
associated with inflammatory resolution in COVID-19 patients [187]. MSC from people
additionally express membrane-bound SPM receptors that enhance the ability of MSC to migrate
to and proliferate at the injury site [139, 143]. The dual ability to secrete and respond to SPM
suggest that MSC can promote inflammation resolution via paracrine or autocrine pathways.
While the equine SPM lipidome has yet to be fully investigated, one of the key mechanisms by
which MSC modulate the inflammatory response is via production of arachidonic acid-derived
lipid mediator PGE2 [104, 124, 138, 140, 141]. The extent to which equine MSC produce and
respond to a range of SPM, and promote resolution of inflammation in response to orthopedic

biofilms, requires investigation.
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MSC as a dual anti-biofilm and immune-modulating treatment

MSC therapy has shown promise in resolving infection-associated inflammation, in addition to
reducing bacterial loads, in in vivo infection models. MSC administered intratracheally reduced
lung edema, bacterial counts, and improved survival in a mouse model of E. coli pneumonia
[131]. Intravenous MSC honed to the site of infection, reduced bacterial counts and promoted
macrophage polarization to a regulatory M2 phenotype in a S. aureus subcutaneous mesh
infection mouse model and in cutaneous wounds in dogs [126]. A recent study utilizing a rat
model of S. aureus coxofemoral prosthetic joint infection revealed that MSC, combined with an
antimicrobial, reduced bone bacterial loads, implant site osteolysis, and gene expression of

inflammatory cytokines IL-6 and TNF-a compared to antimicrobials or MSC alone [127].

While reports of a potential dual ability of MSC to combat bacterial infections while reducing
immune-mediated tissue destruction are promising, the extent to which MSC-mediated bacterial
reductions versus direct immune modulation contributed to the improved outcomes is unclear,
particularly when antimicrobials were co-administered. The mechanisms by which MSC
ameliorated inflammation and promoted healing in these models, whether by direct reduction of
inflammation versus promoting resolution of inflammation via SPM release, are also not
understood. To evaluate the dual potential of equine MSC to reduce establish orthopedic biofilms
and modulate the immune response to biofilms, a co-culture system in which MSC can interact
in a paracrine or direct fashion with biofilms, with or without immune cells, must be developed.
This system should also allow quantification of biofilm reduction by multiple methods following

co-culture.
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Models to grow and quantify biofilm reduction by novel treatments

Biofilm growth models

In vitro and ex vivo models of biofilm infections are an essential initial step for evaluation of
novel pharmacologic and orthobiologic treatments (Table 2.2). Biofilm growth in cell culture
plates remains the simplest and most cost-effective method for initial screening of treatment
efficacy by multiple methods [99, 100, 188, 189]. However, microfluidic (flow-cell) models
[190-195] and the CDC biofilm reactor [83, 196-198] allow more precise evaluation of biofilm
growth under diverse conditions [83, 191, 193, 195, 196, 198]. The ability to evaluate biofilm
growth on a variety of surfaces [196-198], over longer timespans [191, 193, 195], and under
shear stress [192, 199] in these systems may more accurately model orthopedic biofilm growth in
vivo compared to growth in cell culture plates. Ex vivo biofilm growth in synovial fluid [57, 200-
202], on skin [101] and on bone explants [66] may provide more biologically relevant methods
to measure biofilm response to novel treatments by providing physiologically organized tissue
layers and tissue-specific host extracellular matrix proteins for biofilm attachment [66, 101, 203].
Results from in vitro and ex vivo biofilm growth models eventually require translation to in vivo

models prior to clinical patient testing [203, 204].

In vivo models of orthopedic biofilm infections allow evaluation of orthopedic infection
pathophysiology and response to novel treatments prior to evaluation in the species of interest.
These models most often utilize inbred rodents [82, 178, 205] or rabbits [206-211] that enable
repeatable establishment of biofilm formation, evaluation of the infection sequelae, and response

to treatments of interest. Rodent models of implant-associated infections have improved our

65



understanding of orthopedic biofilm infection pathophysiology [205, 212], including variations
in disease severity between bacterial species [178], immune system evasion [82], and infection
response to MSC treatment [126, 127]. While a model of equine implant-associated infection has
yet to be developed, reported equine models of septic synovitis have provided valuable
information on the immune response to sepsis [34] and efficacy of orthobiologic therapies [213]
that are directly translatable into clinical patients and document expected variations in outcomes

in heterogeneous individuals [213].
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Table 2.2: In vitro and ex vivo models of biofilm growth and reduction by treatments of interest.

Category Model Advantages and Disadvantages References
Technically simple, repeatable, and cost-effective
_ Growth in cell Multlple applicable blofllm_quantlflcatlon techniques 99. 100, 128, 188,
In vitro Simultaneously screen multiple treatments
culture plates e i ) i g 195, 214, 215
Difficulty in separating planktonic cells vs. biofilm (alternate = Calgary peg model)
Limited to static cultures
Real-time monitoring of biofilm formation on time-lapse microscopy
Continuous in-flow of nutrients and removal of wastes and planktonic cells
Microfluidic Evaluate polymicrobial biofilms and interspecies bacterial interactions
Evaluate the role of quorum sensing in biofilm formation 25, 190, 192-195,
(Flow-cell) . - .
models Small volume medium usage facilitates long-term experiments 216, 217
Confocal image resolution varies between microscopes and cell setup
High cost, limited access to microscopy equipment
Variable access to materials/working knowledge of microfluidic cell design
Simultaneously evaluate biofilm growth on multiple, customizable surfaces, including
orthopedic implant materials
CDC Biofilm Evaluate polymicrobial biofilms 83 196-198
Reactor Evaluate growth under shear fluid stresses '
Can combine with staining or microscopic quantification techniques
Cost/limited access to reactors and/or working knowledge
. . Relatively technically simple
Direct synovial Biolo icgl relevance)fto cliaical septic synovitis cases
Exvivo | fluid g ! Hinical SEpHc sy 201, 202, 218
. - Cannot evaluate interaction with host immune cells
inoculation . . . . :
Need to isolate synovial fluid from live animals
. Biological relevance to clinical skin wounds
Skin explant . . . .
model Cannot evaluate interaction with host immune cells 101
Need to isolate skin samples from live animals
Bone explant Biological relevance to clinical implant-associated osteomyelitis cases 66

model

Advantages/disadvantages as for other explant models
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Biofilm quantification techniques

Biofilm quantification techniques can be broadly divided into matrix staining [99, 100, 188,
219], live bacterial quantification [188, 200, 220], or microscopic evaluation [57, 100, 178, 205]
(Table 2.3). Colorimetric and fluorescent stains detect total biofilm biomass (all cells and matrix
in the biofilm) and specific matrix components [57, 188, 219]. The crystal violet assay is
relatively non-specific in that it stains negatively charged molecules [215]; however, it remains
widely utilized as a tool to quantify changes in biofilm biomass [99, 100, 188, 219, 221]. The
specificity of other staining techniques also varies. For example, the intercalating DNA stain
STYO-9 detects double-stranded (dsDNA) but can be considered a biomass stain since it detects
DNA in live bacteria and biofilm matrix eDNA [189]. In contrast, DNA stains that cannot
penetrate live cells, such as propidium iodide, can specifically measure matrix eDNA [219]. Live
bacterial quantification is commonly performed via enumeration of live colonies following
enzymatic matrix digestion, serial dilution and agar plating [188, 200]. Alternatively, live
bacteria can be quantified with fluorescent DNA stains that specifically penetrate live bacterial
cells, such as 4',6-diamidino-2-phenylindole [219] or by using combined live/dead DNA stain
kits that simultaneously delineate live bacteria versus matrix eDNA [128]. Live bacterial counts
are also indirectly quantified via colorimetric or fluorescent reduction of a substrate through

cellular respiration [188, 220, 222].

While more technically challenging and costly, advanced microscopic techniques can give

valuable information on changes in biofilm formation under specific growth conditions [25, 100,

205, 216, 217] and treatments [57, 100]. Electron microscopy can provide detailed three-
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dimensional information on biofilm architecture [82, 205]. Confocal microscopy can be
performed following fluorescent biofilm matrix staining to evaluate biofilm reduction in
response to treatments [57, 100]. Alternatively, confocal microscopy can be combined with
microfluidic models to allow real-time monitoring of biofilm formation [192, 194, 223, 224] and
interactions between bacterial species or between bacteria and immune cells [164, 225].
Measurement of biofilm-associated gene expression by PCR is also used to document biofilm

formation in laboratory models [193, 205, 226] and in clinical samples [18, 227, 228].
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Table 2.3: Techniques to quantify biofilm reduction in vitro. All stains referenced are trademarked to Thermo-Fisher Scientific.

Abs = absorbance wavelength of colorimetric stains. EX/Em = excitation and emission wavelengths of fluorescent stains.

Target Technique Mechanism References
) . Basic dye, stains negatively charged molecules, including protein,
Biomass Crystal violet DNA, polysaccharides; colorimetric, purple (Abs 595 nm) 99, 100, 188, 214, 215, 229
Safranin O As for crystal violet; colorimetric, red (Abs 530 nm) 99, 221
SYTO™.9 Stains dsDNA, green fluorescence (ex/em 458/498 nm) 188, 230
. Stains dsDNA, green fluorescence
TM_ ’
Matrix DNA SYTO™.9 (ex/em 458/498 nm) 57, 188
- Stains dsDNA, green fluorescence
Acridine orange (ex/em 485/528 nm) 189
4' 6-diamidino-2- Stains intracellular ds DNA to highlight live bacteria, blue 100 219
phenylindole (DAPI) fluorescence (ex/em 461/358 nm) ’
Providium iodid Stains extracellular ds DNA in matrix, red fluorescence (ex/em 219
ropidium iodide 528/617 nm)
. . Stains proteins via noncovalent, hydrophobic, and electrostatic
™
Matrix protein | SYPRO™ Ruby interactions; red fluorescence (ex/em 450/610 nm) 57,100
Congo Red Stains amyloid, colorimetric, red (Abs 490 nm) 231, 232
Matrix Wheat germ agglutinin Stains N-acetylglucosamine and sialic acid residues, green
(WGA)-Alexa Fluor™ fluorescence (ex/em 495/519 nm) 57,214
carbohydrate 488
1, 9-dimethylmethylene Stains polysulfated glycosaminoglycans, metachromatic (Abs 525 188 222
blue (DMMB) nm) ’
Alcian blue Stains sulfated and carboxylated mucopolysaccharides, 230

colorimetric (Abs 620 nm)
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Stains glycoproteins, a-mannopyranosyl and a-glucopyranosyl

Concanavalin-A residues, fluorescent, ex/em varies on conjugate molecule 219
Live bacteria Colony-form_lr_\g unit Enumerates live biofilm-bound bacteria on agar 128, 200, 215
(CFU) quantification
Tetrazolium salt (XTT) Measures mitochondrial respiratory chain activity, colorimetric 188. 220
reduction assay (Abs 490 nm) :
. . Phenoxazine dye, measures mitochondrial respiratory chain
Resazurin reduction assay activity, fluorescent (ex/em 530/580-580 nm) 188, 222
LIVETM/DEAD™ Calcein AM quantifies intracellular esterase activity of live cells,
green fluorescence (ex/em 494/517 nm); PI stains DNA of dead 128

staining

bacterial cells, red fluorescence (ex/em 528/617 nm)

Biofilm
architecture

Confocal microscopy

Quialitative and quantitative evaluation of bacterial attachment to
surfaces or aggregation, matrix production, biofilm formation over
time in microfluidics systems

57, 100, 194, 224, 225

Scanning electron

Qualitative evaluation of bacterial attachment to surfaces, matrix

microscopy architecture and thickness 178, 205
Biofilm gene Polymerase chain reaction | Measures expression of genes important in bacterial adhesion and 103 233. 234
expression (PCR) matrix synthesis e
Other Fluorescent in situ Evaluate intercellular interactions within polymicrobial biofilms or 164, 225

hybridization (FISH)

between biofilm bacteria and eukaryotic cells
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Applying current techniques to evaluation of MSC as an anti-biofilm therapy

Given that each method of biofilm quantification targets different aspects of biofilm formation
and has unique advantages and disadvantages, a combination of techniques should be utilized to
provide the most comprehensive evaluation of biofilm reduction [100, 188, 189, 220]. It is
unclear which techniques can be successfully utilized to quantify biofilm reduction in a model
that allows interaction between MSC and biofilms. It is also unclear whether the inclusion of
antimicrobials that are used to treat clinical equine orthopedic infections, such as amikacin
sulfate, would interfere with quantification methods, particularly staining techniques. In order to
evaluate the ability of equine MSC alone or with clinically relevant antimicrobials to break
down, and modulate the immune response to, orthopedic biofilms, development of an in vitro
MSC-biofilm co-culture system that allows MSC-biofilm interactions and biofilm quantification

by multiple methods is required.

Summary

Current treatment of orthopedic biofilm infections involves aggressive, multi-stage surgical
removal of infected implants and tissues combined with prolonged systemic and local
antimicrobial therapy. The inability to eliminate biofilms despite this multimodal approach can
lead to infection recurrence and dissemination to vital organs, persistent pain/lameness, and
morbidity. The ideal therapy for orthopedic biofilm infections would be able to disrupt biofilms
and improve success of antimicrobial therapy and modulate biofilm-associated inflammation to
mitigate secondary tissue damage and complications. MSC show promise as a treatment for

orthopedic biofilm infections due to their abilities to kill planktonic bacteria, prevent
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establishment of biofilms, synergize with antimicrobials, and regulate inflammation. The ability
of MSC to disrupt established biofilms of orthopedic pathogens, and to modulate the immune
response to orthopedic biofilms, is currently unknown. In order to evaluate whether equine MSC
could fulfill either or both of these roles, there is an initial need to develop an in vitro model that
allows a) interaction between equine MSC and biofilms of orthopedic pathogens and b)
subsequent quantification of biofilm reduction by equine MSC by multiple techniques. That

model would then be utilized to answer two questions:

Can MSC alone or combined with clinically relevant antimicrobials reduce biofilms of

orthopedic pathogens in the aforementioned in vitro co-culture model?

Can MSC modulate the host immune response to orthopedic biofilms, either by reducing

inflammation or promoting resolution of inflammation via SPM?
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CHAPTER 3: NOVEL IN VITRO CO-CULTURE SYSTEM

ALLOWS ASSESSMENT OF MSC-MEDIATED MITIGATION OF BIOFILMS

To be submitted for publication as:

Sarah M. Khatibzadeh, Linda A. Dahlgren, Clayton C. Caswell, William A. Ducker, Stephen R.
Werre, Sophie H. Bogers. Novel in vitro co-culture system allows assessment of MSC-mediated

mitigation of biofilms. J Microbial Methods

ABSTRACT

Mesenchymal stromal cells (MSC) show promise as a therapy for biofilm infections given their
abilities to reduce bacteria and prevent biofilm formation in a paracrine fashion. However, the
ability of MSC alone or with clinically-relevant antimicrobials to disrupt established biofilms is
unknown. A culture method to evaluate MSC efficacy at reducing established biofilms that
allows direct MSC-biofilm interactions and biofilm quantification by multiple methods is
needed. We describe development of a novel in vitro method of co-culturing established S.
aureus and E. coli biofilms with equine bone marrow-derived MSC + antimicrobials. Our
method allows reliable downstream quantification of biofilm biomass, live bacterial counts, and
pellicle size and may be used for future high-throughput evaluation of MSC as a treatment for

biofilm infections.
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Objective: develop a novel in vitro co-culture model of biofilm reduction by cellular therapies + antimicrobials
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Conclusion: Our model reliably allows quantification of reductions in biofilm biomass, size, and live
bacteria following co-culture with cellular therapies alone or with antimicrobials.

Figure 3.1: Graphical abstract. Co-culture of biofilms with equine MSC and antimicrobials in
a transwell co-culture system facilitates MSC-biofilm interactions while maintaining spatial
separation. This system allows ready evaluation of MSC antibiofilm efficacy via quantification

of biofilm biomass, live bacterial counts, and biofilm pellicle area following co-culture.

Highlights:
1. Our system allows MSC-biofilm interactions while maintaining spatial separation.
2. Biofilm biomass, size and live bacteria are readily quantified post-co-culture.

3. Biofilm reduction by MSC can be evaluated prior to in vivo testing.
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INTRODUCTION

A biofilm is a community of bacteria that are adhered to each other or a solid surface and
encased in a self-secreted extracellular matrix of carbohydrates, proteins, and extracellular DNA
[1-4]. During orthopedic infections, biofilms protect the indwelling bacteria from antimicrobials
[5-7] and the immune response [8, 9], which can lead to infection recurrence and dissemination
to the bloodstream or vital organs [10-12]. Biofilms also exacerbate chronic inflammation and
secondary tissue damage, including osteolysis and implant failure [13-15]. The resulting
mortality rates for orthopedic infections are high, with 55% of people succumbing to these
infections within 5 years of diagnosis [10-12] and up to 56% of affected horses requiring
euthanasia [16-18]. Biological products, including mesenchymal stromal cells (MSC) [19-24],
are being investigated to treat biofilm infections. MSC kill bacteria [20, 24, 25] and inhibit
biofilm formation [20, 22] in a paracrine fashion via secretion of antimicrobial proteins [19, 20,
22, 24] and stimulation of host immune defenses [25, 26]. MSC antimicrobial activity is
stimulated by activation of pattern recognition receptors on MSC by bacterial by-products or
exogenous toll-like receptor (TLR) ligands [24, 25, 27] and may be synergistic with traditional

antimicrobials [28-30].

One limitation of published methods to evaluate MSC-mediated antimicrobial effects is that
bacteria are often cultured with MSC conditioned medium. Conditioned MSC medium contains
secreted bioactive antimicrobial proteins that disrupt bacterial membranes and interfere with key
nutrient metabolism [20, 24-26]. However, bacterial incubation with MSC conditioned medium

does not allow the real-time paracrine signaling between MSC and biofilms present in natural
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infections. Reported MSC antimicrobial effects include reductions in planktonic bacterial counts
and prevention of biofilm formation from planktonic cultures [20, 24-26], but the ability of MSC
to disrupt established biofilms with a mature extracellular matrix is unknown. Current techniques
to evaluate biofilm reduction by MSC include crystal violet staining of total biofilm biomass
(bacterial cells and matrix) [20, 31], staining of specific matrix components [32-34], enumeration
of live biofilm-bound bacteria by colony forming unit (CFU) analysis [32, 33, 35], and three-
dimensional microscopic techniques [7, 22, 36]. Although a combination of quantification
techniques provides the most comprehensive evaluation of treatment efficacy [33], a model that
simultaneously allows direct MSC-biofilm interactions and easy separation of biofilms post-
culture for quantification by multiple techniques has not been reported. Furthermore, it is
unknown if use of antimicrobials relevant to traditional treatment of biofilm infections [37, 38]
would interfere with quantification techniques. Therefore, an in vitro co-culture model that
allows MSC to interact with established biofilms and permits reliable and rapid downstream
quantification of biofilm components by multiple methods is required to elucidate the anti-

biofilm mechanisms of MSC and evaluate potential treatment efficacy.

The aims of this study were two-fold. We sought to develop a high throughput in vitro co-culture
model that would allow paracrine interactions between biofilms and MSC alone or with
antimicrobials. Using this model, we aimed to reliably quantify biofilm biomass by crystal violet
assay, biofilm pellicle size by image analysis, and live bacterial counts by CFU analysis
following co-culture. We specifically utilized biofilms of S. aureus or E. coli and equine bone
marrow derived-MSC, with or without the addition of amikacin sulfate, in this report. We

hypothesized that use of this model would allow: 1) Ready quantification of S. aureus and E. coli
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biofilm biomass, live bacterial counts, and pellicle size after co-culture with MSC, 2) Use of
amikacin sulfate to reduce established biofilms with no interference with biofilm quantification
techniques, and 3) Survival of the majority (> 50% live cells after co-culture) of MSC after 48-

hours of co-culture with S. aureus and E. coli biofilms.

METHODS

3.1 Experimental design

Biofilm isolation for biomass and live bacterial quantification, as well as amikacin concentration
for use as a treatment group or positive control were optimized on S. aureus or E. coli biofilms
grown in 96 well plates. Optimized parameters were then applied to biofilms co-cultured with
MSC from healthy horses using a transwell plate system to confirm consistency of biofilm

quantification techniques and to evaluate MSC viability.

3.2 Establishment of biofilms for use in co-culture model

Commercial strains of methicillin-sensitive S. aureus (ATCC® 23912, Biosafety Level -2) and E.
coli (ATCC® 25992, Biosafety Level -1) were utilized for biofilm formation. Quality control
testing was performed on both strains by broth microdilution using Sensititre™ plates
(ThermoFisher™) to ensure that the minimum inhibitory concentration (MIC) of each drug fell
within the expected ranges outlined in the Clinical Laboratory Standards Institute M100 (Table
3.1, 3.2) [39]. Cultures were established by isolation of pure colonies on tryptic soy agar (TSA),
inoculation of 1 pure colony in Luria-Bertani (LB) broth, and overnight growth (37°C, 200 rpm,

Fisherbrand™ Mini-shaker) into the exponential growth phase. Overnight cultures of S. aureus
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and E. coli were serially diluted in LB broth to an optical density (OD) at 600 nm of 0.05. For
initial optimization of biomass and live bacterial quantification techniques and the positive
control for biofilm removal, S. aureus and E. coli biofilms were formed by inoculation of 5 x 10*
colony-forming units (CFU) per well in 96-well plates and growth at 37°C, 5% CO2, 95%
humidity for 24 hours to allow adequate bacterial attachment and matrix production [40, 41].
Optimization of the final transwell plate co-culture model was performed following growth of
24-hour S. aureus and E. coli biofilms from a starting inoculum of 2 x 10° CFU per well in 24-

well tissue culture-treated plates under the same culture conditions.
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Table 3.1: Minimum inhibitory concentrations (MIC) of S. aureus ATCC29213

measured by antimicrobial susceptibility testing on broth microdilution

Antimicrobial MIC (ug/mL) Interpretation
Amikacin <4 In range
Amoxicillin/clavulanic acid <0.25 In range
Ampicillin <0.25 In range
Cefazolin <2 In range
Cefovecin 1 In range
Cefpodoxime <2 In range
Cephalothin <2 In range
Chloramphenicol <8 In range
Clindamycin <0.5 In range
Doxycycline 0.25 In range
Enrofloxacin <0.25 In range
Erythromycin 0.5 In range
Gentamicin <4 In range
Imipenem <1 In range
Marbofloxacin <1 In range
Minocycline <0.5 In range
Nitrofuratonin <16 In range
Oxacillin 2 + 2% NacCl <0.25 In range
Penicillin 0.5 In range
Pradofloxacin <0.25 No interpretation
Rifampin <1 In range
Tetracycline 0.5 In range
Trimethoprim/Sulfamethoxazole <2 In range
Vancomycin <1 In range
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Table 3.2: Minimum inhibitory concentrations (MIC) of E. coli ATCC25922

measured by antimicrobial susceptibility testing on broth microdilution

Antimicrobial MIC (ug/mL) Interpretation
Amikacin <4 In range
Amoxicillin/clavulanic acid 4 In range
Ampicillin 4 In range
Cefalexin 8 In range
Cefazolin 2 In range
Cefovecin 1 In range
Cefpodoxime <1 In range
Ceftazidime <4 In range
Chloramphenicol 4 In range
Doxycycline 1 In range
Enrofloxacin <0.12 In range
Gentamicin 0.5 In range
Imipenem <1 In range
Marbofloxacin <0.12 In range
Orbifloxacin <1 In range
Piperacillin/Tazobactam <8 In range
Pradofloxacin <0.25 No interpretation
Rifampin <1 In range
Tetracycline <4 In range
Trimethoprim/Sulfamethoxazole <05 In range

3.3 Evaluation of physiologic amikacin sulfate and SDS for use in biofilm-MSC co-culture model

24-hour S. aureus and E. coli biofilms were incubated with 30 pg/mL amikacin sulfate, a

physiologic concentration achieved in vivo following regional administration for treatment of

clinical orthopedic infections [37, 38, 42]. To investigate an appropriate positive control,

biofilms were simultaneously incubated with two supraphysiologic concentrations of amikacin

sulfate (500 and 50,000 pg/mL) and a range of concentrations (0.5-8%) of sodium dodecyl

sulfate (SDS), an anionic surfactant that inhibits biofilm formation [43, 44]. All treatments were

incubated with biofilms for 48 hours to mimic a clinical scenario [45] and biofilm reduction was
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then quantified via crystal violet staining and biofilm-bound CFU enumeration as described
below. Successful positive control was defined as reduction of CFU to within threshold of

contamination control samples.

3.4 Establishing MSC-biofilm co-cultures

3.4.1 MSC isolation

Under standing sedation and local anesthesia, marrow aspirates were harvested from the sternum
of 6 healthy Thoroughbred horses (Table 3.3) using protocols approved by the Virginia Tech
Institutional Animal Care and Use Committee. Bone marrow mononuclear cells (MNC) were
isolated by density gradient centrifugation (Ficoll® Paque PLUS, Cytivia™) and cryopreserved
in fetal bovine serum (FBS) with 10% dimethyl sulfoxide until use [46-48]. Cryopreserved MNC
were thawed in a 37°C water bath and stained with Trypan Blue (Gibco™) diluted 1:8 in PBS, at
a volumetric suspension: stain ratio of 1:10 to determine baseline viability. Live (colorless)
versus dead (blue) cells were quantified under phase contrast microscopy (Olympus CKX41,
EVIDENT®) at 10x magnification using a hemacytometer (Fisher Scientific™). Live MNC
were plated at 350,000 MNC/cm? in 175 cm? tissue culture flasks [49-51] in MSC medium: low-
glucose GlutaMax DMEM with 110 pg/mL sodium pyruvate (Gibco™), 100 U/mL sodium
penicillin, 100 pg/mL streptomycin sulfate (Sigma Aldrich®), and 10% FBS (Corning®). A 50%
medium exchange was performed every 48 hours and resulting mesenchymal stromal cells
(MSC) passaged at 70-80% confluency to passage 1 prior to cryopreservation at 1 x 107 cells/mL

(Synth-a-freeze™, Life Technologies, Inc) in liquid nitrogen, vapor phase.
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Table 3.3: Bone marrow-derived MSC donor horse information

Donor Breed Sex Age

1 B M 2 months
2 B MC 5 years

3 B MC 7 years

4 B F 3 years

5 B F 5 years

6 B MC 7 years
Abbreviations: TB = Thoroughbred, M = Male, C = castrate, F = Female

3.4.2 MSC expansion and acclimation to transwell inserts

In preparation for co-culture with biofilms, cryopreserved passage 1 MSC were thawed in a
water bath at 37°C and expanded at passage 2 in antibiotic-free MSC medium + 10% FBS.
Passage 2 MSC were trypsinized at 70-80% confluence, baseline viability assessed via Trypan
Blue staining, and 1.0 x 10° live MSC seeded at passage 3 into the upper insert of a 24-well
transwell plate (6.5 mm diameter, 0.4 um pore diameter, polyester, Corning®) in antibiotic-free

MSC medium + 5% FBS. MSC were acclimated overnight at 37°C, 5% COz2, and 95% humidity.

3.4.3 Co-culture setup

24-hour old S. aureus and E. coli biofilms were prepared for use in the co-culture system by
centrifugation at 1,400 x g, 23°C, 10 minutes, and the overlying LB broth was aspirated. MSC
medium with 5% FBS + 30 ug/mL amikacin sulfate (400 pL/well) was added to the lower wells
and inserts containing passage 3 MSC in 100 pL MSC medium were transferred to the wells
(500 pL total system volume). Control biofilms without MSC had 500 uL. MSC medium with
5% FBS alone + 30 pg/mL amikacin sulfate added per well. Co-cultures were maintained for up

to 48 hours.

116




3.5 Biofilm quantification techniques for co-culture model

3.5.1 Biomass

Following co-culture and removal of transwell inserts containing MSC, biofilms were
centrifuged at 1,400 x g, 10 minutes at room temperature, rinsed twice with distilled water, fixed
in reagent-grade methanol, and stained with 0.2% aqueous crystal violet for 15 minutes at room
temperature [20, 31, 32]. Excess stain was then aspirated, biofilms rinsed twice with distilled
water to remove excess stain, and biofilm-bound stain eluted with 70% ethanol. Eluted stain was
quantified at OD at 595 nm using a spectrophotometric plate reader (BioTek H1 Synergy ™,

Agilent Technologies, Inc) and software (Gen5™, Agilent Technologies, Inc).

3.5.2 Live bacterial counts

Live biofilm-bound CFU were quantified following matrix digestion in situ with 20 pug/mL
Proteinase K (Life Technologies, Inc) for 30 minutes at 37 °C, 150 rpm on a shaking incubator
(Incubating Mini-Shaker, Fisher Scientific™) [35]. We confirmed this minimum required
Proteinase K concentration to liberate CFU from the biofilm matrix without inadvertent CFU
reduction. Digested biofilm well contents were serially diluted in sterile phosphate buffered
saline (PBS), plated in triplicate on TSA, and incubated overnight at 37°C. Live colonies were
counted, divided by the dilution factor, and the quotient multiplied by well volume to calculate

live bacteria/well system (CFU/biofilm):

CFU/biofilm = (Live colonies / dilution factor) x well volume in mL
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3.5.3 Biofilm pellicle area measurement

Following co-culture with MSC from 5 adult horses (Horses 2-6, Table 3.3), inserts containing
MSC were removed and biofilms were grossly examined and photographed digitally (iPhone
XR, Apple, Inc) using a commercial ring LED photography booth with a black backdrop and
lens set to an object distance of 19 cm (PULUZ®). High resolution JPEG images were imported
to ImageJ (NIH), converted to 8-bit greyscale, and images showing biofilm pellicles as white
areas on a black background were obtained via default algorithm histogram thresholding (Fig
3.2). The number of white pixels (value 255) were recorded in an oval region of interest (ROI)
that incorporated the pellicle. Triplicate technical replicates were measured and the mean used
for statistical analysis. Four independent reviewers (Kayla Hackler, Jacq Field, Hannah Elshafie,
Sidney Schumaker) were trained to review pellicle area using Image J. Each reviewer assessed
images from all horses within a randomly assigned bacterial strain and time point. Then,
reviewers were randomly assigned to a different bacterial strain and time point for review so that
each set of images was reviewed by two independent reviewers. Random allocation by time
point and bacteria grouping was chosen as not direct comparisons between time point or bacteria
were performed in final analysis. Pixel size was calibrated to reference lines of known distance

in mm and final pellicle area in mm? was calculated prior to statistical analysis.
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Figure 3.2: Biofilm image processing for pellicle area measurement in ImageJ (NI1H)
software. Raw images (A) were converted into greyscale images (B) and subsequently converted
into black and white images (C) where biofilm pellicle area could be quantified by number of

white pixels and standardized to plate measurements to get final area in mm?2.

3.6 Confirming MSC viability following co-culture

MSC from 1 horse (Horse 1, Table 3.3) were cultured as described in 3.4.1, dissociated from
culture flasks with trypsin EDTA 0.25% (Thermo-Fisher Scientific™) for 5 minutes at 37°C,
resuspended in MSC medium with 5% FBS, and baseline viability assessed via Trypan Blue

staining. MSC viability following co-culture with S. aureus or E. coli biofilms for 48 hours was

119



performed following trypsinization of MSC in transwell inserts, resuspension, and Trypan Blue

staining.

3.7 Statistical analysis

Data distribution was assessed using normal probability plots, summarized as means + standard
deviations if normally distributed, and effects of treatment on outcomes analyzed using one-way
analysis of variance. Where appropriate, p-values were adjusted for multiple comparisons using
Tukey’s procedure. Inter-observer agreement in biofilm pellicle area measurement was
calculated using Pearson’s r coefficient. Statistical significance was set to p < 0.05. All analyses

were performed using SAS v. 9.4 (Cary, NC).

RESULTS AND DISCUSSION

3.1 Establishment of MSC-biofilm co-cultures was technically simple and allowed reliable
quantification of biomass and live bacteria

Biofilm-MSC co-cultures were technically simple to establish and allowed for simultaneous co-
culture of multiple technical replicates for each donor cell-line. No technical challenges were
faced when transferring inserts containing MSC to the biofilm wells or upon removal following
co-culture. The transwell system allowed quantification of biomass by crystal violet and CFU
analysis on separate biofilms. For 5 horses, the range of untreated biofilm technical replicates for
biomass quantification by crystal violet staining was 1.01-2.02 (minimum-maximum) for S.

aureus (Fig 3.3A) and 0.41-3.76 for E. coli (Fig 3.3B). For CFU analysis, the technical
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replicates ranged from 5.75 x 107-1.30 x 108 CFU for S. aureus (Fig 3.4A) and from 1.70 x 107-

8.50 x 107 CFU for E. coli (Fig 3.4B).
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Figure 3.3: Crystal violet-stained biomass (OD 595 nm) of S. aureus (A) or E. coli (B)
biofilms following no treatment (neg control) or co-culture with MSC or MSC + physiologic (30
pg/mL) amikacin sulfate from 5 horses for 24 (grey) or 48 hours (white + black lines). Boxes
represent means (center lines), 51" and 95" percentiles (lower and upper limits), and minimum

and maximum values (whiskers) from 3 technical replicates per horse and treatment.
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Figure 3.4: Live bacterial counts (logio-transformed CFU) of S. aureus (A) or E. coli (B)
biofilms following no treatment (neg control) or co-culture with MSC or MSC + physiologic (30
pg/mL) amikacin sulfate from 5 horses for 24 (grey) or 48 hours (white + black lines). Boxes
represent means (center lines), 51" and 95" percentiles (lower and upper limits), and minimum

and maximum values (whiskers) from 3 technical replicates per horse and treatment.
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3.2 Quantification of biofilm pellicle reduction on digital photograph analysis provided a cost-
effective tool to quantify biofilm pellicle size in a co-culture model

Quantification of pixels for biofilm pellicle size in ImageJ software (Fig 3.2), successfully
reflected biofilm pellicle area following MSC co-culture with good agreement between
independent observers (Pearson’s r = 0.91, P < 0.01). We chose to measure the pellicle area by
quantifying the number of white pixels in the ROI on black-and-white converted images, and
then standardizing pixels to known plate distances. Pixel quantification minimizes potential
inter-observer variation associated with manually encircling the pellicle on unmanipulated
images. While confocal and electron microscopy provide detailed, three-dimensional visual [7,
36] and quantitative information [22] on biofilm reduction by cellular therapies, substantial
financial and time investments may be required to refine microscopic techniques, and access to
the required microscopes and software may be limited to specific core facilities. Quantification
of reductions in visible biofilm area on digital photographs may thereby serve as a useful
intermediary step to document biofilm disruption as a potential mechanism of action of cellular
therapies and as a justification to further investigate the biofilm disruption on advanced

microscopic imaging.

3.3. Reductions in S. aureus and E. coli biofilm biomass and CFU by physiologic amikacin
sulfate were consistently quantified

Incubation of S. aureus and E. coli biofilms with amikacin sulfate at all concentrations grossly
reduced biofilms compared to no treatment (Fig 3.5). A physiologic concentration of amikacin
sulfate (30 pug/mL) reduced biofilm biomass of S. aureus by 25% (P = 0.04) (Fig 3.3A) and of E.

coli by 75% (P < 0.01) (Fig 3.3B) on crystal violet staining compared to untreated biofilms. 30
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png/mL amikacin sulfate also reduced CFU of S. aureus (P < 0.01) (Fig 3.4C) and E. coli (P <
0.01) (Fig 3.4D) biofilms by 1 logio-fold compared to no treatment. Similar reductions in
biomass and CFU were achieved with 30 pg/mL amikacin sulfate treatment in the final transwell
model (Khatibzadeh PL0S One, in press) The efficacy of amikacin sulfate at physiologic
concentration (30 pg/mL) in the co-culture model supports our second hypothesis. While the
MIC for planktonic cultures of our S. aureus and E. coli strains was < 4 pg/mL (Tables 3.1 and
3.2), the MIC for common antimicrobials against biofilm-bound bacteria can be up to 2,000
times greater than that for planktonic bacteria [5-7]. The significant but partial reductions in
biomass and CFU seen in this study are thereby consistent with the expected increase in MIC for
biofilm-bound bacteria. The significant reduction in biofilm parameters by 30 pg/mL amikacin
also confirm that this concentration is a relevant comparison for evaluation of MSC anti-biofilm
properties in this model. Addition of antimicrobials to MSC treatment is relevant to the potential
use of MSC as an adjunct rather than alternative to traditional antimicrobial therapy, and the

previously described synergy demonstrated for MSC with antimicrobials [28, 29].

3.4. A combination of 500 pg/mL amikacin sulfate with 2% SDS eliminates CFU from S. aureus
and E. coli biofilms without interfering with biomass staining techniques

Incubation of S. aureus and E. coli biofilms with both supraphysiologic concentrations (500 and
50,000 pg/ mL) of amikacin sulfate for 48 hours visibly reduced biofilms, with subjectively
more reduction seen with 50,000 pg/ mL amikacin treatment (Fig 3.5). However, only 500
pg/mL amikacin reduced biomass by crystal violet staining compared to no treatment (Fig 3.6A

and B) (S. aureus P = 0.01; E. coli P < 0.01). The lack of change in biomass staining following
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treatment with 50,000 ug/mL amikacin versus no treatment (S. aureus P = 0.90; E. coli P >

0.99), despite visible biofilm reduction, partially refuted our second hypothesis.

The discrepancy between visible biofilm reduction by 50,000 pg/mL amikacin and the lack of
reduction in crystal violet staining compared to untreated biofilms suggests interference between
crystal violet staining and amikacin at that concentration. While interference between crystal
violet and aminoglycoside antimicrobials has not been reported, it is possible that the amino or
carbohydrate groups in the amikacin molecule [52] may be stained by crystal violet, which non-
specifically stains all biofilm components [31, 33]. Testing of stains for specific matrix
components in our model, including wheat germ agglutinin for carbohydrates, yielded increased
stain uptake across all amikacin concentrations despite visible biofilm reduction (Supplement
3.1), further supporting that amikacin may by non-specifically stained by certain matrix stains.
Aminoglycoside antimicrobials have also been reported to bind biofilm matrix components [53,
54]. Retention of amikacin in the matrix of biofilms in this study, particularly at the highest
tested concentration of 50,000 ug/mL, may thereby have falsely elevated crystal violet stain
uptake despite thorough pre- and post-stain rinsing. Based on these findings, 500 pg/mL
amikacin sulfate was selected for further evaluation with SDS as a positive control for biofilm

removal.
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Figure 3.5: Visual S. aureus and E. coli biofilm reduction by amikacin sulfate. From top to
bottom are untreated (negative control) biofilms and biofilms following treatment with
supraphysiologic (50,000 and 500 pg/mL) or physiologic (30 pg/mL) concentrations of amikacin
sulfate for 48 hours in 96-well plates. Note almost complete elimination of visual biofilm by

50,000 pg/mL amikacin for both bacteria.

While incubation of S. aureus and E. coli biofilms with all SDS concentrations (0.5-8%) reduced
biomass on crystal violet staining comparable to growth medium alone (Supplement 3.2), 2%
SDS was selected for further evaluation as a positive control to avoid pipetting difficulties
associated with increased viscosity at higher concentrations. A combination of 500 pg/mL
amikacin with 2% SDS eliminated CFU from S. aureus (Fig 3.6C) and E. coli biofilms (Fig

3.6D), confirming this combination as an effective positive control for biofilm elimination.
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Figure 3.6: Evaluation of amikacin sulfate as a comparison treatment for MSC co-culture
and for development of a positive control for biofilm removal. Biomass of S. aureus (A) or E.
coli biofilms (B) in 96-well plates following no treatment (neg control) or 48-hour treatment with
supraphysiologic (50,000 or 500 pg/mL) or physiologic (30 pg/mL) concentrations of amikacin.
Live bacterial counts (logio(CFU)) of S. aureus (C) and E. coli biofilms (D) in 96-well plates

following no treatment (neg control) or 48-hour treatment with 30 pg/mL amikacin or the
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positive control candidate (500 pg/mL amikacin + 2% SDS). The contamination control is
growth medium alone. Bars represent mean + standard deviation of 3 technical replicates.

Brackets indicate significant (p < 0.05) post-hoc differences between groups.

3.5. The majority of MSC survive co-culture with established S. aureus and E. coli biofilms
Baseline MSC viability prior to seeding in transwell inserts for co-culture was 99%. Seventy
percent (70%) of seeded MSC were viable following 48-hour co-culture with S. aureus biofilms,
while 75% of seeded MSC were alive following 48-hour co-culture with E. coli biofilms (Fig
3.7). These finding support our final hypothesis that a minimum of 50% of MSC would survive
co-culture with biofilms of both bacteria. Given that our model allowed MSC to interact with
biofilms, and that MSC viability following co-culture with bacteria has not been reported, it was
necessary to confirm that the majority of MSC would survive biofilm exposure as a basis for
interpreting biofilm reduction by MSC in downstream experimentation. While MSC from 5
subsequent horses demonstrated biofilm matrix reduction in our co-culture system (Khatibzadeh
PLoS One, in press), confirmation of MSC viability post-co-culture from additional horses is

needed to further evaluate MSC as an anti-biofilm treatment prior to testing in vivo.
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Figure 3.7: MSC viability following transwell co-culture with biofilms.
MSC were trypsinized in situ, resuspended, and stained with Trypan Blue following 48-hour co-
culture with established S. aureus or E. coli biofilms. Bars represent mean + standard deviation

of 3 technical replicates from MSC from Horse 1 (Table 3.3).

CONCLUSIONS

Our model of biofilm co-culture with MSC * a physiologic concentration of amikacin sulfate
allows reliable quantification of biofilm reduction by biomass staining, CFU enumeration, and
biofilm pellicle area on image analysis, and preserves viability of the majority of MSC. The
model offers a viable in vitro technique to assess the effect of MSC on biofilms and can be used
to screen different treatment parameters using a high-throughput design. This approach can be
used to screen MSC from multiple donors, synergy between different antimicrobials, varying
MSC doses, and MSC pre-stimulation with PRR agonists [24, 25] or culture conditions that
stimulate MSC immunomodulatory properties [55-59]. Future areas for improved biofilm
analysis in this model include three-dimensional microscopic techniques for biofilm
quantification, comparison of biofilm-bound versus planktonic CFU fractions in the biofilm well
system, and measurement of changes in biofilm matrix mechanical properties (e.g., using
elastography) [41]. The model represents an easily accessible route to further investigate and
refine MSC antibiofilm responses and thereby represents a valuable pre-clinical step in

optimizing MSC as a therapy for orthopedic biofilm infections.

131



Acknowledgements

The authors would like to acknowledge Dr. Bruno Menarim (Gluck Equine Research Center,
University of Kentucky) and Dr. James Blake Everett (Equine Surgical Center, Murfreesboro,
Tennessee) for their efforts in isolating and cryopreserving the equine bone marrow mononuclear
cells used for MSC isolation. The authors would like to thank Dr. Tessa LeCuyer, Dr. Jessica
Gilbertie, the technical specialists at the Center for One Health Research (Nancy Tenpenny) and
the Collaborative Multidisciplinary Research Laboratory (Michelle Todd), members of the
Caswell Laboratory (Tristan Stoyanof, Dr. Mitchell Caudill), and numerous undergraduate
students (Elanagh Smith, Kayla Hackler, Jacq Field, Hannah Elshafie, Sidney Schumaker, Jane

Perkins), for their invaluable assistance and support.

Funding sources

This work was supported by the Morris Animal Foundation Large Animal Training Fellowship,
the Interdisciplinary Graduate Education Program in Regenerative Medicine and the Office of
Research and Graduate Studies (Virginia Tech), and the Equine Research Competition (Virginia-

Maryland College of Veterinary Medicine).

Supplemental information

132



S. aureus E. coli
1%105 1%105-
8x104 gx1044 |
. . -+ T
£ £ 1 T
& 6104 & 6x10%+
c c
S S
2 i
8 4x104 2 4x10%-
£ E
w w
2x10%*~ 2x%10%-
0- 0 T T T T
Neg 50,000 500 30 pg/mL Neg 50,000 500 30 pg/mL
control ug/mL  pg/mL control ug/mL  pg/mL
Amikacin sulfate Amikacin sulfate

Supplement 3.1: Biofilm matrix carbohydrate staining following amikacin sulfate
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aureus (A) or E. coli (B) biofilms following treatment with supraphysiologic (50,000 and 500
pg/mL) or physiologic (30 pg/mL) concentrations of amikacin sulfate for 48 hours. Bars

represent mean + standard deviation of 3 technical replicates.
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Supplement 3.2: Biofilm biomass reduction by sodium dodecyl sulfate (SDS). Biomass of
crystal violet-stained S. aureus (A) or E. coli biofilms (B) in 96-well plates following no
treatment (neg control) or 48-hour treatment with a range of SDS concentrations. The
contamination control is growth medium alone. Bars represent mean + standard deviation of 3
technical replicates. Asterisks indicate significant (p < 0.05) post-hoc differences compared to

the untreated control, with no differences between SDS concentrations or between SDS

treatment and the contamination control.
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CHAPTER 4: EQUINE BONE MARROW-DERIVED
MESENCHYMAL STROMAL CELLS REDUCE ESTABLISHED

S. AUREUS AND E. COLI BIOFILM MATRIX IN VITRO.

To be submitted for publication as:
Sarah M. Khatibzadeh, Linda A. Dahlgren, Clayton C. Caswell, William A. Ducker, Stephen R.
Werre, Sophie H. Bogers. Equine bone marrow-derived mesenchymal stromal cells reduce

established S. aureus and E. coli biofilm matrix in vitro. PLoS One

ABSTRACT

Biofilms reduce the efficacy of antibiotics and lead to complications and mortality in human and
equine patients with orthopedic infections. Equine bone marrow-derived mesenchymal stromal
cells (MSC) kill planktonic bacteria and prevent biofilm formation, but their ability to disrupt
established orthopedic biofilms is unknown. Our objective was to evaluate the ability of MSC to
reduce established S. aureus or E. coli biofilms in vitro. We hypothesized that MSC would
reduce biofilm matrix and colony-forming units (CFU) compared to no treatment and that MSC
combined with the antibiotic, amikacin sulfate, would reduce these components more than MSC
or amikacin alone. MSC were isolated from 5 adult Thoroughbred horses in antibiotic-free
medium. 24-hour S. aureus or E. coli biofilms were co-cultured in triplicate for 24 or 48 hours in
a transwell plate system: untreated (negative) control, 30 pg/mL amikacin, 1 x 108 passage 3
MSC, MSC with 30 pg/mL amikacin. Treated biofilms were photographed and pellicle area

quantified digitally, biomass was quantified via crystal violet staining, and CFU quantified
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following enzymatic digestion. Data were analyzed using mixed model ANOVA with Tukey
post-hoc comparisons (p < 0.05). MSC significantly reduced S. aureus pellicles at both
timepoints and E. coli pellicle area at 48 hours compared to untreated controls. MSC with
amikacin significantly reduced S. aureus pellicles versus amikacin and E. coli pellicles versus
MSC at 48 hours. MSC significantly reduced S. aureus biomass at both timepoints and reduced
S. aureus CFU at 48 hours versus untreated controls. MSC with amikacin significantly reduced
S. aureus biomass versus amikacin at 24 hours and S. aureus and E. coli CFU versus MSC at
both timepoints. MSC primarily disrupted the biofilm matrix but performed differently on S.
aureus versus E. coli. Evaluation of biofilm-MSC interactions, MSC dose, and treatment time

are warranted prior to testing in vivo.
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INTRODUCTION

Biofilms are a common and critical problem in orthopedic infections, such as septic synovitis
and implant-associated infections. Complications and resistance of biofilms to treatment
contribute to increased treatment costs and treatment failure in human [1-3] and veterinary
patients [4-7]. A biofilm is a community of bacteria adhered to a surface or to each other and
encased in a self-secreted extracellular matrix of carbohydrates, proteins, and DNA [8-14].
Biofilms contribute to antimicrobial resistance in orthopedic infections by shielding indwelling
bacteria from immune cells and antimicrobials [12, 15-18], facilitating bacterial metabolic
downregulation [19, 20], and promoting exchange of antimicrobial resistance genes [7].
Resistance of biofilm-bound bacteria to antimicrobials and immune cells contributes to persistent
infection in the face of parenteral and regional antimicrobial administration [6, 21-23]. Multi-
stage surgical removal of infected implants and debridement of affected tissue are often required

in conjunction with prolonged antimicrobial therapy for infection resolution [4, 5, 24].

Despite aggressive and prolonged medical and surgical therapy, sequalae of orthopedic
infections involving biofilms include irreversible tissue damage due to chronic inflammation,
such as osteolysis with subsequent implant failure [4, 25, 26] and chondromalacia in septic
synovitis [6, 27]. Additionally, persistent biofilms serve as a nidus for dissemination of infection
to the bloodstream and vital organs, which can be life-threatening [2, 28-31]. The complications
related to biofilm infections are dire; 26-55% of people with orthopedic implant infections die
within 5 years of initial diagnosis [29-31]. Persistent orthopedic biofilm infections are an equally
significant problem in horses and are often caused by Staphylococcus aureus and Escherichia

coli, which readily form biofilms on metallic orthopedic implants [7, 13, 32, 33] and in synovial
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fluid as floating aggregates [12, 34-37]. The resulting chronic lameness, loss of athletic potential,
and reduced quality of life due to chronic, unresolved orthopedic infections [4-6, 22, 24] make
euthanasia ultimately necessary in up to 54% of horses [4, 5, 22, 38, 39]. A treatment that
disrupts established orthopedic biofilms and improves success of antimicrobials and surgical

intervention is desperately needed.

Mesenchymal stromal cells (MSC) support tissue regeneration and immunomodulation in people
and veterinary species and are widely used for the treatment of musculoskeletal injuries in horses
[40-46]. Recently, MSC have been demonstrated to have antimicrobial properties in vitro [47-
51], ex vivo [52], and in animal models of infection [53-55]. Equine MSC exert antimicrobial
effects in a paracrine manner, via secretion of antimicrobial peptides that depolarize bacterial cell
membranes [48, 50] and interfere with bacterial metabolism of key nutrients [49]. Additionally,
equine MSC enhance the host antibacterial response through stimulation of phagocytosis by
neutrophils [51] and secretion of antimicrobial peptides from keratinocytes [52]. As a
combination treatment, MSC with antimicrobials significantly reduced bacterial numbers,

demonstrating therapeutic synergy [54-56].

To date, studies have primarily evaluated the ability of MSC to prevent establishment of
infection, including planktonic (free-floating) bacterial reduction and inhibition of biofilm
formation [48-51]. Harman et al. demonstrated that conditioned medium from equine MSC
prevented biofilm formation by planktonic cultures of S. aureus and E. coli [48]. However, it
was unclear if the anti-biofilm properties were due to bacterial killing prior to biofilm

establishment, or direct disruption of biofilm formation. The biofilm matrix physically protects
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indwelling bacteria from killed by immune cells and can utilize host immune response to its
advantage by incorporating secreted proteins [12, 36, 57] and DNA [58] into its matrix.
Therefore, it is important to investigate of the ability of equine MSC to reduce established
orthopedic biofilms that contain a mature extracellular matrix. It is also unknown whether equine
MSC synergize with antimicrobials used clinically in equine orthopedic infections [21, 59, 60]

and can reduce established orthopedic biofilms to a greater extent than MSC alone.

The objectives of this study were to 1) evaluate the ability of equine bone marrow-derived MSC
to reduce biomass (total cells and matrix), biofilm size, and live bacterial counts of established S.
aureus or E. coli biofilms in vitro, and 2) whether the combination of MSC and the antimicrobial
amikacin sulfate would be more effective than either alone. We hypothesized that 1) MSC would
reduce biomass, size, and live bacterial counts of S. aureus and E. coli biofilms compared to
untreated controls, and 2) the combination of MSC with amikacin would reduce biomass, size,

and live bacteria of S. aureus and E. coli biofilms more than MSC or amikacin alone.
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METHODS

Overview: MSC were isolated from bone marrow from 5 horses and co-cultured at passage 3,
alone or with a concentration of amikacin sulfate achieved in vivo [21, 61], with established 24-
hour S. aureus or E. coli biofilms in a transwell plate system (Fig 4.1). This system allowed
MSC and biofilms to interact in a paracrine manner during co-culture and facilitated easy biofilm
separation after co-culture for imaging and quantification of biomass and live bacterial counts.
Biofilm biomass, live bacterial counts, and pellicle area were quantified following 24 or 48 hours

of co-culture.
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Figure 4.1: Experimental Workflow to Quantify Biofilm Reduction: MSC and biofilms of S.
aureus or E. coli were prepared separately. Biofilms were established on 24-well tissue culture-

treated plates for 24 hours and were co-cultured with 1 x 108 passage 3 MSC seeded in transwell
inserts alone or with amikacin sulfate for an additional 24 or 48 hours. Biofilms that remained

untreated for the co-culture period were the negative control. Open circles indicate preparatory
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steps and solid circles indicate steps to establish co-cultures and perform biofilm quantification

assays.

MSC isolation: Under standing sedation and local anesthesia, 60 mL bone marrow was aspirated
into sodium heparinized syringes (200 units/mL marrow) from the 4™ and 5% sternebrae of 5
adult Thoroughbred horses (Table 4.1). Bone marrow collection protocols were reviewed and
approved by the Virginia Tech Institutional Animal Care and Use Committee. Bone marrow
mononuclear cells were isolated using gradient density separation (Ficoll® Paque PLUS) and
assessed by live-dead staining with Trypan blue (Gibco™) as previously described and
cryopreserved at passage 0 in fetal bovine serum (FBS) with 10% dimethyl sulfoxide until use
(Fig 4.1) [62-64]. Equine bone marrow stromal cells (MSC) were thawed in a 37°C water bath
and plated at 350,000 live cells/cm? in 175 cm? tissue culture flasks in MSC medium: low-
glucose (I/g) GlutaMax DMEM with 110 pg/mL sodium pyruvate (Gibco™), 100 U/mL sodium
penicillin and 100 pg/mL streptomycin sulfate (Sigma Aldrich®), plus 10% MSC FBS
(Gibco™) [65-67]. A 50% medium exchange was performed every 48 hours and MSC passaged
at 70-80% to passage 1 prior to short-term cryopreservation (Synth-a-freeze™, Gibco™) in

liquid nitrogen, vapor phase.

Table 4.1: Bone marrow-derived MSC donor horse information

DONOR BREED SEX AGE (YEARYS)
1 B MC 5

2 B MC 7

3 B F 3

4 TB F 5

5 B MC 7
Abbreviations: TB = Thoroughbred, MC = Male castrate, F = Female
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Biofilm growth: Quality control testing was performed on commercial strains of S. aureus
(ATCC® 2913) or E. coli (ATCC® 25922) by broth microdilution (Sensititre™,
ThermoFisher™) to ensure that the minimum inhibitory concentration (MIC) of each drug fell
within the expected ranges as outlined in the Clinical Laboratory Standards Institute [68]. The
MIC of amikacin was < 4 pug/mL for S. aureus and E. coli. Planktonic cultures of S. aureus or E.
coli were established by isolation of pure colonies on tryptic soy agar (TSA) and inoculation of
one colony of either bacterium in Luria-Bertani (LB) broth. Cultures were grown overnight at
37°C at 200 rpm on an orbital shaker (Fisherbrand™ Incubating Mini-Shaker, Fisher Scientific)
to reach the exponential growth phase and then were serially diluted in LB broth to a final optical
density of 0.05 at 600 nm. Biofilms were established by inoculation of 2 x 10° colony-forming
units (CFU)/well in 24-well, tissue-culture treated plates and grown at 37°C, 5% COz2, and 95%
humidity for 24 hours, to allow adequate bacterial attachment and matrix production (Fig 4.1)

[13, 14].

Biofilm-MSC co-culture: Thawed MSC were expanded at passage 2 in in antibiotic-free MSC
medium (/g DMEM, 10% FBS), trypsinized at 70-80% confluency, baseline viability assessed
via Trypan Blue staining, and seeded at passage 3 into inserts of 24-well transwell plates (6.5
mm insert diameter, 0.4 um pore diameter, polyester, Corning®) at 1.0 x 106 live MSC/insert in
antibiotic-free MSC medium with 5% FBS. MSC were acclimated to the inserts overnight at
37°C, 5% COz2, and 95% humidity prior to transfer to biofilm co-culture. At time = 0 hours,
MSC-biofilm co-cultures were established (Fig 4.1). 24-hour-old S. aureus and E. coli biofilms

were centrifuged at 1,400 x g, room temperature (RT) for 10 minutes to concentrate biomass in
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the well bottom, the overlying LB broth aspirated, and 500 pL MSC medium with 5% FBS alone
(negative control) or containing 30 pg/mL amikacin sulfate (amikacin group) added per well.
Inserts containing MSC in 100 uL MSC medium were then transferred to wells containing
biofilms with 400 puL/well of MSC medium with 5% FBS alone (MSC) or with 5% FBS and 30
pg/mL amikacin sulfate (MSC + amikacin). The bacterial CFU:MSC ratios at time 0 were 500 S.

aureus CFU:1 MSC and 1,000 E. coli CFU:1 MSC.

Treatment groups: Triplicate biofilms of the following 6 groups were either left untreated
(negative control) or treated as follows for 24 or 48 hours: 30 pg/mL amikacin sulfate (Avet
Pharmaceuticals, Inc®, New Brunswick, NJ) [21, 61, 69]; MSC alone; MSC + 30 pg/mL
amikacin sulfate; 500 pug/mL amikacin sulfate with 2% sodium dodecyl sulfate (positive control)

[70-72]; and MSC medium alone (contamination control).

Photographic analysis: Following co-culture, inserts containing MSC were aseptically removed
to allow downstream assays. Biofilms were examined grossly and digitally photographed
(iPhone XR, Apple, Inc, Cupertino, CA) in a commercial ring LED photography booth with a
black backdrop and lens set to an object distance of 19 cm (PULUZ®, Guangdong, China). High
resolution JPEG images were imported to ImageJ (NIH) and converted to 8-bit greyscale. Binary
images that showed biofilm pellicles as white areas on a black background were obtained via
default algorithm histogram thresholding (black value 0, white value 255) and the number of
white pixels was recorded in an oval region of interest that incorporated the entire biofilm
pellicle. Triplicate technical replicates were measured and the mean used for statistical analysis.

Four independent reviewers (Kayla Hackler, Jacq Field, Hannah Elshafie, Sidney Schumaker)
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were trained to review pellicle area using Image J. Each reviewer assessed images from all
horses within a randomly assigned bacterial strain and time point. Then, reviewers were
randomly assigned to a different bacterial strain and time point for review so that each set of
images was reviewed by two independent reviewers. Random allocation by time point and
bacteria grouping was chosen as not direct comparisons between time point or bacteria were
performed in final analysis. Pixel size was calibrated to reference lines of known distance in mm

and final pellicle area in mm? was calculated prior to statistical analysis.

Biomass quantification: Following photography, total bacterial well contents were centrifuged at
1,400 x g, 10 minutes, RT, rinsed twice with distilled water and fixed with reagent grade
methanol [73]. Well contents were stained with 0.2% aqueous crystal violet for 15 minutes at
RT, excess stain aspirated, and unbound stain removed by rinsing with distilled water. Biomass-
bound stain was eluted with 70% ethanol, 15 minutes at RT, then 100 pL/well of eluted stain
were transferred to a 96-well microtiter plate and optical density at 595 nm quantified on a
spectrophotometric plate reader (BioTek® Synergy H1 ™, Agilent Technologies, Inc, Santa

Clara, CA) with commercial software (BioTek® Gen 5™) [48, 50, 73].

Live bacterial quantification: Total biofilm well contents were digested in situ with 20 pg/mL
Proteinase K (Life Technologies, Inc, Carlsbad, CA) for 30 minutes at 37°C on a rotary shaker at
150 rpm (Fisherbrand™ Incubating Mini-Shaker, Fisher Scientific™) [12]. Well digests were
transferred to a sterile microfuge tube and wells were rinsed 3 times with sterile phosphate-
buffered saline (PBS) to collect residual bacteria. Digests were serially diluted 10-fold in PBS,

plated in triplicate on TSA, and incubated overnight at 37°C. Live colonies were counted,
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divided by the dilution factor, and the quotient multiplied by well volume to calculate live

bacteria/well system (CFU/biofilm):

CFU/biofilm = (Live colonies / dilution factor) x well volume in mL

Statistical analysis: Sample size was calculated using commercial software (G*Power,
University of Dlsseldorf, Netherlands) based on in vitro data on mean AMP synthesis and
bacterial killing by equine bone marrow-derived MSC [48, 49] and using an effect size of 0.5, an
alpha level of 0.05, and a power of 0.8. For pellicle area quantification, correlation between pixel
measurements of the two independent investigators was assessed using Pearson’s r coefficient.
Data distribution was assessed using normal probability plots, summarized as mean + standard
deviation if normally distributed, and effects of treatment on outcomes were analyzed using a
mixed model analysis of variance. CFU results were logio-transformed to normalize distribution
prior to analysis. The generalized linear model specified treatment, time, and the interaction
between treatment and time as fixed effects. Horse identification was specified as a random
effect. The interaction between treatment and time was further analyzed to compare the treatment
groups at each time point. Where appropriate, p-values were adjusted for multiple comparisons
using Tukey’s procedure. Statistical significance was set to p < 0.05. All analyses were

performed using SAS version 9.4 (Cary, NC).
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RESULTS

MSC reduced biofilm organization and pellicle area: MSC maintained 75% of baseline viability
on Trypan Blue staining following co-culture with S. aureus biofilms and 70% following co-
culture with E. coli biofilms for 48 hours. Established biofilms of each bacterial species that
were co-cultured with MSC were visibly less organized and had smaller, less-defined central
pellicles compared to untreated biofilms at both time points (Fig 4.2A and B). E. coli biofilms
were less organized, with more expansive pellicles, than S. aureus biofilms across treatment
groups. When placed under mechanical stress on the same rotary shaker used for enzymatic
biofilm digestion at 200 rpm, MSC-treated biofilms subjectively dispersed more readily than

untreated or amikacin-treated biofilms (Supplemental videos 4.1 and 4.2).
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Figure 4.2: Effect of MSC + amikacin on biofilm pellicle size. In situ digital images of
biofilms from one representative horse for S. aureus (A) and E. coli (B) following 24 or 48 hours
of treatment. The negative control was untreated biofilms. (C, D) Dot-plots of normalized
biofilm pellicle area (mm?) from n =5 horses. Horizontal black lines indicate mean pellicle size
across horses, and circles indicate mean pellicle size for each individual horse at 24 (open
circles) or 48 hours (closed circles). Brackets and p-values indicate groups significantly different

(p < 0.05) from each other.
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Supplemental Videos S4.1 and S4.2: S. aureus (S4.1) and E. coli (S4.2) biofilms on a rotary
shaker (Fisherbrand™ Incubating Mini-Shaker, Fisher Scientific) at 200 rpm after 48 hours of
treatment demonstrate subjective biofilm dispersion under mechanical stress. Treatment groups
from left-to-right are untreated biofilms (negative control) and biofilms treated with 30 ug/mL
amikacin sulfate, MSC, or MSC + 30 ug/mL amikacin sulfate. Similar relative biofilm dispersion

between treatment groups was seen after 24 hours of co-culture.

Inter-observer agreement of biofilm pellicle area using pixel thresholding was high, with a
Pearson’s r coefficient of 0.911 (95% CI 0.865-0.940, p < 0.001). S. aureus biofilm pellicle area
was significantly affected by treatment (F = 12.42, df = 3, p < 0.001) only, whereas E. coli
biofilm pellicle area was affected by treatment (F = 16.46, df = 3, p < 0.001) and time (F = 7.81,
df = 3, p = 0.013), with a significant interaction between treatment and time (F =4.65,df =1, p
=0.016). MSC reduced S. aureus pellicle area compared to untreated biofilms at 24 hours (p =
0.005) and 48 hours (p = 0.001), while MSC + amikacin reduced S. aureus pellicle area
compared to amikacin alone at 48 hours (p = 0.037) with no difference at 24 hours (p = 0.154) or
compared to MSC alone at 48 hours (p = 0.998) (Fig 4.2C). MSC reduced E. coli pellicle area
compared to untreated biofilms at 24 hours (p = 0.007) with no changes at 48 hours (p = 0.606)
(Fig 4.2D). MSC + amikacin reduced E. coli pellicle area compared to MSC alone (p < 0.001) at
48 hours, with no changes at 24 hours (p = 0.202) or compared to amikacin at either timepoint (p

=0.980 at 24 hours; p = 0.843 at 48 hours).

Co-culture with MSC reduced total biomass of S. aureus biofilms: Co-culture with MSC reduced

S. aureus biomass compared to untreated biofilms at 24 and 48 hours (p < 0.001 for both) (Fig
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4.3A). MSC with amikacin reduced S. aureus biomass compared to amikacin alone at 24 hours
(p = 0.014) and at 48 hours (p = 0.053). MSC + amikacin reduced biomass of E. coli biofilms
compared to untreated controls (p = 0.032 at 24 hours; p = 0.023 at 48 hours) (Fig 4.3B). No

other differences were detected between treatment groups.
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Figure 4.3: Biofilm biomass quantified by crystal violet staining for S. aureus and E. coli.
Bars represent mean + standard deviation from biofilms co-cultured with MSC from n = 5 horses
at 24 (grey) or 48 hours (black). The negative control was untreated biofilms. Brackets and p-

values indicate groups significantly different from each other.
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Co-culture with MSC reduced S. aureus CFU at 48 hours, with no improvement in bacterial
killing of either species by MSC + amikacin versus amikacin alone: CFU/biofilm of MSC-
treated S. aureus biofilms was reduced by 0.5 logio-fold compared to untreated biofilms at 48
hours (p = 0.036), with no difference at 24 hours (p = 0.997) (Fig 4.4A). MSC + amikacin
reduced CFU of S. aureus biofilms compared to MSC-treated biofilms by 2 logio-fold at both
time points (p < 0.001). As for S. aureus, MSC + amikacin reduced E. coli CFU by 2 logio-fold
compared to MSC alone at both timepoints (p < 0.001) (Fig 4.4B). However, reductions in CFU
of both bacteria by MSC + amikacin were equivalent to reductions achieved by amikacin alone.
Additionally, MSC + amikacin treatment reduced CFU of both bacteria by 2 logio-fold at both
timepoints compared to untreated controls (p < 0.001). No other differences were detected

between treatment groups.
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Figure 4.4: Live bacteria quantified by total colony forming units (CFU) per biofilm for S.
aureus and E. coli. Bars represent mean + standard deviation from biofilms co-cultured with
MSC from n =5 horses at 24 or 48 hours. The negative control was untreated biofilms. Brackets

indicate groups significantly different from each other.
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DISCUSSION

Our study demonstrates that equine bone marrow-derived MSC reduce biomass and pellicle area
of established S. aureus biofilms, but that MSC + amikacin did not reduce biomass further
compared to MSC alone. However, MSC + amikacin was effective at reducing S. aureus biofilm
biomass compared to amikacin alone at 24 hours and at reducing pellicle area compared to
amikacin alone at 48 hours. Taken together, our results are supportive of a potential synergy
between amikacin and MSC in combatting S. aureus biofilms. In contrast, while E. coli biofilm
pellicle area and visible biofilm organization were reduced by MSC at 24 hours and by MSC +
amikacin at 48 hours compared to no treatment, neither MSC nor MSC + amikacin decreased E.
coli biofilm biomass. With the exception of S. aureus following 48 hours of MSC treatment,
MSC did not otherwise reduce live bacterial counts in our biofilms. Furthermore, MSC +

amikacin reduced live counts of both bacteria equivalently to amikacin alone.

Co-culture of planktonic bacteria with either MSC or MSC conditioned medium have
demonstrated that the MSC response is paracrine in nature [48-50]. Our transwell system enabled
MSC-mediated antibacterial response through real-time paracrine feedback without allowing
physical contact with the bacteria. This design isolated the MSC physically, but enabled their
real-time response to the bacteria. MSC express pattern recognition receptors (PRR) [51, 74-76]
that can be stimulated by bacterial pathogen-associated molecular patterns or synthetic ligands to
enhance planktonic bacterial killing via antimicrobial peptide synthesis [47, 49, 51]. Although
our co-culture design allowed for stimulation of MSC PRR stimulation by bacterial products, it

is unclear why a more uniform antibiofilm MSC response was not observed. The S. aureus and
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E. coli strains used in our study were selected because of their ability to form robust biofilms,
their clinical relevance [77], and their susceptibility to amikacin sulfate [68]. However,
evaluation of biofilm-forming strains that generate a strong inflammatory response, such as
methicillin-resistant USA300 [25, 50, 52], may stimulate a greater anti-biofilm MSC response
than that seen in our study. Pre-treatment of MSC to increase their immunomodulatory properties
prior to bacterial co-culture may also improve biofilm reduction. Possible candidates include
PRR agonists [49, 51, 78], hypoxic exposure [78], or three-dimensional culture [79, 80].
Inclusion of immune cells in this model may have improved biofilm reduction and more closely
captured the MSC antibiofilm potential that would occur in vivo [51, 54]. MSC may indirectly
exert an antimicrobial effects through enhancement of the antibacterial responses of immune

cells, such as macrophages, present in the infected tissues [54, 81].

Our study demonstrated a difference in the ability of MSC to combat established biofilms of S.
aureus versus E. coli. These findings are consistent with greater reduction of live bacterial counts
for Gram-positive versus Gram-negative organisms by equine adipose-derived MSC [82] and
platelet lysate [34]. Greater variation in E. coli untreated (negative control) and amikacin-treated
biofilms may have limited our ability to detect differences in biomass reduction between groups.
Important differences in biofilm matrix composition between S. aureus and E. coli may also
confer varying resistance to MSC-mediated disruption via varying resistance to MSC-secreted
factors and/or a variable MSC-mediated PRR activation [51, 83, 84]. Such differences include
those in the specific matrix carbohydrates [11, 85] and adhesion proteins [8, 10, 86] present in S.
aureus versus E. coli biofilms. Donor-dependent variation in MSC anti-biofilm activities was

observed with both bacterial strains but was more pronounced for E. coli and may have impacted
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our ability to detect differences between treatment groups. It is widely known that MSC from
different horses vary in their immunomodulatory properties [79, 80, 87], proliferation [88],
differentiation [88], and cell yield on isolation from tissues [89]. The potential for inter-donor
variation in overall MSC anti-biofilm function and in the ability of E. coli versus S. aureus to
stimulate anti-biofilm responses requires further investigation. Donor screening [90, 91] or
pooling of MSC-derived active factors from multiple horses [34, 35] may be required to

minimize the impact of inter-donor variation.

The primary mechanism of action of MSC against established S. aureus and E. coli biofilms is
likely dispersion of the biofilm matrix and liberation of biofilm-bound live bacteria based on
observed reductions in S. aureus and E. coli biofilm pellicle size and S. aureus biofilm matrix
components. MSC kill planktonic bacteria and prevent biofilm formation by disrupting bacterial
cell membranes through secretion of amphipathic antimicrobial peptides [47, 48, 51] and
cysteine proteases [50]. MSC antimicrobial proteins may disrupt the matrix of established

biofilms in a similar fashion, causing reductions in biomass and pellicle area.

With the exception of S. aureus following a 48 hour co-culture, MSC did not reduce live bacteria
of our biofilms compared to untreated biofilms, which did not correlate with biomass and pellicle
reductions. This finding may be related to the measurement of CFU in the entire well (biofilm +
medium) to quantify bacteria. MSC may have reduced CFU immediately following biofilm
dispersion. However, ongoing multiplication of dispersed bacteria prior to quantification may
have masked these immediate reductions, as planktonic bacteria divide more rapidly than

biofilm-bound bacteria [16]. Three-dimensional imaging techniques, including confocal
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microscopy [12] or scanning electron microscopy [26], may have captured MSC-specific biofilm
reductions not seen with our techniques. While MSC-treated biofilms were subjectively easier to
disperse under mechanical stress in our study, biomechanical testing would quantify changes in
biofilm matrix physical properties, such as stiffness [14], following MSC treatment. The
potential for MSC to disperse biofilm matrix may prove useful in a therapeutic context by
increasing antimicrobial and immune cell access to live bacteria in biofilms, improving infection
clearance. Biofilm matrix dispersion by MSC may also facilitate physical removal of biofilm
intraoperatively by pulsatile lavage or ultrasonic debridement [92]. Staged treatment of biofilms
with MSC to initially disperse the matrix, followed by surgical debridement to remove residual
matrix and antimicrobials to Kill liberated live bacteria, may be a useful tactic to improve the

therapeutic utility of biofilm matrix dispersal.

Use of established biofilms with a mature matrix likely limited the ability of MSC and/or
amikacin to penetrate the biofilm matrix compared to planktonic bacteria. Our MSC: bacteria
ratio or the physiologic dose of amikacin sulfate chosen may have resulted in lower than
expected live bacterial reductions [21, 61]. Ratios of MSC to live bacteria used in this study were
similar to those reported for a 6-hour co-incubation of human MSC with planktonic S. aureus or
E. coli in a transwell plate system [47] and were chosen to maximize the MSC dose while
maintaining MSC survival during co-culture. The concentration of amikacin used in our study
reflects that achieved in equine synovial fluid in vivo following regional administration [21, 61,
69], and was selected to be non-cytotoxic to MSC [93]. Our amikacin concentration was higher
than the reported MIC of amikacin against planktonic bacteria for our S. aureus and E. coli

strains (< 4 ug/mL) but may have been insufficient in the face of established biofilms, as the

163



presence of a biofilm matrix increases the MIC of antimicrobials 100-2,000 times [12, 15]
compared to planktonic bacteria. Furthermore, adaptive resistance to aminoglycoside
antimicrobials in vitro can develop within 24 hours of constant antimicrobial exposure [94, 95]
and could have limited live bacterial count reductions by MSC and our ability to detect synergy
between MSC and amikacin [54-56]. In a clinical setting, patients often present with biofilm
infections that may have enhanced resistance to MSC, including chronic infections containing
mature biofilms [6, 96], following prolonged antimicrobial pre-treatment in which adaptive
resistance develops [27], or polymicrobial infections [22, 28, 97]. The ability of MSC to disrupt
biofilms with varying degrees of potential treatment resistance thereby requires rigorous

investigation.

CONCLUSIONS

Our study documents MSC-mediated reductions in biomass for S. aureus biofilms and pellicle
area for S. aureus and E. coli biofilms. The transwell co-culture model facilitated MSC-biofilm
interactions and allowed evaluation of reduction of established biofilms that may be encountered
in clinical orthopedic infections. Differing biomass reduction between bacterial species may be
attributed to variations in biomass of untreated and amikacin-treated E. coli biofilms that limited
our ability to detect changes with MSC treatment. Differences in resistance of E. coli biofilm
matrix to MSC-mediated disruption, or in stimulation of an MSC antibiofilm response, compared
to S. aureus, and/or inter-donor variability, may also have limited detection of biomass
reduction. Combining amikacin sulfate with MSC reduces S. aureus biofilm biomass and pellicle

area of both bacterial species compared to either treatment alone and warrants further
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investigation. The lower-than-expected live bacterial reduction by MSC does not correlate with
biofilm matrix reduction and may reflect limitations in quantification techniques or lack of pre-
stimulation of MSC PRR prior to co-culture. Our results support further investigation of the
mechanisms by which MSC disrupt biofilm matrix as well as differences in response to different

bacterial strains or polymicrobial biofilms.
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CHAPTER 5: EQUINE BONE MARROW-DERIVED MSC
ALTER LIPIDOMIC AND CYTOKINE PROFILE DURING EXPOSURE

TO S. AUREUS BIOFILMS IN VITRO

To be submitted for publication as:
Sarah M. Khatibzadeh, Linda A. Dahlgren, Clayton C. Caswell, William A. Ducker, Stephen R.
Werre, Sophie H. Bogers. Equine bone-marrow derived MSC alter lipidomic and cytokine

profile during exposure to S. aureus biofilms in vitro. Stem Cells and Development

Key words:

mesenchymal stromal cell, peripheral blood mononuclear cell, equine, biofilm, SPM, cytokine

Abbreviations:

MSC; equine bone marrow-derived mesenchymal stromal cells
PBMC,; peripheral blood mononuclear cells

S. aureus; Staphylococcus aureus

CFU; colony-forming units

SPM; specialized pro-resolving mediators

AA; arachidonic acid

DHA,; docosahexaenoic acid

EPA; eicosapentaenoic acid

PG; prostaglandin

TX; thromboxane
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LT; leukotriene

LX; lipoxin

Rv; resolvin

MaR; maresin

PD; protectin

HEPE; hydroxyeicosapentaenoic acid

HETE; hydroxyeicosatetraenoic acid

DIiHETE; dihydroxyeicosatetraenoic acid

DoHE; dihydroxydocosahexaenoic acid

FGF; fibroblastic growth factor

G-CSF; granulocyte colony stimulating factor

GM-CSF,; granulocyte-macrophage colony stimulating factor
IL; interleukin

GRO; growth-regulated oncogene/keratinocyte chemoattractant
INF; interferon

IP; INF-y inducible protein

TNF; tumor necrosis factor

RANTES; Regulated Upon Activation, T cell Expressed, and Secreted
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ABSTRACT

Orthopedic biofilm infections exacerbate chronic inflammation and lead to tissue damage,
clinical complications, and mortality in people and horses. Equine bone-marrow derived
mesenchymal stromal cells (MSC) have immunomodulatory properties; however, their ability to
modulate inflammation in biofilm infections is unknown. We evaluated the pro-resolving and
anti-inflammatory response of MSC from 3 horses following transwell co-culture with
autologous peripheral blood mononuclear cells (PBMC) and established S. aureus biofilms for
24 and 48 hours. Biofilm reduction was quantified photographically and by live bacterial colony-
forming units. Co-culture medium was collected for quantification of specialized pro-resolving
lipid mediators (SPM) by liquid chromatography-mass spectrometry and inflammatory cytokines
and chemokines by multiplex bead ELISA. Co-culture significantly reduced biofilm pellicle area
at both timepoints compared to untreated controls. Differences in SPM and inflammatory
cytokines/chemokines were primarily detected at 48 hours. The pro-inflammatory mediator
thromboxane B2 was significantly reduced in MSC + PBMC + biofilm (MPB) co-culture
compared to PBMC + biofilm controls at 48 hours. The metabolite 4-HDoHE was significantly
reduced in MPB co-culture compared to MSC or PBMC alone at 48 hours. Significantly greater
levels of arachidonic and eicosapentaenoic acid metabolites were detected in MPB co-cultures
compared to either MSC or PBMC alone or individually co-cultured with biofilms.
Cytokine/chemokine levels were not altered by MPB co-culture compared to PBMC + biofilm
controls. Detection of inflammatory cytokines and chemokines was significantly increased when
MSC and/or PBMC were co-cultured with biofilms compared to no biofilms at both timepoints,

although were not different from biofilms alone. Our findings provide insight into MSC and
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PBMC responses to S. aureus biofilms and supports continued investigation into the

immunomodulatory potential of MSC against biofilm infections.
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INTRODUCTION

Biofilms sustain a chronic inflammatory response during orthopedic infections by enabling
infection persistence in the face of treatment [1-5] and by direct immune stimulation [6-9].
Staphylococcus aureus is a common causative agent of orthopedic biofilm infections leading to
chronic, unresolved inflammation [5, 10]. Inflammation-exacerbated tissue damage, including
peri-implant osteolysis, results in implant failure in infected fracture fixations and arthroplasties
[11-15]. Such complications increase treatment duration and cost [11, 16, 17], reduce quality of
life [17], and contribute to mortality rates as high as 55% in people [11-13, 18] and 56% in
horses [12, 18-20]. A therapy capable of modulating the immune response to biofilms is urgently

needed.

The immune response to infection is divided into two phases, an acute inflammatory phase and a
reparative phase [21]. During inflammation, bacterial pathogen-associated molecular patterns
bind to pattern recognition receptors on polymorphonuclear leukocytes (PMN), including
neutrophils and inflammatory macrophages [22-24]. Pattern recognition receptor binding
stimulates expression of pro-inflammatory cytokines and chemokines and enzymatic synthesis of
pro-inflammatory lipid mediators, such as prostaglandins and thromboxane, from the -6 fatty
acid arachidonic acid [8, 25-28]. These cellular signals enhance recruitment PMN to the site of
infection and stimulate phagocytosis of pathogens and cellular debris, vasodilation, increased
vascular permeability, and platelet activation [29-31]. Following clearance of pathogens and
debris, the reparative phase promotes tissue healing, remodeling, and return to homeostasis [27,
32, 33]. Release of anti-inflammatory cytokines and growth factors from progenitor cells and

regulatory macrophages reduce PMN infiltration and inflammatory cytokine expression, increase
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anti-inflammatory cytokine and growth factor expression, and promote progenitor cell

differentiation and division [27, 34, 35].

The transition from an inflammatory to a reparative state is driven by release of specialized pro-
resolving lipid mediators (SPM) from progenitor cells and macrophages [36-38]. SPM are
synthesized from arachidonic acid (lipoxins) [37] and from ©-3 fatty acids docosahexaenoic acid
(D-series resolvins, protectins, maresins) [37, 39] and eicosapentaenoic acid (E-series resolvins)
[40]. These SPM bind G protein-coupled receptors on macrophages [41] and MSC [38] to
promote resolution of inflammation by increasing growth factor expression [38, 42], recruiting
and promoting division of progenitor cells [36, 37], reducing PMN infiltration [30, 39] and
limiting inflammatory cytokine expression [36, 38]. While SPM promote the transition to the
reparative phase, SPM synthesis itself is triggered by inflammatory signals, including bacterial
toxins [40, 43], complement [44], and prostaglandins [30]. SPM production is thereby an
endogenous control mechanism to prevent chronic, dysregulated inflammation that leads to

tissue damage and loss-of-function [45].

Strategies to mitigate inflammation targeted methods to inhibit acute inflammation and
encourage resolution of inflammation. Mesenchymal stromal cells (MSC) from multiple species
and tissue sources show promise as a therapy to modulate the inflammatory response to
orthopedic biofilm infections based on their dual anti-inflammatory [35, 46, 47] and pro-
resolving properties [36-38, 42]. MSC from horses and other species reduce inflammation by
suppression of T-lymphocyte proliferation and inflammatory cytokine secretion [34, 35, 48-50]

and promote healing following musculoskeletal injuries [51-54]. MSC reduced osteolysis and
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inflammatory cytokine expression to a greater extent than antimicrobials alone during femoral
implant S. aureus infection in a murine model, demonstrating immunomodulatory effects
independent of reduced bacterial load [31]. MSC from people [36, 37, 42] and mice [38, 39, 43,
55] produce SPM, which may be integral to their ability to resolve inflammation and promote
healing. MSC-derived SPM reduced pro-inflammatory cytokine expression and tissue damage,
and promoted healing in models of diabetic nephropathy [38], periodontitis [36, 37], and
peritonitis [39, 44], and are associated with disease resolution in COVID-19 patients [56]. The
ability of equine MSC to reduce inflammation and/or promote resolution of inflammation via

SPM production in response to orthopedic biofilms is unknown.

The objective of our study was to characterize the pro-resolving and anti-inflammatory response
of equine bone marrow-derived MSC (MSC) to biofilms of the orthopedic pathogen S. aureus in
vitro. We hypothesized that 1) MSC would produce SPM in response to S. aureus biofilms in
vitro, with or without concurrent culture with peripheral blood mononuclear cells (PBMC), and
that 2) co-culture of MSC and autologous PBMC with S. aureus biofilms in vitro would alter

biofilm-induced production of inflammatory cytokines and chemokines by PBMC.
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METHODS

Experimental Overview

Experiments were performed using passage 3 MSC and autologous PBMC from three donor
horses (Table 5.1, Fig 5.1). Established 24-hour S. aureus biofilms were co-cultured in triplicate
with MSC, PBMC, or both (autologous) in a transwell plate system as described previously
(Chapter 3). Following co-culture for 24 or 48 hours, live bacterial counts were quantified on
total well contents, including enzymatically digested biofilms. Biofilm pellicle reduction was
quantified photographically. Conditioned medium was analyzed for the presence of SPM using
lipidomics analysis and for equine inflammatory cytokines/chemokines using a commercial

multiplex bead ELISA.

186



MSC acclimation
S. aureus culture

L\

MSC P3
1x 108

Transwell
insert

MSC
Media

NS

] |\ ) l l
|| Y
Horse boria marow MSC expansion to P1 MSC Biofilm Co-culture
and blood collection 21 days expansionto | establishment
P2

(n=3)

* mononuclear cells {:}V“? (ar;:n::fnc- LB broth
« autologous serum 5\:/‘,? l autologous
ﬁ serum)

+PBMC
isolation

MSC 24h

/N 7\ PN
s =36 hpess= .24 === 12 hpss== () hp==——— 24 hr==——— 48 h
— N -

Medium biofilm

Endpoint Assays

« Photographic analysis
« Live bacterial counts (CFU)
« Lipid chromatography-mass

spectrometry (SPM)

« ELISA (equine cytokines and

chemokines)

(_1_\

=

Treatment groups
Untreated biofilms
MSC
PBMC
MSC + Biofilm
PBMC + Biofilm
MSC + PBMC-Biofilm
MSC medium alone

Transwell
insert

PBMC
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PBMC and autologous serum isolation.
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Biofilm Preparation

Overnight Luria-Bertani broth cultures of S. aureus (ATCC® 2913) were grown at 37°C, 200 rpm
(Fisherbrand™ Incubating Mini-Shaker, Fisher Scientific™) and serially diluted to optical
density (OD) at 600 nm of 0.05. Biofilms were established by inoculation of 2 x 10° CFU/well in
24-well, tissue-culture treated plates and growth at 37°C, 5% COz2, and 95% humidity for 24

hours to allow bacterial attachment and matrix production (Fig 5.1) [57, 58].

MSC Isolation and Culture

Under standing sedation and local anesthesia, 60 mL bone marrow was aspirated from the 4" and
5t sternebrae of 3 adult Thoroughbred horses (Table 5.1, Fig 5.1) into sodium heparinized
syringes (200 units/mL marrow), following protocols approved by the Virginia Tech Institutional
Animal Care and Use Committee. Mononuclear cells were isolated using gradient density
separation (Ficoll® Paque PLUS), assessed by live-dead staining [27, 59], and plated at 350,000
live cells/cm? [60-62] in 175 cm? tissue culture flasks with MSC medium (low-glucose (I/g)
GlutaMax DMEM, 110 pg/mL sodium pyruvate (Gibco™), 100 U/mL sodium penicillin, 100
ug/mL streptomycin sulfate (Sigma Aldrich®), 10% FBS (Gibco™) to isolate MSC. A 50%
medium exchange was performed every 48 hours and MSC passaged at 70-80% to passage 1
prior to short-term cryopreservation at 1 x 107 cells/mL (Synth-a-freeze™, Gibco™) in liquid

nitrogen, vapor phase.
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Table 5.1: Bone marrow-derived MSC and blood PBMC donor horse information

Donor Breed Sex Age (years)
1 B MC 10
2 B MC 12
3 B MC 10

Abbreviations: TB = Thoroughbred, MC = Male castrate

PBMC and Autologous Serum lIsolation

For serum isolation, blood was aspirated from the jugular vein from the same 3 horses into
borosilicate glass collection tubes, incubated for 30 minutes at room temperature (RT) to allow
clot formation, and centrifuged at 1,000 x g, 10 minutes, RT. The serum aspirated, vacuum-
filtered (Nalgene™ Rapid Flow™, 0.2 um), and frozen at -20°C until use. To isolate autologous
PBMC, venous blood was collected into sodium heparinized syringes (200 units/mL blood).
PBMC were isolated by gradient density centrifugation [63] using Lymphoprep™
(STEMCELL™ Technologies), viability assessed on live/dead staining, and resuspended in
Roswell Park Institute Medium-1640, L-glutamine, HEPES (Gibco™) + 5% autologous serum at

2 x 10° cells/mL [64] and stored overnight at 4°C prior to use in co-culture (Fig 5.1).

Biofilm Co-culture with MSC and PBMC

Thawed passage 2 MSC were expanded in antibiotic-free MSC medium (/g DMEM, 10% FBS).
A complete medium change to MSC medium + 10% autologous serum was performed 48 hours
prior to trypsinization to allow shedding of FBS proteins that would interfere with downstream
quantification assays. 1 x 108 passage 3 MSC were placed into 24-well transwell

inserts (6.5 mm, 0.4 um pore diameter, polyester, Corning®) in MSC medium + 5% autologous

serum and acclimated overnight at 37°C, 5% COz2, and 95% humidity (Fig 5.1). PBMC viability
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was confirmed following overnight storage and PBMC were resuspended in MSC medium + 5%
autologous serum. To establish co-cultures, 24-hour S. aureus biofilms in 24-well plates were
centrifuged at 1,400 x g, 10 minutes, RT, the overlying LB broth aspirated, and 500 pL MSC
medium + 5% autologous serum alone (negative control) or containing 5 x 108 PBMC were
added per well. MSC in transwell inserts were transferred to biofilm wells with MSC medium +
5% autologous serum alone or with 5 x 106 PBMC (Fig 5.1) for a starting ratio of 500 S.
aureus:5 PBMC:1 MSC [49]. Biofilms were maintained in triplicate for 24 and 48 hours:
untreated controls; MSC + biofilm (MSC co-culture); PBMC + biofilm (PBMC co-culture);
MSC + PBMC + biofilm (combined co-culture) (Fig 5.1). MSC and PBMC culture media were
collected prior to co-culture setup (0 hours) and at 24 and 48 hours to evaluate SPM and
cytokine/chemokine production in the absence of biofilms. Unconditioned medium served as the

control for the baseline analyte detection in serum.

Biofilm Photographic Analysis

Following co-culture, inserts containing MSC were removed and biofilms were photographed
(iPhone XR, Apple, Inc) in a ring light booth with a black backdrop and the lens set to an object
distance of 19 cm (PULUZ®). High resolution JPEG images were imported to ImageJ (NIH) and
converted to 8-bit greyscale. Images that showed biofilm pellicles as white on a black
background were obtained via default algorithm histogram thresholding. The number of white
pixels (value 255) were recorded in an oval region of interest around the pellicle in triplicate.
One independent, blinded reviewer (Jane Perkins) reviewed images from all horses. Pixel size
was calibrated to reference lines of known distance (mm) and mean pellicle area (mm?) was

calculated.
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Live Bacterial Quantification

Biofilm well contents were digested in situ with 20 pg/mL Proteinase K (Life Technologies, Inc)
for 30 minutes at 37°C,150 rpm (Fisherbrand™ Incubating Mini-Shaker) [4]. Digests were
transferred to sterile microfuge tubes, serially diluted, plated in triplicate on tryptic soy agar, and
incubated overnight at 37°C. Isolated live colonies were counted, divided by the dilution factor,

and the quotient multiplied by well volume to calculate total live bacteria (CFU/biofilm):

CFU/biofilm = (Live colonies / dilution factor) x well volume in mL

SPM Detection on Lipidomics Analysis

Conditioned medium samples were collected in polypropylene microfuge tubes, pooled across
technical replicates, and stored immediately at -80°C. Samples were shipped on dry ice to the
Lipidomics Core Facility, School of Medicine, Wayne State University (Detroit, Michigan) for
SPM quantification by liquid chromatography-mass spectrometry [40] with a lower detection

limit of 0.01 pg and a maximum acceptable signal:noise ratio of > 3.

Equine Cytokine/Chemokine Quantification

Conditioned medium samples were collected in polypropylene microfuge tubes following
biofilm centrifugation in situ at 1,400 x g, 10 minutes, RT, treated with a broad-spectrum
protease inhibitor (HALT™, Thermo-Fisher Scientific™, 1x final concentration) and stored
immediately at -80°C. Frozen samples were shipped on dry ice to the Respiratory TRACTS Core
at the School of Medicine, University of North Carolina at Chapel Hill for quantification of

equine immune cytokines and chemokines on the MILLIPLEX MAP Equine
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Cytokine/Chemokine Magnetic Bead multiplex panel (EQCYTMAG-93K, Millipore-Sigma™,
Merck®©) [27, 65]. Cytokines and chemokines contributing to the pro-inflammatory (Table 5.2)
and anti-inflammatory/regulatory responses to biofilms (Table 5.3) were measured. Medium +

5% equine serum (Corning®) was used for standard curve diluent.

Table 5.2: Pro-inflammatory cytokines and chemokines quantified in biofilm co-culture

medium.

Cytokine/chemokine Abbreviation | References
Interleukin-1a IL-1a [66, 67]
Interleukin-1f IL-1P [29, 68]
Interleukin-2 IL-2 [69]
Interleukin-6 IL-6 [9]
Interleukin-8 IL-8 [66, 67, 70]
Interleukin-13 IL-13 [71]
Interleukin-17A IL-17A [71]
Interleukin-18 IL-18 [72]
Interferon-y IFN- y [9, 69, 70]
Tumor necrosis factor (TNF)-a TNF-a [66, 70]
Eotaxin Eotaxin [73]
Fractalkine CX3CL1 [74]
Growth-regulated oncogene/keratinocyte GRO [67]
chemoattractant

Granulocyte-colony-stimulating factor G-CSF [75]
Granulocyte-macrophage colony- GM-CSF [75]
stimulating factor

Regulated Upon Activation, T cell RANTES [76]
Expressed, and Secreted
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Table 5.3: Anti-inflammatory/regulatory cytokines and chemokines quantified in biofilm

co-culture medium.

Cytokine/chemokine Abbreviation | References
Fibroblastic growth factor-2 FGF-2 [77]
Interleukin-4 IL-4 [8]
Interleukin-5 IL-5 [71]
Interleukin-10 IL-10 [69]
Interleukin-12 IL-12 [72, 78]
Interferon-y inducible protein-10 IP-10 [79]
Macrophage chemotactic protein-1 MCP-1 [80]

Statistical Analysis

Sample size was calculated (G*Power, University of Dusseldorf, Netherlands) based on serum
SPM levels following endotoxin challenge in people [40]. Data distribution was assessed using
normal probability plots, summarized as mean + standard deviation or median + interquartile
range, and effects of treatment on outcomes were analyzed using a mixed model analysis of
variance. The generalized linear model specified treatment, time, and the interaction between
treatment and time as fixed effects, and horse was specified as a random effect. The
treatment*time interaction was further analyzed to compare the treatment groups at each time
point. Where appropriate, p-values were adjusted for multiple comparisons using Tukey’s
procedure. Statistical significance was set to p < 0.05. All analyses were performed using SAS

version 9.4 (Cary, NC).
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RESULTS

MSC and PBMC reduce biofilm size but not live bacterial counts

MSC maintained 75% of baseline viability following co-culture with S. aureus biofilms for 48
hours. PBMC viability remained at > 99% following isolation and overnight storage. Live
bacterial counts from all biofilm-cell co-cultures were unchanged compared to untreated biofilms
(Table 5.4). Biofilm pellicle area was reduced by combined co-culture compared to biofilm

controls at both timepoints (P = 0.016 at 24 hours; P = 0.004 at 48 hours) (Fig 5.2).

Table 5.4: Live bacterial CFU of S. aureus biofilms following co-culture with MSC and

PBMC

Group Time CFU (mean + SD) P value (compared to
(h) untreated control)

Bf 24 1.14 + 0.16 x 10° --

Bf 48 1.15 +0.20 x 10° --

MSC + Bf 24 1.16 + 0.32 x 10° 0.99

MSC + Bf 48 1.15+0.16 x 10° >0.99

PBMC + Bf 24 1.14 + 0.14 x 10° >0.99

PBMC + Bf 48 0.93 +0.33 x 10° 0.78

MSC + PBMC + Bf 24 1.03 +0.28 x 10° 0.96

MSC + PBMC + Bf 48 1.16 + 0.47 x 10° >0.99

Abbreviations: MSC = equine bone marrow-derived mesenchymal stromal cells; PBMC =
peripheral blood mononuclear cells; Bf = biofilm
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Figure 5.2: Dot-plots of normalized biofilm pellicle area (mm?) from n = 3 horses.
Horizontal black lines indicate mean pellicle size across horses, and circles indicate mean
pellicle size for individual horses at 24 (open circles) or 48 hours (closed circles). Bf indicates
untreated biofilm controls. Brackets and P-values indicate groups significantly different (P <

0.05) from each other.

MSC + PBMC + biofilm (combined) co-culture altered detection of lipid mediators

The pro-inflammatory mediator thromboxane (TX) B2 was reduced in combined co-culture
compared to PBMC co-culture at 48 hours (P = 0.003) (Fig 5.3A). PGE2 and pro-resolving
mediator LTB4 were detected with an overall effect of treatment (P = 0.034) (Fig 5.3A). Multiple
arachidonic acid metabolites (5-HETE, 11-HETE, 12-HETE, 5(S), 12(S)-DIiHETE, 5(S), 6(R)-
DIiHETE) (Fig 5.3B) and eicosapentaenoic acid metabolites (11-HEPE, 15(S)-HEPE) (Fig 5.3C)

were detected at greater levels in combined co-cultures (P < 0.05) compared to MSC or PBMC
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alone. Additionally, PGE2, LTB4, and pro-resolving mediators LXA4 (Fig 5.3A) and RvEL (Fig
5.3C) were primarily observed in MSC co-cultures and MSC alone. The pro-inflammatory
mediator PGF2-a (Fig 5.3A) and pro-resolving mediator RvE2 were primarily observed in
PBMC co-cultures (Fig 5.3C), but did not show statistical differences between groups. The
docosahexaenoic acid metabolite 4-HDoHE was reduced in combined co-culture compared to
MSC (P = 0.019) and PBMC alone (P = 0.024) at 48 hours (Fig 5.3D). Additional arachidonic
acid metabolites were increased in combined co-culture compared to MSC co-culture (5(S),
6(R)-DIHETE, (5(S), 6(R)-DIHETE), or compared to PBMC co-culture (12-HETE) at 48 hours
(Fig 5.3B). Maresins, D-series resolvins, and multiple metabolites were not detected or were

detected too inconsistently to analyze (Table 5.5)
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Figure 5.3: Specialized pro-resolving lipid mediators (SPM) detected on LC-MS following
MPB co-culture.

Colorimetric representations of mean detected levels (ng/mL) of each mediator from n = 3 horses
are on the right y-axis, co-culture time points are on the left y-axis, and treatment groups are on
the x-axis. Bf indicates untreated biofilms. Maroon graphs indicate pro-inflammatory mediators
and blue graphs indicate pro-resolving mediators and metabolites. SPM are grouped by
arachidonic acid-derived mediators (A), arachidonic acid-derived metabolites (B),
eicosapentaenoic acid-derived mediators and metabolites (C), and docosahexaenoic acid-derived

metabolites (D). Brackets indicate groups significantly different (P < 0.05) from each other.
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Table 5.3: Lipid mediators not detected or detected inconsistently following co-culture of

MSC with S. aureus biofilms and PBMC. Lipids are organized by their fatty acid of origin.

Mediator class | Mediator Detection
AA 20-COOH LTB4 ND
AA 20-OH-LTB4 DI
AA PGD:> ND
AA LXAs ND
AA LXBa4 ND
AA 15-epi-LXB4 ND
AA 5(S),12(S)-DIHETE DI
AA 5(S),6(R)-DIHETE DI
AA PGF-2a DI
AA LTB4 DI
DHA PD1 ND
DHA n-3, PD1 ND
DHA 22-OH-PD1 DI
DHA MaR1 ND
DHA 7(S)-MaR1 ND
DHA n-3, MaR1 ND
DHA AT-RvD1 ND
DHA RvD3 ND
DHA AT-RvD3 ND
DHA RvD4 ND
DHA RvD5 ND
DHA n-3, RvD5 DI
DHA RvD6 ND
DHA RVE1l DI
DHA RVE?2 DI
DHA 10(S)-DiHDoHE ND
DHA 17(S)-DiHDoHE ND
DHA 17-DoHE DI
EPA RVE3 ND

Abbreviations: AA = arachidonic acid; DHA = docosahexaenoic acid; EPA = eicosapentaenoic
acid; ND = Not detected; DI = detected inconsistently
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Cytokine and chemokine levels were not significantly affected by co-culture with MSC or
PBMC compared to biofilms alone

Levels of multiple inflammatory cytokines and chemokines were increased in MSC co-culture,
PBMC co-culture, or combined co-culture versus MSC or PBMC alone (P < 0.05, all
comparisons) (Table 5.6, Fig 5.4A and B) but were not different from biofilm controls. Anti-
inflammatory cytokines IL-4 (P <0.001) and IL-10 (P = 0.003) were detected in all co-culture
groups with an overall effect of treatment but with no relevant post-hoc differences (Fig 5.4C).
No differences were detected in inflammatory cytokines or chemokines in combined co-culture
compared to PBMC co-culture (Fig 5.4B). Concentrations of fractalkine, IL-1a, IL-1p, and INF-

v, were not detected in enough samples for statistical analysis (Fig 5.4A and B).
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Table 5.6: Pairwise comparisons of equine inflammatory cytokines and chemokines

quantified following co-culture of MSC with S. aureus biofilms and PBMC.

Cytokine/chemokine Comparison Time (h)  P-value
Eotaxin MSC vs. MSC + biofilm 24 =0.001
MSC vs. MSC + biofilm 48 <0.001
PBMC vs. PBMC + biofilm 48 <0.001
FGF-2 MSC vs. MSC + biofilm 24 <0.001
MSC vs. MSC + biofilm 48 <0.001
PBMC vs. PBMC + biofilm 24 <0.001
PBMC vs. PBMC + biofilm 48 <0.001
PBMC vs. MSC + PBMC + biofilm 24 <0.001
PBMC vs. MSC + PBMC + biofilm 48 <0.001
G-CSF MSC vs. MSC + biofilm 24 =0.036
MSC vs. MSC + biofilm 48 <0.001
PBMC vs. MSC + PBMC + biofilm 24 =0.009
PBMC vs. MSC + PBMC + biofilm 48 =0.002
PBMC vs. PBMC + biofilm 48 =0.004
GM-CSF PBMC vs. MSC + PBMC + biofilm 48 =0.01
PBMC vs. PBMC + biofilm 48 =0.015
CXCL-1 MSC vs. MSC + biofilm 48 =0.002
MSC vs. MSC + PBMC + biofilm 48 =0.002
IL-2 MSC vs. MSC + biofilm 24 =0.046
MSC vs. MSC + biofilm 48 =0.009
MSC vs. MSC + PBMC + biofilm 48 =0.006
PBMC vs. MSC + PBMC + biofilm 48 =0.015
PBMC vs. PBMC + biofilm 48 =0.019
IL-5 PBMC vs. MSC + PBMC + biofilm 48 <0.001
PBMC vs. PBMC + biofilm 48 <0.001
IL-6 PBMC vs. MSC + PBMC + biofilm 48 =0.014
PBMC vs. PBMC + biofilm 48 =0.016
IL-8 MSC vs. MSC + PBMC + biofilm 48 =0.025
MSC + biofilm vs. MSC + PBMC + 48 =0.036
biofilm
IL-12 PBMC vs. MSC + PBMC + biofilm 48 =0.003
PBMC vs. PBMC + biofilm 48 =0.003
IL-13 MSC vs. MSC + biofilm 48 =0.025
MSC vs. MSC + PBMC + biofilm 48 =0.017
IL-17A MSC vs. MSC + biofilm 24 <0.001
PBMC vs. PBMC + biofilm 24 <0.001
MSC vs. MSC + biofilm 48 <0.001
PBMC vs. PBMC + biofilm 48 <0.001
IL-18 MSC vs. MSC + biofilm 48 =0.018
MSC vs. MSC + PBMC + biofilm 48 =0.009
PBMC vs. MSC + PBMC + biofilm 48 =0.005
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PBMC vs. PBMC + biofilm 48 =0.004
IP-10 MSC vs. MSC + biofilm 24 =0.012
PBMC vs. MSC + PBMC + biofilm 24 =0.046
MSC vs. MSC + biofilm 48 <0.001
PBMC vs. MSC + PBMC + biofilm 48 =0.015
PBMC vs. PBMC + biofilm 48 =0.015
MCP-1 MSC vs. MSC + biofilm 24 <0.001
MSC vs. MSC + PBMC + biofilm 24 <0.001
PBMC vs. PBMC + biofilm 24 < 0.001
MSC vs. MSC + biofilm 48 <0.001
MSC vs. MSC + PBMC + biofilm 48 <0.001
PBMC vs. PBMC + biofilm 48 <0.001
TNF-a MSC vs. MSC + PBMC + biofilm 24 =0.028
MSC vs. MSC + PBMC + biofilm 48 =0.001

Abbreviations: MSC = equine bone marrow-derived mesenchymal stromal cells; PBMC =
peripheral blood mononuclear cells; FGF = fibroblastic growth factor; G-CSF = granulocyte-
colony stimulating factor; GM-CSF = granulocyte-macrophage colony stimulating factor; GRO
=. growth-regulated oncogene/keratinocyte chemoattractant; IP = interferon inducible protein;
IL = interleukin; MCP = macrophage chemotactic protein; TNF = tumor necrosis factor
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Figure 5.4: The inflammatory cytokine and chemokine response to co-culture of MSC and
PBMC with S. aureus biofilms. Cytokines and chemokines were quantified on the MILLIPLEX
MAP Equine Cytokine/Chemokine Magnetic Bead Panel (Millipore Sigma™, Merck®). Bf
indicates untreated biofilms. Mediators are grouped by cytokines (A) and chemokines (B)
contributing to the inflammatory response to biofilms and cytokines and chemokines
contributing to the anti-inflammatory/regulatory response to biofilms (C). Box plots represent
medians (center lines) + minima and maxima (box edges) of cytokine and chemokine levels

(pg/mL) from n = 3 horses.
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DISCUSSION

This is the first equine study to investigate the lipidomic and cytokine/chemokine profile
alterations of MSC and PBMC in response to established biofilms. These in vitro results
demonstrated that alteration in SPM profile is likely a key response of MSC to S. aureus
biofilms. The SPM response, in conjunction with biofilm pellicle reduction by MSC and PBMC
compared to untreated controls, indicate interaction of both cell types in mounting a coordinated
response to S. aureus biofilms [29, 81]. The ability of MSC to alter the profile of cytokines and
chemokines remains unclear. Increased levels of multiple inflammatory cytokine and
chemokines were detected on multiplex ELISA in biofilm co-cultures with MSC and/or PBMC
compared to MSC or PBMC cultures alone. However, equivalent cytokine levels were detected
in medium from S. aureus biofilms alone, which would not be expected to produce these
cytokines. Our findings offer a basis for further mechanistic studies of MSC-mediated

immunomodulation in the presence of biofilms.

The reduction of pro-inflammatory mediator TXB:2 observed in MPB co-culture versus PB co-
culture is consistent with our first hypothesis that MSC would produce SPM in response to S.
aureus biofilms in vitro, with or without concurrent culture with PBMC. The pattern of detection
of multiple pro-resolving mediators (PGEz, resolvins) in groups containing MSC, while not
achieving post-hoc significance, also indicate that SPM may be a key mechanism for MSC to
resolve biofilm-mediated inflammation. PGE:2 has dual pro-inflammatory and regulatory effects
[34, 37, 82-86]. PGE2is elevated in serum during systemic inflammation and promotes
expression of pro-inflammatory cytokines [87-89]. PGE: is also elevated in the synovial fluid of

osteoarthritic joints [83, 84] and mediates pain signaling [82, 85] and subchondral bone
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remodeling via osteoclast activation [85]. Conversely, PGE2 secreted by MSC mediates key
immunomodulatory functions, including T-lymphocyte suppression [34], reduction in pro-
inflammatory cytokine secretion [46], macrophage polarization to a regulatory phenotype [86,
90], and SPM secretion [37]. The significance of increased detection of multiple arachidonic acid
and docosahexaenoic acid metabolites in combined co-cultures compared to cell cultures alone is
unknown. While these metabolites are intermediaries for synthesis of pro-resolving lipoxins
(HETE, DIHETE) [91, 92] and E-series resolvins (HEPE) [93], they also have direct pro-
resolving functions in supporting physiologic tissue remodeling [94], reducing neutrophil
chemotaxis [95], and reducing pain pathway signaling [96]. Detection of these intermediates in
co-culture may also reflect increased activity of lipoxin and resolvin-generating pathways, given
that SPM are rapidly metabolized by target cells following synthesis [97-100] (Maddipatti,
personal communication). Our findings support continued investigation of SPM as a key
mechanism for MSC immunomodulation via autocrine signaling [37, 101], paracrine signaling
between MSC and PBMC [34, 44], or interaction of MSC and PBMC with other immune cells

(Fig 5.5) [37, 46, 102].

211



Stimulation of
pattern recognition
receptors

Downstream
targets
* Neutrophils
\ * Mononuclear cells
MSC SPM, = Macrophages
—_—
iﬁ?i;ﬁ? Cytokines = Lymphocytes
= Osteoclasts
* Progenitor cells
i -
@ @ @) Penc . 1

PBMC

Autoregulation?

Modulation of

immune response
to biofilm

Figure 5.5: Possible pathways for modulation of the immune response to S. aureus biofilms.
Stimulation of pattern recognition receptors on MSC and PBMC may generate secretion of SPM
and inflammatory cytokines, which may influence either cell type in an autocrine or paracrine

fashion or downstream immune cell effectors in the response to S. aureus biofilm infections.

Quantification of SPM produced by equine cells in this study is a novel approach to investigating
the immunomodulatory properties MSC. Our LC-MS system utilizes internal standards that
match the chemical structure and column retention times of the targets of interest as closely as
possible, as lipid mediators are highly conserved between species [36, 37, 39, 55]. While
calibration is often performed using pure standards that are each based on a specific isomer,
chromatographic peaks of unknown lipids of interest may contain several isomers and vary
between species [97]. Development of equine-specific standards may thereby help improve
sensitivity of SPM detection in samples from equine cell culture. Lipidomic and

cytokine/chemokine quantification are sensitive to variation between heterogenous individuals
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[35, 40, 56, 103] and may be an additional source of sample variation seen in this study.
Inclusion of a larger sample size may have improved detection of differences in lipids or
cytokines/chemokines between groups (Maddipati, personal communication). While our
conditioned medium collection process was tightly controlled, lipidomics and
cytokine/chemokine quantification on ELISA are highly sensitive to small temperature changes
[104] and storage time [105] and may be an additional source of variation in our results.
Background presence of some SPM in our MSC medium, which contained autologous serum, is
consistent with SPM detection in human serum [40] and may have masked some changes in

SPM between groups.

We measured SPM following 24 and 48 hours of co-culture based on reported times of peak
serum SPM levels following endotoxin challenge in people [40] and peak inflammatory cytokine
levels in MSC culture [35]. Detection of changes in SPM and cytokines/chemokines following a
48-hour co-culture in our model indicates exposure time of biofilms to MSC and PBMC may be
important to achieve immunomodulation. Measurement of SPM and cytokines/chemokines at
earlier time points may have provided additional insight into the MSC immunomodulatory
potential against S. aureus biofilms. SPM were detected in sera from people in early (< 12 hours)
septic shock [98]. The peak detection time may also vary between mediator classes. Pro-
inflammatory mediators PG and TX peaked at 8 hours, while pro-resolving resolvins, lipoxins
peaked at 24 hours, post-endotoxin challenge in people [40]. Peak detection times for SPM and
their metabolites may also vary between species. The arachidonic acid metabolite HETE peaked
at 4 hours post-inflammatory challenge in people [106]. In comparison, the eicosapentaenoic

acid metabolite HEPE peaked 1 hour following oxidative challenge but persisted for up to 7 days
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post-challenge in mice [107]. Measurement of our analytes at additional time points is thereby
necessary to further characterize the pro-resolving and anti-inflammatory responses of MSC to S.
aureus biofilms and the potential for MSC to be utilized as an immunomodulatory therapy in

equine orthopedic biofilm infections.

The cytokine/chemokine responses in our co-culture system warrant further investigation. While
no cytokines or chemokines were altered when biofilms were co-cultured with MSC and PBMC
versus PBMC alone, multiple pro-inflammatory cytokines were elevated in biofilm co-cultures
compared to cell cultures alone. These findings are consistent with elevations in inflammatory
cytokines produced by MSC and PBMC co-cultured with S. aureus in vitro [6, 7, 29, 108, 109].
While pre-stimulation of PBMC with phytohemagglutinin has been utilized to generate an MSC
immunomodulatory response in vitro [48], we did not pre-stimulate PBMC in our study to reflect
how PBMC may respond to MSC treatment in a clinical S. aureus biofilm infection. Pre-
stimulation of MSC with toll like receptor ligands [102, 110-112], hypoxia [112-114], or three-
dimensional culture [35, 115] enhances immunomodulatory function and may have improved the
ability of MSC to reduce inflammatory cytokines and chemokines in our model. The
MSC:PBMC ratio used in this study may also have influenced PBMC cytokine/chemokine
production. We used an MSC:PBMC ratio of 1:5, which elicited PBMC inflammatory cytokine
production [108] and an MSC immunomodulatory response in other studies [50]. Given that
MSC immunomodulatory effects have been reported with MSC:PBMC ratios of 1:2 [116] to
1:10 [34, 48], evaluation of the cytokine/chemokine response to S. aureus biofilms over multiple

MSC:PBMC ratios is warranted.
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The reason for apparent detection of pro-inflammatory cytokines and chemokines in medium
from untreated biofilms is unclear. Immune cytokines or chemokines are produced by eukaryotic
cells in response to infectious/inflammatory stimuli [21] and would not be expected in purely
bacterial culture systems. The minute detection levels of these mediators in unconditioned
culture medium indicates a negligible baseline presence in the autologous sera used in the
medium. Contamination of autologous serum with cells that would generate a cytokine response
to biofilms is unlikely given that sera were filtered during preparation and frozen prior to use.
The detection of inflammatory cytokines and chemokines from untreated biofilms may reflect a
low level of cross-reaction of S. aureus secreted factors with ELISA reactions, combined with
low overall cytokine/chemokine detection levels in co-culture groups. While circulating
inflammatory cytokine responses to systemic S. aureus infections in mice [117], people [118],
and cattle [68] have been successfully quantified, the cytokine response to S. aureus biofilms in
vitro using an equine-specific assay has not been reported. The potential for cross-reaction of S.

aureus-secreted factors with the equine multiplex ELISA warrants further investigation.

CONCLUSIONS

Co-culture of MSC and PBMC with S. aureus biofilms generated a visible antibiofilm response
by pellicle area reduction and gross organizational loss. MSC altered production of multiple lipid
mediators in response to S. aureus biofilms. The changes in SPM profile in response to S. aureus
biofilms in our study are consistent with SPM responses to bacterial challenge in people [40, 98]
and support the role of SPM as a key mechanism for MSC modulation of the immune response

to biofilms. Conversely, the effect of MSC on the PBMC cytokine/chemokine response to
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biofilms in this co-culture model requires further investigation. The results of our study give an
initial basis on which to continue investigation of the SPM and cytokine/chemokine response of

MSC to S. aureus biofilms.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

Orthopedic biofilm infections pose a significant health risk to people and horses. Biofilm
infections can persist in the face of multimodal surgical debridement and long-term systemic and
antimicrobial therapy. Moreover, biofilms can simultaneously avoid the host immune response
and aggravate chronic inflammation and cause secondary tissue damage. Available treatments
for orthopedic infections have yet to achieve both biofilm elimination and modulation of the
immune response to biofilms. In order to address this unmet need, the overarching objectives of
this dissertation were to investigate the ability of equine bone marrow-derived MSC to disrupt
biofilms of orthopedic pathogens and modulate the immune response to orthopedic biofilms in

vitro.

An in vitro model was developed in Chapter 3 that allowed MSC-biofilm interaction and
quantification of biofilm biomass, pellicle size, and live bacterial counts. This model provided a
novel yet simple approach to evaluate the mechanisms of MSC-biofilm interactions and evaluate
MSC antibiofilm efficacy. Previous models combined biofilms with MSC conditioned medium
[1-3], which does not allow MSC-biofilm interactions. Other models added MSC directly to
biofilms [1], which would complicate downstream quantification of biofilm biomass and pellicle
area. Therefore, our model represents a valuable tool with which to investigate further

mechanisms of MSC to combat established biofilms of S. aureus and E. coli.

Utilizing the model developed in Chapter 3, we sought to evaluate MSC-mediated reduction of

biofilms of common orthopedic pathogens and immune response modulation by MSC in

Chapters 4 and 5. We demonstrated that the primary anti-biofilm mechanism of MSC was
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disruption of the biofilm matrix, as evidenced by S. aureus biomass reduction and S. aureus and
E. coli pellicle area reduction. However, MSC did not consistently reduce biofilm live bacterial
counts across both bacteria and timepoints. This finding may reflect the need to separately
quantify live bacteria within the adhered biofilm versus in the medium and/or pre-stimulate MSC
with pattern recognition receptor ligands, such as lipopolysaccharide, to improve bacterial killing
[3, 6]. In Chapter 5, co-culture of MSC with S. aureus biofilms and PBMC reduced biofilm
pellicle area, consistent with findings in Chapter 4. MSC + PBMC + biofilm co-culture also
increased detection of multiple pro-inflammatory and pro-resolving lipid mediators, including
PGE2, compared to MSC or PBMC cultures alone. This finding suggests that SPM release may
be a mechanism by which MSC modulate the immune response to biofilms. Levels of multiple
inflammatory cytokines on multiplex bead ELISA were also increased in MSC + PBMC +
biofilm co-culture but were not different from untreated biofilms. The apparent and unexpected
detection of inflammatory cytokines in medium from biofilms suggests possible interference

between factors secreted by S. aureus and the ELISA that warrants further investigation.

The results of this dissertation provide useful initial mechanistic information on how MSC may

combat orthopedic biofilms and open multiple avenues for continued investigation. Before MSC
can be translated into an antibiofilm therapy, it is imperative to determine the optimal MSC dose
for biofilm matrix disruption and live bacterial reduction. It is also essential to evaluate whether

the effective MSC dose varies between bacterial strains, species, or even MSC source tissue.

Polymicrobial biofilms are common in vivo and enhance survival of indwelling bacteria by

facilitating bacterial co-aggregation and secretion of matrix [6]. They may be more resistant to
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disruption by MSC than biofilms of a single species and strain. The ability of MSC to disrupt
polymicrobial biofilms therefore requires further investigation. It is possible that MSC
manipulations discussed in Chapters 4 and 5, including pre-stimulation with pattern recognition
receptor ligands [3, 6], hypoxia [7], or spheroid culture [4] may be essential for MSC to achieve

any efficacy against polymicrobial biofilms.

Another crucial question is whether MSC-mediated biofilm matrix disruption is due to inhibition
of bacterial quorum sensing. Quorum sensing is important in all stages of biofilm formation as
outlined in Chapter 1 [8]. Natural antimicrobial peptides derived from plant extracts [9, 10] and
synthetic antimicrobial peptides modeled after mammalian peptides [11, 12] have recently been
shown to reduce biofilms by interrupting quorum sensing. Given that equine MSC secrete
multiple antimicrobial peptides, the potential for MSC to disrupt quorum sensing is worth
investigating. Utilization of a microfluidics system to evaluate parallel changes in biofilm growth
and in expression of quorum sensing-related genes during co-culture with MSC would provide

useful mechanistic insights.

Finally, the importance of identifying and isolating the active MSC-derived factor(s) that disrupt
biofilms and modulate the immune response to biofilms cannot be overstated. Infected
orthopedic structures represent true emergencies that require prompt and aggressive surgical and
antimicrobial treatment to resolve. Unfortunately, delays in infection diagnosis and treatment are
all too common in horses and lead to development of recalcitrant biofilm infections that recur in
the face of treatment and cause crippling and life-threatening bone and joint destruction.

Isolation of MSC for autologous treatment is time-intensive and delays timely initiation of
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treatment. The ability to isolate the active antibiofilm factor(s) as a commercially available
allogeneic treatment is therefore an attractive option. Direct isolation of MSC-secreted
antimicrobial peptides or design of synthetic homologous peptides may be options for treatment
translation. Alternatively, the ability to harness MSC-secreted extracellular vesicles as a
treatment modality may provide a dual antibacterial and immunomodulatory therapy for
orthopedic biofilm infections. Human MSC have recently been discovered to secrete both AMP
[13] and immunoregulatory lipid mediators, such as PGEz, in extracellular vesicles [14, 15].
Whether equine MSC also secrete their antimicrobial peptides and/or SPM via extracellular
vesicles, and the safety of administering these vesicles as an allogeneic anti-biofilm therapy, is
worthy of investigation. Isolation of MSC-secreted extracellular vesicles on a large scale would
also facilitate pooling of vesicles across horses to reduce the effect of inter-donor variation on
treatment efficacy. This approach is similar to the pooling of samples used in the production of

equine platelet-rich plasma lysate (BIO-PLY™) [16].

The primary contribution of this dissertation is to provide the basis for continued investigation
into the mechanisms of MSC-mediated biofilm reduction and immunomodulation that is required
for eventual translation into an effective treatment for orthopedic infections. The potential to
harness MSC as an anti-biofilm therapy would not only improve the overall ability of clinicians
to treat orthopedic infections, but would also provide horses with chronic orthopedic infections

the hope of a cure and a second chance at life.
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