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ABSTRACT 
 

THE ANTIMICROBIAL PROPERTIES OF STIMULATED AND UNSTIMULATED 

EQUINE MESENCHYMAL STROMAL CELLS IN VITRO  

 

Jonathan Wong                                                                          Advisor: 

University of Guelph, 2021                                                         Dr. Thomas Koch 

 

 Antimicrobial resistance is a growing concern, resulting in loss of life and 

negative societal impacts. Mesenchymal stromal cells (MSCs) are a novel antimicrobial 

agent, but further research is required to investigate ideal sources and priming 

conditions that promote antimicrobial activity. MSCs were co-cultured with E. coli and S. 

aureus and further stimulated with Polyinosinic:polycytidylic acid (Poly I:C) or 

lipopolysaccharide (LPS) to assess antimicrobial efficacy. mRNA from unstimulated and 

stimulated MSCs was assessed for differences in antimicrobial peptide (AMP) 

expression. Furthermore, MSCs were co-cultured with antimicrobials to investigate 

synergistic effects against Methicillin resistant S. aureus (MRSA) and resistant E. coli. 

Although constitutive expression of AMP genes was identified in MSCs, no significant 

reductions in bacterial growth or minimum inhibitory concentration were found when 

compared to a DMEM control. Poly I:C or LPS stimulation similarly failed to modulate 

mRNA expression. Further studies are necessary to investigate the in vivo potential of 

MSCs.   
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Introduction 

Although antimicrobial-resistant infections are becoming increasingly prevalent, modern 

clinical care has not responded to bacterial adaptations with improved antimicrobial 

treatments. In the last decade, associations such as the American Veterinary Medical 

Association (AVMA) and Public Health Agency of Canada have released statements 

claiming antimicrobial resistance is an under-recognized problem (CVMA | Veterinary 

Oversight of Antimicrobial Use – A Pan-Canadian Framework for Professional 

Standards for Veterinarians, n.d.; Dowd-Schmidtke et al., 2014). Furthermore, recent 

CDC reports have found 2.8 million individuals afflicted by antimicrobial-resistant 

infections each year within the U.S. with 35,000 deaths occurring (Antibiotic / 

Antimicrobial Resistance | CDC, n.d.).  It has been found that antimicrobial resistance 

can be developed by bacteria due to poor hospital-based antimicrobial usage 

regulations, excessive usage in food-producing animals, and lack of research on new 

antimicrobial developments (Chokshi et al., 2019). New broad-spectrum clinical 

interventions are required to combat this growing issue. 

 MSCs have historically been investigated as a multipotent cell with utility in tissue 

engineering, immunomodulation, and more recently in antimicrobial functions. 

Antimicrobial activity of MSCs have been confirmed in several human, murine, equine, 

bovine, and porcine studies, yet further investigation is necessary. While these studies 

share MSCs as a common factor, significant variability exists regarding MSC source, 

culture conditions, and other factors related to their antimicrobial properties.   

 The purpose of this study was to determine the antimicrobial effects of 

unstimulated as well as stimulated equine cord blood MSCs in vitro.  
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Literature Review  

Biological Functions of MSCs  

MSCs are mesodermal progenitors that can be isolated from all vascularized 

tissues, both pre- and post-natally (Gomez-Salazar et al., 2020). Although MSC 

research is a relatively recent endeavor with some success in clinical trials, rapid 

interest has grown due to their demonstrated potential in wound repair, tissue 

regeneration, and immunomodulation (Figure 1), as well as their ease of isolation and 

cultivation in vitro. Early studies sought to identify molecular mechanisms used by 

MSCs to induce lineage differentiation with some success found in identifying induction 

methods. Although initial interest in MSCs focused on their differentiation potential, 

research shifted towards the ability of MSCs to modulate immune and inflammatory 

responses. MSC immunomodulatory studies found MSCs secrete several factors that 

modulate immune responses including transforming growth factor beta, prostaglandin 

E2, and interleukin-10 (Song et al., 2020). Further downstream effects were noted such 

as increased regulatory T cell expression, fewer natural killer cells, and anti-

inflammatory M2 macrophage induction (Kadle et al., 2018; Sicco et al., 2017).  
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Figure 1. Properties of MSCs and their mode of action. Figure adapted from 

Barekzai, J., Petry, F., Zitzmann, J., Czermak, P., & Salzig, D. (2019). Bioprocess 

Development for Human Mesenchymal Stem Cell Therapy Products. In New Advances 

on Fermentation Processes. IntechOpen. 

MSCs have been investigated as carriers of various pharmacological agents due 

to their ability to localize to sites of interest. MSCs contain lipid membrane vesicles 

termed exosomes that can be loaded with small-molecule drugs, miRNAs, siRNAs, and 

recombinant proteins (Zhang et al., 2020). Exosomes have successfully been loaded 

with oncolytic adenovirus, silver nanoparticles, antibiotics, and various anti-cancer drugs 

with several MSC-loaded interventions demonstrating improved drug efficacy (Babajani 

et al., 2020; Bonomi, Sordi, et al., 2015; Coccè et al., 2017). Tissue tropism by MSCs 

has been found where interactions between MSC surface proteins and blood vascular 

components promote tissue homing (Hadryś et al., 2020).  
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Substantial drug-loading ability has been suggested in several in vitro and in vivo 

studies. An in vitro study found after paclitaxel loading, MSCs released the drug for up 

to 120 hours with highest levels of release at 48 hours (Bonomi, Silini, et al., 2015). 

Another study found after 24 hours, 62% of paclitaxel, 91.8% of gemcitabine, and 100% 

of doxorubicin was released from MSCs, implying drug-dependant changes in release 

time (Coccè et al., 2017). Antibiotic loading of ciprofloxacin has similarly been found 

with time-dependant loading over a 24-hour period. Treatment of rats using the 

antibiotic-loaded MSCs resulted in lower bacterial burdens and reduced osteomyelitis 

scores relative to an antibiotic-only or MSC-only treated group with constitutive 

ciprofloxacin release at 24, 48, and 72 hour timepoints (Yoshitani et al., 2020). While it 

is clear significant MSC drug loading can occur, further investigation is required to 

explore the cellular pharmacokinetics of MSC uptake and release. 

MSC Heterogeneity and Subtypes 

 MSCs are heterogeneous populations of cells, even when isolated from the same 

tissue, donor, or serially expanded from a single clone (Figure 2) (Han et al., 2017; 

Russell et al., 2010). MSC culture compositions have been found to be heterogenous, 

consisting of fibroblastoid cells, small single cells, and polygonal cells of varying sizes 

(Vogel et al., 2003). Several studies identified varying culture conditions such as surface 

curvature of substrate, hypoxia, preconditioning, culture expansion, and co-culture with 

other cell types can impact MSC transcriptome expression (Pittenger et al., 2019). 

MSCs have demonstrated passage number-dependant heterogeneity of antigen 

expression with increasing genetic instability and reduced CD146 expression (Yang et 

al., 2018). Beyond culture conditions, tissue origin can further impact phenotype.  
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 MSCs can be isolated from several tissue sources which in turn can influence 

their respective phenotype. Notable tissue sources include adipose tissue, periodontal 

ligament, synovial membranes, bone marrow, embryonic tissues, the nervous system, 

skin, periosteum, adipose tissue, and muscle (Orbay et al., 2012). While MSCs derived 

from these tissues exhibit common characteristics such as multipotency and common 

species-dependant surface marker profiles, MSC phenotype can vary widely between 

tissues with differential efficacy in downstream applications such as osteogenesis, 

chondrogenesis, immunomodulation (Kern et al., 2006; Mattar & Bieback, 2015; 

Sakaguchi et al., 2005).  
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Figure 2. Sources of MSC heterogeneity; considerations for the clinical 

application of culture-expanded MSCs. Figure adapted from Wilson, A., Hodgson-

Garms, M., Frith, J. E., & Genever, P. (2019). Multiplicity of mesenchymal stromal cells: 

finding the right route to therapy. Frontiers in immunology, 10, 1112.MSC Drug Carrier 

Functions 
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Antimicrobial Effect of MSCs  

This section is an adapted version of Russell, K. A., Garbin, L. C., Wong, J. M., & Koch, 

T. G. (2020). Mesenchymal Stromal Cells as Potential Antimicrobial for Veterinary 

Use—A Comprehensive Review. Frontiers in Microbiology, 11, 3056. 

MSCs have demonstrated antimicrobial effects both in vitro and in vivo with many 

different mechanisms implicated throughout the literature. Elucidating mechanisms can 

be challenging due to the fact that mechanisms can vary across donor species as well 

as target species of bacteria. A number of preconditioning methods have been 

employed over the years including hypoxia, serum deprivation, and exposure to 

antagonistic substances to improve the ability of MSCs to differentiate or modulate 

immune cells. Conditions promoting antimicrobial activity are being examined with 

exposure to cytokines, target bacteria, bacterial components, vitamins, and 

antimicrobials improving both direct and indirect antimicrobial effects (Cahuascanco et 

al., 2019; Guerra et al., 2017; Gupta et al., 2012; Johnson et al., 2017; Yagi et al., 

2020). 
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Figure 3. Mechanisms of mesenchymal stromal cell-mediated killing across 

species. Summary of the major mechanisms and pathways used by MSCs. Direct 

mechanisms of MSC-mediated bacterial killing (blue background) include MARCO and 

SR-B1 receptor-mediated phagocytosis, antimicrobial peptide production, and IDO and 

iNOS pathways. Degradation of bacterial biofilms via cysteine protease secretion acts 

as a method of improving antimicrobial function in combination therapy. Indirect 

mechanisms (brown background) include MSC bacterial killing via immune cell 

recruitment, and macrophage stimulation. Figure adapted from Russell, K. A., Garbin, L. 

C., Wong, J. M., & Koch, T. G. (2020). Mesenchymal Stromal Cells as Potential 

Antimicrobial for Veterinary Use—A Comprehensive Review. Frontiers in 

Microbiology, 11, 3056. 
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Direct Mechanisms of Antimicrobial Effects of MSCs  

This section is an adapted version of Russell, K. A., Garbin, L. C., Wong, J. M., & Koch, 

T. G. (2020). Mesenchymal Stromal Cells as Potential Antimicrobial for Veterinary 

Use—A Comprehensive Review. Frontiers in Microbiology, 11, 3056. 

Antimicrobial peptides (AMPs) are key components to MSC antimicrobial 

efficacy. AMPs are short strings of amino acids co-expressed in clusters as a natural 

defense from bacteria, yeasts, fungi, and cancer cells (Neshani et al., 2019; Vizioli & 

Salzet, 2002). Over 1,200 known AMPs exist and are produced by organisms ranging 

from prokaryotes to higher animals (Lai & Gallo, 2009). AMPs primarily facilitate 

microbial killing through disruption of the microbial cell membrane. In addition, AMPs 

also modulate host innate immune cells mounting an orchestrated defense to microbes 

(Lai & Gallo, 2009). Several AMPs have been identified to be secreted by MSCs 

contributing to their overall antimicrobial function with species-dependent expression of 

specific AMPs. Among the more broadly studied families of AMPs are cathelicidin, 

defensin, and lipocalin. 

Cathelicidins are a major family of AMPs with prominent roles in innate immunity. 

Notably, cathelicidins across different species can vary their mechanism of action, albeit 

bacterial membrane disruption and cell lysis generally occur (Scheenstra et al., 2019; 

Schneider et al., 2016). In humans, cathelicidin LL-37 has been implicated in the direct 

bacterial killing effects of MSCs (Guerra et al., 2017; Ren et al., 2020). LL-37 has 

bactericidal properties as well as the ability to decrease cytokine and endotoxin levels in 

septic models. Investigators identified LL-37 activity as crucial to MSC antimicrobial 

activity in vitro as well as in an in vivo mouse model using human MSCs 
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(Krasnodembskaya et al., 2010). Yagi et al. (2020) further found LL-37 activity from 

adipose tissue-derived MSCs was dependent on 1,25-dihydroxy vitamin D3. 1,25-

dihydroxy vitamin D3 supplementation enhanced LL-37 production relative to MSCs 

under standard culture conditions, whereas treatment with a vitamin D receptor inhibitor 

nullified the antibacterial response(Yagi et al., 2020). In vivo studies using allogenic 

murine MSCs have also implicated cathelicidin as a key AMP for bacterial killing 

(Johnson et al., 2017). Cathelicidin acts through TLR2/4-IRAK-4-dependent pathways in 

order to establish effective killing of mycobacteria (Naik et al., 2017). Interestingly, M. 

tuberculosis (Mtb) has developed a survival mechanism that disrupts this pathway and 

suppresses the antimicrobial effect of BM-MSCs via downregulation of CAMP gene 

expression (Naik et al., 2017). This suggests that a panel of AMPs might be necessary 

to overwhelm the defenses of certain microbes. 

β-defensins are cysteine-rich cationic proteins with sizes ranging from 18 to 145 

amino acids (Kim, 2014). These molecules similarly form pores in bacteria resulting in 

lysis (Esfandiyari et al., 2019). The presence of β-defensins have not always been 

detected in human MSC studies. Sutton et al. (2016) found no presence of β-defensin 2 

or β-defensin 3 after MSC exposure to P. aeruginosa, S. aureus, and Streptococcus 

pneumonia, and attributed all bactericidal effect to LL-37 release. Conversely, Ren et al. 

(2020) identified human β-defensin 2 in both P. aeruginosa-stimulated and unstimulated 

MSCs. Other investigators identified β-defensin secretion from human MSCs via TLR-4 

signaling as the key mechanism of paracrine in vitro antibacterial effect after E. 

coli exposure (Sung et al., 2016). Sung et al. (2016) also demonstrated similar β-

defensin secretion from human MSCs treating E. coli in a mouse model. In cows, AMP 



11 
 

gene expression of β-defensin 4A (bBD-4A) in addition to NK-lysine 1 (NK1) was found 

in fetal MSCs, while cathelicidin 2, hepcidin, and IDO expression were not found 

(Cahuascanco et al., 2019). Co-culture with S. aureus increased gene expression of 

bBD-4A and NK1. 

Lipocalin 2 is an AMP that works by sequestering iron-laden siderophores, thus 

depriving bacteria of iron and limiting bacterial growth (Flo et al., 2004). Higher 

expression of lipocalin 2 was found in syngeneic murine MSCs after exposure to gram-

negative bacterial pneumonia in an in vivo mouse model (Gupta et al., 2012). When 

lipocalin 2 was blocked in this study, the bacterial clearance effect observed with MSCs 

was lost. Expression of lipocalin 2 could be upregulated through MSC activation with 

LPS and TNFα. In horses, it was also found that LPS stimulation led to increased 

lipocalin 2 expression in equine MSCs (Cortés-Araya et al., 2018). In another equine 

MSC study, lipocalin 2 was also detected along with cathelicidin, cystatin C, and elafin 

(Harman, Yang, He, & Van De Walle, 2017). While AMPs are significant to MSCs' 

response to microbial challenge, they are not the only mechanisms at work. 

Indoleamine 2,3-dioxygenase (IDO) expression in MSCs has also been involved 

in response to bacteria in humans. IDO acts to reduce local tryptophan levels thus 

inducing broad-spectrum antimicrobial activity (Däubener et al., 2009). MSCs stimulated 

with the inflammatory cytokines TNFα, IL1β, and IFNγ upregulated IDO expression, 

resulting in a reduction of bacterial growth (R. Meisel et al., 2011a). TNFα and IL1β 

alone failed to restrict bacterial growth, yet both cytokines upregulated the IFNγ-

mediated IDO-activity. Notably, addition of IDO inhibitors or tryptophan restored 

bacterial growth, confirming IDO as a key mechanism of antimicrobial effect. In contrast, 
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IDO expression by murine MSCs was not found in in vivo mouse studies(R. Meisel et 

al., 2011b). The authors found murine MSCs were unable to inhibit S. aureus growth 

due to the lack of IDO but were effective at inhibiting intracellular growth of T. 

gondii parasites via the inducible nitric oxide synthase mechanism (R. Meisel et al., 

2011b). Interestingly, infection with human cytomegalovirus (HCMV) suppressed human 

MSCs' ability to induce bacterial and parasitic killing, due to HCMV's ability to inhibit the 

IFN-γ pathway (Roland Meisel et al., 2014). Relevantly, while some researchers have 

found no expression of IDO in equine MSCs (Carrade et al., 2012), others have found 

that upregulation of IDO expression can be induced by priming equine MSCs with 

exposure to the TLR3 agonist poly I:C (Cassano et al., 2018). As antimicrobial effects of 

IDO in equine cells have not been assessed, future studies are warranted to further 

explore this mechanism in an equine population. 

Another mechanism at play is MSCs' ability to phagocytose Mtb (Khan et al., 

2017). Direct internalization of Mtb relies on interactions with macrophage receptor with 

collagenous structure (MARCO) and scavenger receptor class B type 1 (SR-B1). 

Rapamycin exposure increased lipidation of microtubule-associated light chain-3. 

Furthermore, no change in viability was seen in vitro after 7 days of infection and 

internalized Mtb counts decreased over 7 days. They also found nitric oxide (NO) 

secretion by MSCs which further restricted Mtb growth. Bacterial internalization has also 

been noted in other studies where human MSCs were found to internalize S. 

aureus (Guerra et al., 2017; Josse et al., 2014). Guerra et al.(2017) noted correlations 

between production of IL-6 by MSC and bacterial internalization, although mechanistic 

studies were not performed to clarify this relationship. 
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Biofilm development is a hallmark of antimicrobial resistance. Biofilms are a 

bacteria-produced polymer matrix resulting in decreased susceptibility to disinfectants, 

antimicrobials, and immune cells (Wu et al., 2015). Recent evidence has suggested 

MSCs have potential in breaking down biofilms, which is clinically relevant as bacteria 

embedded in biofilms can have increased antimicrobial tolerance by 100–1,000-fold 

(Olsen, 2015). As a consequence, reaching effective antimicrobial levels in 

vivo becomes difficult or unattainable due to the associated side effects and toxicity 

(Olsen, 2015). MSCs may have potential to increase efficacy of conventional 

antimicrobials via degradation of the biofilm layer and increased antimicrobial 

penetration. Marx et al. (2020) investigated the in vitro effects of the MSC conditioned 

media (CM) against a variety of bacteria. Investigators found inhibition of biofilm 

formation and growth in P. aeruginosa, S. aureus, and S. epidermidis, although this was 

not consistent against all bacterial strains (Marx et al., 2020). In extension to these 

findings, the presence of cysteine protease was identified in the equine MSC CM, which 

was found to inhibit MRSA biofilms via reduction of extracellular protein content and 

allowed for better penetration of conventional antimicrobials (Marx et al., 2020). These 

preliminary findings suggest potential for MSC-antimicrobial combination therapy, 

although further studies must be done to confirm clinical treatment viability. 
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Indirect Mechanisms of Antimicrobial Effects of MSC  

This section is an adapted version of Russell, K. A., Garbin, L. C., Wong, J. M., & Koch, 

T. G. (2020). Mesenchymal Stromal Cells as Potential Antimicrobial for Veterinary 

Use—A Comprehensive Review. Frontiers in Microbiology, 11, 3056. 

MSCs have further demonstrated the ability to interact with the host immune 

system via paracrine factors and direct cell-cell interactions. Macrophages are key 

immunological players having roles in tissue repair, homeostasis, and bacterial 

autophagy (Bah & Vergne, 2017; Doster et al., 2018). Furthermore, macrophages can 

be induced into the anti-inflammatory M2 phenotype or the pro-inflammatory M1 

phenotype (Jayasingam et al., 2019). Johnson et al. (2017) identified M2 macrophage 

induction by activated allogeneic murine MSCs in infected tissues, whereas untreated 

infected tissues had a M1 dominant macrophage population. Bacterial killing has been 

attributed to the ability of MSCs to induce the M1 macrophage phenotype. Notably in 

this study, treatment with non-activated MSCs resulted in a mixed population of M1 and 

M2 macrophages. M2 macrophages were hypothesized to improve wound healing, 

which was consistent with the improved physical and histological appearance of the 

activated MSC treatment group when compared with the other treatment groups 

(Johnson et al., 2017). Similar findings were shared by Rabani et al. (2018) where non-

activated human MSCs were in the same way capable of affecting macrophage 

phenotype inducing a mixed population of M2 and M1 macrophages in a rat model. It 

was found that MSC modulation of human macrophages was dependent on 

prostaglandin E2 and phosphatidylinositol 3-kinase, which resulted in effective 

phagocytosis of unopsonised bacteria (Rabani et al., 2018). MSC administration can 



15 
 

also result in enhanced alveolar macrophage phagocytosis as shown in a recent mouse 

study (Jackson et al., 2016). A tunneling nanotube (TNT)-like structure was used to 

transfer mitochondria from human MSCs to macrophages both in vitro and in vivo, 

which resulted in improved macrophage phagocytic capacity and bioenergetics 

(Jackson et al., 2016). Direct MSC-macrophage cell contact was found to optimize 

mitochondrial transfer, although blockage of MSC TNT formation via cytochalasin B did 

not fully abrogate mitochondrial transfer due to exosome-mediated mitochondrial 

transfer. In vivo studies found TNT formation was required for antimicrobial efficacy of 

MSCs implying cell contact-dependent transfer is key for macrophage polarization. 

Similar results were seen in a rodent model using human MSCs where MSCs enhanced 

macrophage phagocytosis of E. coli, and further enhancements in phagocytic activity 

were seen with addition of endotoxin and TNFα (Devaney et al., 2015). Lee et al. (2013) 

proposed another mechanism for macrophage stimulation. Allogeneic human MSCs 

were found to release keratinocyte growth factor (KGF) onto KGF receptors on human 

monocytes resulting in enhanced bacterial clearance and decreased apoptosis of 

monocytes in an ex vivo lung model. Other studies identified high levels of CCL2 

released by MSCs in vitro, which is known to induce recruitment of inflammatory 

monocytes (Johnson et al., 2017). Higher levels of CCL2 were released by poly I:C-

activated MSCs compared to non-activated MSCs. 

Neutrophils have demonstrated similar phagocytic enhancements seen in 

macrophages. MSCs were found to enhance polymorphonuclear neutrophil granulocyte 

(PMN) bacterial uptake via secretion of IL-6, IL-8, and MIF cytokines (Brandau et al., 

2014). These molecules bind to receptors CXCR1 and CXCR2 on neutrophils to 
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mediate PMN recruitment and activation (Lazennec & Richmond, 2010; McDonald & 

Kubes, 2011). Neutrophils are further known to produce neutrophil extracellular traps 

(NET) which aid in preventing spread of bacteria and mediate killing (Hirschfeld, 2014). 

Chow et al. (2020) identified increased NET area produced per cell after incubation with 

CM from poly I:C-activated human MSCs when compared to non-activated MSC or 

control neutrophils in a mouse model, albeit NET formation was seen in all groups. 

Neutrophil phagocytosis was also seen in this study with a similar activation-augmented 

effect. 

Furthermore, activation of MSCs has been shown to enhance other immune 

regulatory properties. Human periodontal ligament-derived MSCs (PDLSC) stimulated 

with P. gingivalis total protein extract (PgPE) secreted inflammatory markers and 

chemokines including RANTES, eotaxin, IFNγ, inducible protein 10 (IP-10), IL-6, IL-8, 

and interleukin receptor antagonist protein (IL-1ra) (Misawa et al., 2019). The authors 

concluded PDLSCs were key in recruiting immune cells to infected tissues with 

unstimulated MSCs having negligible levels of chemokines. MSC exposure to S. 

typhimurium and L. acidophilus has also resulted in higher transcription of 

immunomodulatory genes COX2, IL-6, and IL-8 as well as increased PGE2 secretion 

(Kol et al., 2014). These findings are supported in equine populations where in addition 

to AMP expression, investigators identified upregulated expression of 

immunomodulatory genes MCP-1, IL-6, IL-8, and CCL5 in equine MSCs after bacterial 

challenge, thus pointing to immune cell recruitment and activation as mechanisms of 

microbial killing (Cortés-Araya et al., 2018). MSCs have further been found to increase 

immunomodulatory activity after minocycline exposure. Minocycline induced 
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phosphorylation of transcriptional nuclear factor-kB (NFkB) in human MSCs, resulting in 

decreased LL-37 production, increased IL-6 production, and overall net reductions in S. 

aureus bacterial load (Guerra et al., 2017). While it is surprising that lower LL-37 

production would lead to reduced bacterial survival, it shows that combining 

antimicrobials with MSCs must be examined closely for both synergistic and 

antagonistic effects as will be discussed below. 

TLR Activation of MSCs 

 As noted in the mechanisms section, several non-equine studies have utilized 

immunostimulants to activate and induce an antimicrobial phenotype in MSCs. Notably, 

several toll-like receptors (TLR) have been found to be expressed by MSCs with TLR3 

and TLR4 being expressed highly compared to other TLRs (Chen et al., 2013). 

A key immunostimulant used is the TLR3 activator Poly I:C. Poly I:C acts as a 

TLR3 ligand, resulting in a variety of downstream effects. Zhao et al. (2014) identified 

increased expression of cyclooxygenase-2(COX-2) and enhanced anti-inflammatory 

effects mediated by MSCs after Poly I:C exposure. Furthermore, poly I:C treatment 

decreased microRNA(miR)-143 expression, resulting in downregulation of proteins 

TAK1 and COX-2 (Zhao et al., 2014). These changes correlated with improved survival 

in mice after cecal ligation and puncture-induced sepsis, implying Poly I:C treatment can 

induce clinically significant changes in MSC phenotype. Other studies have identified 

opposite effects of Poly I:C on human MSCs where exposure resulted in production of 

inflammatory mediators including IL-1, IL-6, IL-8, and CCL5 (Romieu-Mourez et al., 

2009). 
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 LPS is a major component in the outer membrane of gram-negative bacteria 

(Bertani & Ruiz, 2018). Bacteria express LPS on their cell surface to act as a 

permeability barrier to protect the cell. Furthermore, LPS is defined as a pathogen-

associated molecular pattern (PAMP) due to its ability to evoke dramatic immune 

responses to its presence, often resulting in abhorrent immune responses and septic 

shock. Host TLR-4 acts as the primary receptor for LPS’ lipid A structure, resulting in an 

activated immune response. Notably, diverse LPS structures result in a varied ability to 

trigger the host immune response (Scott et al., 2017). After LPS exposure, the host’s 

CD14/TLR4/MD2 receptor complex is activated which induces downstream effects 

including pro-inflammatory cytokine expression an iNOS induction. In MSCs, LPS has 

increased MSC expression of vascular endothelial growth factor (VEGF), fibroblast 

growth factor 2 (FGF2), hepatocyte growth factor (HGF), CCL5, interferon gamma-

uinduced protein 10 (IP-10), and insulin-like growth factor 1 (IGF-1) relative to 

unstimulated MSC control groups (Crisostomo et al., 2008; Tomchuck et al., 2008).  

Evidence of Antimicrobial Efficacy 

 MSCs have shown a general trend of antimicrobial efficacy, although this finding 

is not consistent across all studies. In studies using murine-derived MSCs, outcomes 

have been varied. Johnson et al. (2017) found that in a chronic wound implant infection 

model, administration of antimicrobials or MSCs alone did not significantly reduce 

bacterial burden at the wound site, and only TLR-3 ligand-activated MSCs with 

antimicrobial combination therapy was effective at significantly reducing bacterial 

burden. These effects were attributed to enhanced neutrophil phagocytosis, monocyte 

recruitment, M2 macrophage induction, and AMP release. Other investigators 
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conversely used human-derived MSCs in a mouse model, demonstrating reduced 

alveolar congestion, hemorrhage, neutrophil infiltration, and wall thickening 1-day post-

E. coli intratracheal inoculation (Sung et al., 2016). Krasnodembskaya et al. (2010) 

similarly found human MSCs significantly increased survival in mice relative to control 

groups after P. aeruginosa infection, which was attributed to enhanced monocyte 

activation and phagocytic ability.  

Few in vivo large-animal studies have been done with MSCs as an antimicrobial 

therapeutic, thus early results must be approached with caution. Although in vitro 

efficacy appears to be present, in vivo evidence supporting domestic animal treatment 

is currently limited to one bovine study, one porcine study, and one canine pilot study. 

Peralta et al. (2020) utilized bovine fetal AT-MSCs in an experimentally induced S. 

aureus clinical mastitis model. After S. aureus inoculation, Holstein Friesian cows were 

treated intramammarily with antibiotics, AT-MSCs, or a ringer lactate control vehicle. 

MSC treatment resulted in reduced bacterial counts in the milk of infected cows when 

compared to ringer lactate control-treated cows, but MSC treatment was less efficacious 

than antibiotic-treated cows (Peralta et al., 2020). Interestingly, intramammary 

administration of MSCs in healthy cows did not result in changes to gene expression 

profiles of peripheral blood leukocytes or proinflammatory cytokines CCL2, CCL5, IL2, 

CXCL3, IFNgamma, and TNFalpha, which contradicts prior murine studies (Peralta et 

al., 2020). Khatri et al. (2018) used swine BM-derived MSC extracellular vesicles to 

treat a pig model of influenza virus. Anti-influenza activity was noted, including MSC EV 

treatment resulting in inhibited influenza virus replication and virus induced apoptosis in 

lung epithelial cells. Authors identified RNA transfer from EV to epithelial cells as a key 
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mechanism of action where RNase treatment inhibited anti-influenza activity. Additional 

research must be done to investigate safety and efficacy profiles within each species. 

 Combination therapy with MSCs and antimicrobials may prove to be clinically 

important for future therapies. Investigators utilized mice with biofilm-associated chronic 

Staphylococcus aureus implant infections to investigate the effects of MSCs, 

antimicrobials, and their potential to be used in conjunction. Although antimicrobials or 

MSCs alone were insufficient to significantly reduce bacterial burden, activated MSCs in 

addition to antimicrobials resulted in significantly reduced bacterial burden at the wound 

site (Johnson et al., 2017). An extension to this study showed excellent potential for 

MSCs in dogs with chronic infections. Seven dogs were extensively treated with 

antimicrobials, which resulted in no response. After administration of MSCs primed with 

poly I:C in conjunction with antimicrobials, 5 of the 7 dogs had their infections resolved, 

implying a strong synergistic effect of MSCs and antimicrobials (Johnson et al., 2017). 

Efficacy against biofilms has been confirmed in other in vitro studies. MSC CM was 

found to inhibit biofilm formation of various bacteria, as well as had the ability to 

destabilize MRSA biofilms, thus improving antimicrobial efficacy (Marx et al., 2020). 

Other investigators have found 95% survival rates in mice treated with combination 

therapy where only 73% recovery was seen in the antimicrobial treatment group and 

48% recovery was seen in the MSC group (Alcayaga-Miranda et al., 2015). This 

synergistic effect has further been demonstrated in an in vivo mouse model of cystic 

fibrosis, showing efficacy against Pseudomonas aeruginosa, Streptococcus 

pneumoniae, and Staphylococcus aureus (Sutton et al., 2016). 
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Although combination therapy is an attractive therapeutic option, toxicities may 

pose as a barrier to clinical implementation. Silver nanoparticles have been used to kill 

bacteria, but combination therapy with MSCs may not be ideal as they have resulted in 

decreases in viability of MSCs, albeit with no effects on stem cell differentiation 

(Samberg et al., 2012). The antimicrobial gentamicin has further shown toxic effects via 

inhibiting cell proliferation, decreasing DNA content, and decreasing alkaline 

phosphatase activity in a dose-dependant manner (Chang et al., 2006). These results 

are not consistent across MSC studies with other investigators finding vancomycin and 

gentamicin increased proliferation rate of MSCs (Kucera et al., 2017) and improved their 

efficacy. Investigators must identify which combinations of treatments are synergistic 

before clinically implementing combination therapies of MSCs. 

Equine MSCs as Antimicrobials: A developing field 

 To my knowledge, four in vitro papers have been published in this domain with 

varied culture conditions or media controls. Harman et al. (2017) identified that 

peripheral blood-derived MSCs as well as MSC CM was able to reduce bacterial growth 

in vitro. Furthermore, authors identified release of AMPs cystatin C, elafin, lipocalin 2, 

and cathelicidin by MSCs where antibody blockade resulted in reduced but not 

eliminated antimicrobial effects of MSCs. Conversely, Cortes-Araya et al. (2018) 

investigated differences in antimicrobial activity between equine bone marrow (BM), 

endometrium (EM), or adipose tissue (AT)-derived MSCs. No significant differences 

were seen between a DMEM negative control group and any of the three MSC sources. 

Despite this, authors found significant increases in the mRNA expression of 

immunoregulatory genes monocyte chemoattractant protein-1 (MCP-1) and IL-6 after 



22 
 

LPS stimulation across all MSC groups, while IL-8 was only upregulated in the BM 

group. Marx et al. (2020) investigated the in vitro efficacy of MSC CM on growth 

inhibition and biofilm reduction of various bacteria. CM reduced the growth of P. 

aeruginosa, A. viridans, A. baumannii, and S. aureus, while S. epidermidis growth was 

uninhibited. Reductions in methicillin resistant S. aureus (MRSA) were similarly seen 

where MSC CM inhibited biofilm formation and destabilized mature biofilms via 

secretion of cysteine proteases. A recent publication by Pezzanite et al. (2021) found 

equine BM-MSC CM inhibited planktonic as well as biofilm MRSA. CM efficacy against 

bacteria could be further increased when stimulated with Poly I:C, albeit only when 

serum concentrations were reduced to 1% or 2.5%.  Notably, experimental conditions 

between studies varied with changing MSC tissue origin, bacterial strain, bacteria:MSC 

ratio, and FBS used in culture media. Each of these factors could potentially impact 

MSC antimicrobial efficacy, thus further exploratory studies are required to explore MSC 

clinical practicality.  

Summary 

 MSCs may be useful agents to treat bacterial infections including drug-resistant 

bacteria and biofilm producing bacteria, however antimicrobial MSC research is still in 

its infancy. While antimicrobial activity has been demonstrated in humans and domestic 

animals, results are not consistent, and some studies have found no significant effect of 

MSCs on bacterial inhibition. Before MSCs can be implemented in clinical use, culture 

conditions that elicit an antimicrobial MSC population must be discovered, and 

uncertainties about donor or tissue origin effect must be investigated.  

 



23 
 

Rationale & Hypothesis  

 Antimicrobial-resistant infections are becoming increasingly prevalent, yet 

modern clinical care has not responded to bacterial adaptations with improved 

antimicrobial treatments. Antimicrobial resistance can be developed by bacteria due to 

low quality of antibiotics, lack of surveillance on resistance development, poor hospital-

based antimicrobial usage regulations, and regular usage in food-producing animals 

and human populations (Chokshi et al., 2019). Furthermore, recent research in 

antibiotic development has been lacking with few novel classes of antibiotics being 

developed since 1960 (C.-H. Wang et al., 2020). The World Health Organization (WHO) 

developed the “Global action plan on antimicrobial resistance” in 2015, due to 

concerning statistics such as resistant infections causing 50,000 deaths per year in 

Europe and the US (O’Neill, 2014; Tayler, n.d.). New clinical interventions must be 

developed to address these growing concerns.  

MSCs have shown strong therapeutic potential with diverse properties including 

antimicrobial activity, immunomodulation, wound healing factors, and promotion of 

tissue regeneration. Recent research has identified antimicrobial properties of MSCs 

and in some cases, secreted microvesicles (MV) and exosomes associated with these 

cells. MSCs have demonstrated antimicrobial peptide release (Harman, Yang, He, & 

Van De Walle, 2017; Johnson et al., 2017), macrophage stimulatory affects (Cortés-

Araya et al., 2018), and release of biofilm-depleting enzymes (Marx et al., 2020).  

This study aims to identify the effects of CB-MSC stimulation on antimicrobial 

activity via investigating effects on bacterial inhibition, synergistic effects with 

antimicrobials, as well as changes in AMP mRNA expression.  
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Hypothesis 

MSC addition to bacteria cultures of S. aureus or E. coli will reduce bacterial growth 

relative to a DMEM-only control. Similar reductions in antimicrobial MIC will be identified 

when MSC are co-cultured with various clinically relevant antibiotics. Furthermore, 

stimulation of MSCs with Poly I:C or LPS will result in upregulated AMP mRNA 

expression as well as induce further reductions in bacterial growth and MIC. 

 

Objectives 

Objective 1: To investigate the antimicrobial potential of equine CB and BM-MSCs 

against non-resistant E. coli and S. aureus bacteria  

Objective 2: To determine if differential gene expression of equine AMPs is induced by 

the immunostimulants Poly I:C or LPS  

Objective 3: To determine the synergistic effects between equine CB-MSCs and various 

clinically relevant antimicrobials against methicillin resistant S. aureus (MRSA) and 

resistant E. coli  
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Materials and Methods 

MSC Cell Culture  

 Equine cord blood (CB) MSCs were isolated and cryobanked as previously 

described (Lepage et al., 2018). Three frozen MSC cultures from different foals were 

thawed and seeded in T75 flasks at 5000 cells/cm2, in culture medium consisting of low 

glucose Dulbecco’s modified Eagle medium (DMEM) (Multicell, Wisent), 10% FBS 

(Gibco) and 2 mM L-Glutamine (Multicell, Wisent). Cultures were stored in an incubator 

at 37oC with 5% CO2. Culture medium was replaced every 48 hours. At 70-90% 

confluency, cells were removed from flasks using 0.25% trypsin-EDTA (Multicell, 

Wisent), and either frozen or passaged for further growth. Prior to experiments, cells 

were thawed and seeded for at least 24 hours to allow cells to recover from the freezing 

process. All cells used were from passage 2-5 and were cultured for less than 40 days.  

Three equine BM-MSCs were isolated and prepared as previously described 

(Berg et al., 2009). After isolation, cells were prepared as described above to explore 

tissue source impact on MSC antimicrobial function.   

Bacterial Cultures 

 Bacterial strains E. coli (ATCC 10536) and S. aureus (ATCC 25923) were plated 

onto Luria-Bertani (LB) (ThermoFisher Scientific) agar, incubated at 37oC for 24 hours, 

then maintained at 4oC for up to one month. Prior to experiments, a single colony 

forming unit (CFU) was inoculated into 9 mL LB broth (ThermoFisher Scientific) which 

was then incubated overnight at 37oC. 24 hours later, optical density (OD) 600 readings 

were taken using the Novaspec Plus Visible Spectrophotometer and CFU/mL was 

determined based on a calculated standard curve.  
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Bacterial Inhibition Assay 

150,000 MSCs (15625 cells/cm2) were plated per well in six-well plates 

consisting of DMEM with 10% FBS and 2 mM L-Glutamine. 24 hours after seeding, Poly 

I:C and LPS-activated MSC groups were exposed to culture media with 1 ug/mL Poly 

I:C or 10 ng/mL of LPS for 1 hour, then cells were washed twice in untreated culture 

media and allowed to grow for 24 hours (Figure 4). An additional untreated MSC group 

was washed at the same time points as the stimulated MSC groups. Positive controls 

included DMEM with 200 U/mL penicillin and 0.2 mg/mL streptomycin, while pure 

DMEM was used as a negative control. All groups were prepared in triplicate. After 24 

hours, culture media was removed, cell monolayers were rinsed twice with PBS, and 1 

mL DMEM was added to wells. E. coli or S. aureus was added at 1.5x106 CFU per well 

(156250 cells/cm2). All cultures were incubated for 6 hours at 37oC in an incubator 

(Figure 4). After incubation, plates were lightly vortexed to evenly distribute bacteria, 

then diluted in tenfold dilutions ranging from 1:10 to 1:1,000,000. 10 uL of each dilution 

was spotted on LB agar plates and allowed to incubate overnight at 37oC (Figure 5). 

Bacterial colony forming units were calculated for each group. 

Minimum Inhibitory Concentration (MIC) Experiments 

 MIC was determined by broth microdilution using the Sensititre equine EQUIN1F 

Vet AST plate (ThermoFisher). MRSA (isolated by the University of Guelph Animal 

Health Laboratory) and E. coli (isolated by the University of Guelph Animal Health 

Laboratory) were plated on LB agar and grown overnight in a 37oC incubator. Colonies 

were diluted into demineralized water (ThermoFischer) and adjusted to a 0.5 McFarland 

standard. 10 uL of the bacterial suspension (1.1x106 CFU) was added to a 1:1 mixture 
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of Mueller-Hinton broth and A) 110,000 unstimulated MSCs suspended in DMEM with 

10% FBS and L-glutamine, B) 110,000 Poly I:C stimulated MSCs suspended in DMEM 

with 10% FBS and L-glutamine, or C) 110,000 LPS-stimulated MSCs suspended in 

DMEM with 10% FBS and L-glutamine. Bacteria was similarly added to a MIC plate 

plated with a 1:1 mixture of Mueller-Hinton broth and DMEM with 10% FBS and L-

glutamine as a negative control. The Sensititre AutoInoculator (Trek Diagnostic 

Systems) was used to seed 50 uL of the suspension into each well of the EQUIN1F 

plate, then plates were incubated at 37oC in a non-CO2 incubator. After 24 hours, plates 

were read manually using the Sensititre SWIN Software System (ThermoFisher) where 

MIC was recorded as the lowest concentration of antibiotic that inhibits bacterial growth.  

mRNA Analysis 

Primer Design  

 Primers for the genes CST3, PI3, LCN2, ECATH2, and DEFB1 were designed in 

NCBI Primer-Blast. Design criteria included primer sizes of 20-22, product sizes of 100-

250, primer separation by at least one intron on the corresponding genomic DNA, 

inclusion of a GC clamp, and GC content percentage of 40 to 60%.  

RNA Isolation 

 RNA extraction was performed using the RNeasy Mini Kit (Qiagen) as per the 

manufacturer’s protocol. On column DNase digestion was further performed using the 

RNase-Free DNase Set (Qiagen). A260/280 ratios of 2.0 or higher were accepted. 

Additionally, two samples were tested using the 4150 TapeStation System (Agilent) to 
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confirm RNA quality. RNA was stored in a -80oC freezer for up to 2 months prior to 

testing, and only subjected to a single freeze-thaw cycle. 

cDNA Generation  

 RNA was pretreated with DNase I, Amplification Grade (ThermoFisher) as per 

the manufacturer’s protocol. Purified RNA was then reverse transcribed using the 

qScript cDNA Synthesis Kit (QuantaBio) as per the manufacturer’s protocol.   

Primer Validation  

Pooled RNA of Poly I:C and LPS-stimulated MSCs were used as a positive 

control for AMP gene expression as no positive controls from cell types known to 

express AMP genes were readily available. RNA was converted to cDNA, then cDNA 

was serial diluted in ten-fold dilutions ranging from 1:10 to 1:100,000. Primers designed 

were tested, along with additional primers that were previously used in the literature 

(Harman, Yang, He, & Walle, 2017). qPCR was performed as outlined under “MSC 

associated mRNA expression”. Resulting data was used to produce efficiency curves 

and melt curves for each primer to ensure primer specificity and viability. Primer 

efficiencies ranging from 90-110% were accepted with minimum R2 values of 0.95.  

qPCR products of primers used by Harman et al. (2017) were run on an agarose gel to 

compare banding patterns to those seen in the literature. A 1% agarose TEA solution 

was heated and allowed to cool in a gel mold with a comb. After cooling, the comb was 

removed and the gel was submerged in a gel box with TEA buffer. 4 uL of gel loading 

dye was added to qPCR products and mixed by pipetting. The gel was loaded with 

qPCR products and 1 kB DNA Ladder RTU (GeneDire X), then run at 95 mV for 45 
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minutes. Products were read using the Gel Doc EZ Imaging System with Image Lab 

Software (Bio-Rad). 

MSC Associated mRNA Expression  

 Quantitative polymerase chain reaction (qPCR) was performed using the CFX96 

Touch Real-Time PCR detection system (Bio-Rad). Primers for genes of interest were 

included as listed under “Primer Validation”. qPCR reactions were set up in triplicate 

using 5 uL SYBR, 0.4 uL of primers at 5 uM concentration, 2.1 uL of water, and 2.5 uL 

of template cDNA. The qPCR program was set to 95oC for 30 seconds, followed by 39 

cycles of 95oC for 5 seconds, 58.1oC for 15 seconds, and 60oC for 15 seconds. After 

cycle completion, a melt curve gradient was performed. Three biological replicates and 

two technical replicates were utilized, as well as a no template control group. The 2-ΔΔCT 

method was used for gene expression analysis where gene expression was normalized 

to reference genes B2M and GAPDH.  

Statistical analysis  

To determine differences between MSC and control groups in the bacterial 

inhibition assay, a one-way ANOVA was utilized. Normality of data was confirmed using 

the Shapiro-Wilk test. A significance level of 0.05 was selected for all statistical tests. 

Tukey’s range test was used to compare between MSC groups and the DMEM-only 

control when significance was determined by the one-way ANOVA.  

To determine differences in AMP mRNA expression, a two-way ANOVA was 

utilized to test for differences between CB-MSC cell cultures as well as differences 

between treatment groups. The Shapiro-Wilk test was utilized to confirm normality of 
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data. Tukey’s range test was used to compare differences between cell cultures when 

indicated by the 2-way ANOVA.  
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Results 

Bacterial Inhibition Assay 

CB and BM-MSCs isolated from different mares were co-cultured with non-resistant S. 

aureus and E. coli. After 6 hours of MSC-S. aureus co-culture, non-stimulated CB-MSC 

had bacteria levels of 4.5x105 CFU/mL, Poly I:C-stimulated CB-MSC had bacteria levels 

of 4.3x105 CFU/mL, LPS-stimulated CB-MSC had bacteria levels of 2.9x105 CFU/mL, 

and the DMEM control group had bacteria levels of 6.4x104 CFU/mL. Similarly, non-

stimulated CB-MSC had E. coli levels of 5.2x105 CFU/mL, Poly I:C-stimulated CB-MSC 

had bacteria levels of 4.5x105 CFU/mL, LPS-stimulated CB-MSC had bacteria levels of 

4.8x105 CFU/mL, and the DMEM control group had bacteria levels of 1.6x104 CFU/mL. 

No significant differences in S. aureus (p=0.64) or E. coli (p=0.48) CFU formation were 

identified between DMEM control and CB-MSC co-culture groups (Figure 7).  

The CB-MSC co-culture procedure was repeated using BM-MSCs to explore if 

MSC tissue origin had an effect on MSC antimicrobial ability. Non-stimulated BM-MSC 

had S. aureus levels of 1.1x105 CFU/mL, Poly I:C-stimulated BM-MSC had bacteria 

levels of 2.0x105 CFU/mL, LPS-stimulated BM-MSC had bacteria levels of 1.9x105 

CFU/mL, and the DMEM control group had bacteria levels of 1.9x104 CFU/mL after co-

culture. Non-stimulated BM-MSC had E. coli levels of 1.9x105 CFU/mL, Poly I:C-

stimulated BM-MSC had bacteria levels of 2.3x105 CFU/mL, LPS-stimulated BM-MSC 

had bacteria levels of 2.3x105 CFU/mL, and the DMEM control group had bacteria 

levels of 4.3x104 CFU/mL after co-culture. BM-MSC treatment resulted in a no 

significant effect on S. aureus growth between MSC groups and the DMEM control 

(p=0.36) (Figure 8). BM-MSC co-cultured with E. coli resulted in increased bacterial 
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growth between groups (p=0.001) (Figure 8). Comparisons between groups found 

significant increases in E. coli growth in all MSC groups relative to the DMEM control 

(p≤0.004), while no differences were found between MSC treatment groups (p≥0.38). 

Complete abolishment of bacterial growth occurred in all DMEM with 200 U penicillin 

and 0.2 mg/mL streptomycin positive controls.  

 

 

Figure 7. Equine CB-MSC Bacterial growth inhibition assay. Unstimulated MSCs 

(MSC), Poly I:C-stimulated MSCs (MSC/Poly I:C), LPS-stimulated MSCs (MSC/LPS), 

and pure DMEM (DMEM) was inoculated with 1.5x106 CFU of S. aureus or E. coli and 

incubated for 6 hours. No bacterial growth was seen when cultured in DMEM with 200 

U/mL penicillin and 0.2 mg/mL streptomycin. 
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Figure 8. Equine BM-MSC Bacterial growth inhibition assay. Unstimulated MSCs 

(MSC), Poly I:C-stimulated MSCs (MSC/Poly I:C), LPS-stimulated MSCs (MSC/LPS), 

and pure DMEM (DMEM) was inoculated with 1.5x106 CFU of S. aureus or E. coli and 

incubated for 6 hours. Significance (p<-0.05) is indicated by differing letters above each 

bar. No bacterial growth was seen when cultured in DMEM with 200 U/mL penicillin and 

0.2 mg/mL streptomycin. 
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MIC 

MIC was assessed manually using the EQUIN1F Vet AST plate. Few differences 

were observed in MIC relative to the media control for most antimicrobials assessed, 

despite co-culture with stimulated or unstimulated MSCs. MSC treatment resulted in 

increased MIC when in the presence of Cefazolin and MRSA where the media control 

had intermediate resistance and several MSC groups were resistant (Table 5). 

Conversely, MRSA demonstrated increased susceptibility to Oxacillin+2% NaCl in 3 

MSC groups, albeit only 2-fold reductions were observed.  

  Resistant E. coli similarly demonstrated few differences in MIC after treatment 

with stimulated or unstimulated MSCs (Table 6). Increases in doxycycline MIC were 

seen in 5 MSC-treated groups, albeit only 2-fold increases were observed. No clear 

effects of Poly I:C or LPS stimulation were observed in MRSA or resistant E. coli 

experiments.  
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Table 5. MIC of equine antimicrobials against MRSA. Unstimulated as well as Poly I:C and LPS stimulated CB-

MSCs from cell cultures 1809, 1913, and 1915 was added to doubling concentrations of various clinically relevant 

antimicrobials. Green represents concentrations of antimicrobial that the MRSA culture was susceptible to, yellow 

represents concentrations of antimicrobial that the MRSA culture was inhibited at the highest concentration, and red 

represent concentration of antimicrobial that the MRSA culture was resistant to at all clinically relevant concentrations. 

Blue represents decreases in susceptibility associated with MSC addition. All concentrations are listed in ug/mL.  
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Table 6. MIC of equine antimicrobials against resistant E. coli. Unstimulated as well as Poly I:C and LPS 

stimulated CB-MSCs from cell cultures 1809, 1913, and 1915 was added to doubling concentrations of various 

clinically relevant antimicrobials. Green represents concentrations of antimicrobial that the MRSA culture was 

susceptible to, yellow represents concentrations of antimicrobial that the MRSA culture was inhibited at the highest 

concentration, and red represent concentration of antimicrobial that the MRSA culture was resistant to at all clinically 

relevant concentrations. Blue represents decreases in susceptibility associated with MSC addition. All concentrations are 

listed in ug/mL. 

 



38 
 

mRNA Analysis 

qPCR Quality Control 

Primer Validation 

 To establish primer viability, efficiency curves of each primer designed was 

determined (Table 3). Harman et al. (2017) primer sequences were duplicated and 

similarly tested. Efficiency curves for Harman et al. (2017) primers DEFB4A or CST3 

could not be determined as no amplification occurred.  

 

 

Table 3. Primer efficiencies and associated R2 values of genes utilized. N/A 

indicates no amplification occurred at any template concentration thus primer efficiency 

could not be calculated. Primers utilized by Harman et al. (2017) are designated with *. 

Gene Efficiency (%) R2 Value 

CST3 101.02 0.998 

LCN2 93.57 0.998 

PI3 91.25 0.988 

DEFB1 97.8 0.997 

DEFB4A* N/A N/A 

CAMP* 94.8 0.996 

LCN2 * 79.044 0.991 

PI3 * 68.193 0.935 

CST3* N/A N/A 

B2M 96.14 0.998 

GAPDH 95.43 0.992 
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Gel Electrophoresis  

qPCR amplification products of Harman et al. (2017) primers were run on a gel 

electrophoresis utilizing CB-MSC cultures 1809, 1913, and 1915 (Figure 6). Clear bands 

were seen in all three cell cultures for genes LCN2 and CAMP. No visible bands were 

identified in any cell culture for genes DEFB4A or CST3. PI3 banding density suggested 

less expression in cell culture 1915, albeit a band was still visible. 

 

 

Figure 6. Representative image of CB-MSC PCR products produced using primers 

designed by Harman et al. (2017). Lane 1 represents the molecular weight marker. 

Each column is labeled with its respective cell culture (1809, 1913, or 1915), while rows 

represent each gene of interest.  
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RNA Quality  

To confirm mRNA quality after isolation from cells, 260/280 ratio was assessed 

(Table 4). RIN number of two samples was further tested to confirm RNA quality. 

Resulting RIN numbers of 9.8 and 10.0 were achieved, indicating fully intact RNA 

(Schroeder et al., 2006). 

 

 

 

Table 4. Concentration and A260/280 ratio of CB-MSC mRNA utilized in qPCR 

analysis. 

Cell culture  
Concentration 
(ng/uL) 

A260/280 
Ratio 

1809/No 
Stimulation 258.5 2.09 

1809/PIC 408.4 2.07 

1809/LPS 361.9 2.05 

1913/No 
stimulation 385.5 2.06 

1913/PIC 410.6 2.05 

1913/LPS 185.8 2.08 

1915/No 
Stimulation 1159.4 2.08 

1915/Poly I:C 927.0 2.11 

1915/LPS 1525.4 2.08 
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MSC Associated mRNA Expression  

mRNA expression was assessed across three biological replicates of equine CB-

MSCs to investigate the ability of Poly I:C or LPS stimulation to upregulate equine AMP 

gene expression. PI3, CST3, DEFB1, LCN2, and ECATH2 primers were designed by 

me, while DEFB4A and CAMP primers were replicated from the Harman et al. (2017) 

publication.   

 No significant change in AMP expression was found between unstimulated 

MSCs, LPS-stimulated MSCs, or Poly I:C-stimulated MSCs across all genes assessed 

(p≥0.15). Conversely, several genes suggested significant biological variability in AMP 

expression. Equine cell culture 1809 demonstrated the highest levels of PI3 expression 

(p≤0.049), followed by cell culture 1913, then cell culture 1915 (p≤0.001) (Figure 9). This 

pattern was shared for DEFB1 expression (p≤0.035) (Figure 11). Cell culture 1809 and 

1913 demonstrated similar CST3 expression levels (p=0.97), while cell culture 1915 

demonstrated significantly reduced CST3 expression (p=0.007) (Figure 10). No 

significant differences in LCN2 expression were found across cell cultures (p≥0.32) 

(Figure 13). Cell culture 1915 presented with significantly increased ECATH2 

expression relative to the 1809 cell culture (p=0.03), while no differences were found 

between cell cultures 1809 and 1913 (p=0.20), or cell cultures 1913 and 1915 (p=0.22) 

(Figure 14). CAMP expression shared cell culture expression patterns with ECATH2 

where cell cultures 1809 and 1913 (p=0.06) or cell cultures 1913 and 1915 (p=0.07) had 

no significant differences in ECATH2 expression, but significant differences were noted 

between cell cultures 1809 and 1915 (p=0.006) (Figure 12). No expression of DEFB4A 
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was detected in any MSC group, which was confirmed by running qPCR products on a 

agarose gel electrophoresis (Figure 6). 
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Figure 9. Relative gene expression of PI3 in unstimulated, Poly I:C-stimulated, 

and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, and 1915. 

Expression level is normalized to a geometric mean of the reference genes B2M and 

GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 10. Relative gene expression of CST3 in unstimulated, Poly I:C-stimulated, 

and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, and 1915. 

Expression level is normalized to a geometric mean of the reference genes B2M and 

GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 11. Relative gene expression of DEFB1 in unstimulated, Poly I:C-

stimulated, and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, 

and 1915. Expression level is normalized to a geometric mean of the reference genes 

B2M and GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 12. Relative gene expression of CAMP in unstimulated, Poly I:C-

stimulated, and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, 

and 1915. Expression level is normalized to a geometric mean of the reference genes 

B2M and GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 13. Relative gene expression of LCN2 in unstimulated, Poly I:C-stimulated, 

and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, and 1915. 

Expression level is normalized to a geometric mean of the reference genes B2M and 

GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 14. Relative gene expression of ECATH2 in unstimulated, Poly I:C-

stimulated, and LPS-stimulated MSCs across equine CB cell cultures 1809, 1913, 

and 1915. Expression level is normalized to a geometric mean of the reference genes 

B2M and GAPDH. Significance (p<-0.05) is indicated by differing letters. 
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Figure 4. Flowchart of MSC-bacteria co-culture experiment.  
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Figure 5. Spot plating technique to quantify bacterial numbers. After 6 hours of 

bacteria-MSC co-culture, culture media was serial diluted and 10 uL of each dilution 

was spotted onto an LB agar plate. Figure modified and adapted from Whitmire, J. M., & 

Merrell, D. S. (2012). Successful culture techniques for Helicobacter species: general 

culture techniques for Helicobacter pylori. In Helicobacter Species (pp. 17-27). Humana 

Press, Totowa, NJ. 
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Table 1. Primers designed by me and utilized for qPCR analysis.  

Primer Abbreviation Forward Primer (5' - 3') Reverse Primer (5’-3’) 

Cystatin C  CST3 GTACAACAAGGCCAGCAACG ACTTGGTGCATCTGGTTCGG 

Elafin PI3 GCTGCGCCATGTTAAATCCG ACTTCTCAGGTGCAGCAAGG 

Lipocalin 2 LCN2 ACGAGCTGAAGGAAGACCAC CGCACGATATAGCTCTGCAC 

Myeloid 
cathelicidin 2  

ECATH2 GCTGGTGAAACAGTGTGTGG AAGGGAAACCAGTGCCGTC 

Beta defensin 1 DEFB1 TGAGGGCACCCTACTTTCTGC TAATGGTCAGACCTGTGGCCG 

Glyceraldehyde 
3-phosphate 
dehydrogenase 

GAPDH GGTGAAGGTCGGAGTAAACG AATGAAGGGGTCATTGATGG 

Beta-2-
microgloblin 

B2M TCGGCTACTCTCCCTGACT ATTTCAATCTCAGGCGGATG 

 

 

 

Table 2. Primers duplicated from Harman et al. (2017) 

Primer Abbreviation Forward Primer (5' - 3') Reverse Primer (5’-3’) 

Cystatin C  CST3 TTTCCTGTCACCGTACAGC GCACAATGTCCGTGGTGAA 

Elafin PI3 GAGAAGGCTGAGTGCCAGAG ACCAGCGAAATCATCTCCAG 

Lipocalin 2 LCN2 TCAAGGATGACCAGTTCCAG CCTTCCTGAAGAACACGATG 

Cathelicidin  CAMP GGGTAGATGGTCACTGTTGC AGCCCATTCTCCTTGAAGTC 

Beta Defensin 2 DEFB4A CGTTCCTCGTTGTCTTCCT CACAGGTGCCAATCTGTTTC 
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Discussion 

 This series of experiments was performed to explore the antimicrobial properties 

of equine CB and BM-MSCs against gram positive and gram-negative bacteria, as well 

as to identify potential genes of interest that facilitate these effects. I found no bacterial 

inhibitory effect of CB-MSC or BM-MSCs on S. aureus or E. coli growth, as well as no 

effects of Poly I:C or LPS stimulation on CB-MSC mRNA expression of AMPs. Similarly, 

no clinically relevant changes in MIC were identified.  

MSC-bacteria co-culture experiment results were surprising as they appear to 

contradict the current literature, yet few investigators have explored equine CB or BM-

MSCs in a similar capacity. This study was the first to investigate equine CB-MSCs as 

an antimicrobial agent. Variability in equine MSC immunomodulatory function between 

cell origins has been suggested by Cortes-Araya et al. (2018), who found differential IL-

6 expression between BM and AT-derived MSC CM. No reductions in E. coli growth 

were noted after treatment with BM, AT, or EM-MSC CMs relative to a DMEM negative 

control (Cortés-Araya et al., 2018), which support the lack of MSC antimicrobial effect 

seen in this study. 

BM-MSCs demonstrated a stimulatory effect on E. coli growth across untreated 

MSCs, Poly I:C-stimulated MSCs, and LPS-stimulated MSCs, which conflicts with lack 

of differences found by Cortes-Araya et al. (2018) using equine BM-MSC CM. Work 

performed by others found similar results suggesting no MSC antimicrobial function 

where no difference in bacterial numbers was seen after 6 hours of MSC-E. coli co-

culture or MSC-S. aureus co-culture using AT-MSCs (Avellar, 2021). Interestingly, 

reductions were identified in E. coli co-culture at the 18- and 24-hour timepoints which 
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suggest some MSCs may have a delayed effect in mediating inhibition. Recently, 

another study by Pezzanite et al. (2021) found reductions in planktonic and biofilm 

MRSA utilizing BM-MSC CM. Unlike results found in this study, Poly I:C treatment 

induced further biofilm suppression, enhanced neutrophil phagocytosis, and increased 

cathelicidin production, albeit LPS did not have any affects on bacterial growth reduction 

(Pezzanite et al., 2021). Some studies have suggested bacteria can increase growth in 

the presence of cytokines (Kanangat et al., 1999; J.-H. Lee et al., 2003), thus cytokine 

release by MSCs may have acted as a confounding variable in bacterial growth 

inhibition assays. In vitro studies found recombinant mouse TNF-alpha increased E. coli 

proliferation in a concentration dependant manner (J.-H. Lee et al., 2003). In vivo 

studies found neutropenic TNF-alpha+/+ mice had 100-fold higher E. coli counts than 

TNFalpha-/- mice, although TNFalpha+/+ mice with normal neutrophil counts 

demonstrated improved survival and bacterial clearance (J.-H. Lee et al., 2003). Equine 

evidence has similarly shown source-dependant variation of expression in cytokines 

MCP-1, CCL5, IL-6, IL-8, TLR4, and MCP-1(Cortés-Araya et al., 2018). Although 

cytokine release was not assessed in this study, results by Cortes-Araya et al. (2018) 

suggest cytokine release from equine MSCs which may have stimulated bacterial 

growth. MSCs used in this study may have expressed higher cytokine levels, which may 

explain differential results from the Pezzanite et al. (2021) study. 

This study utilized a live cell intervention, which may have affected bacterial 

growth relative to a CM-based intervention. Harman et al. (2017) found after PB-MSC 

direct co-culture, reductions were seen between DMEM and MSC groups. Similar 

relative reductions in CFU/mL were noted between direct co-culture and CM 
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experiments. Interestingly, when the bacteria and MSC were separated by transwell 

inserts no growth was seen in the MSC group. Results by Harman et al. (2017) suggest 

most in vitro MSC activity is facilitated by MSC secretions that are not dependant on 

direct cell-to-cell contact. Investigators did not suggest a cause of differential relative 

bacterial growth reduction, but perhaps some activity of MSCs is masked during direct 

co-culture due to cell death. If so, this hypothesis may extend into this study’s results, 

making it difficult to establish MSC antimicrobial potential in direct co-culture when using 

MSCs with lower antimicrobial efficacy.  

Some concerns exist with the Harman et al. (2017) methodology. Investigators 

utilized the antimicrobials penicillin, streptomycin, and gentamicin during cell culture 

which may have exaggerated MSC antimicrobial effect due to the drug carrier potential 

of MSCs. Other studies have identified MSCs as potential carriers for various 

therapeutic agents with applications extending to oncolytic adenovirus, ciprofloxacin, 

paclitaxel, doxorubicin, gemcitabine, and drug-encapsulated nanoparticles (Coccè et al., 

2017; Layek et al., 2018; Mahasa et al., 2020; Pacioni et al., 2015; X. Wang et al., 2018; 

Yoshitani et al., 2020). Time-dependant antimicrobial loading of ciprofloxacin has further 

been demonstrated in AT-MSCs(Yoshitani et al., 2020), suggesting antimicrobial-

loading may have acted as a confounding variable in the Harman et al. (2017) 

publication. Although other investigators utilized CM, methods by Pezzanite et al. 

(2021), Marx et al. (2020), and Cortes-Araya et al. (2018) suggest MSCs were only 

removed from antibiotic-enriched media for 26 hours, 68 hours, and 16 hours 

respectively prior to CM collection. Given MSC have been found to release the antibiotic 

ciprofloxacin for 72 hours after drug priming (Yoshitani et al., 2020), presence of 
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antibiotics in other investigator’s media may have exaggerated MSC antimicrobial 

effects. To address these concerns, this study cultured MSCs in antibiotic-free media at 

all timepoints after thawing, thus MSC were grown in antibiotic-free media for at least 96 

hours prior to experimentation. While antibiotic loading may have acted as a 

confounding variable in the listed publications, further research is required to investigate 

the degree of antibiotic loading and release by MSCs.   

Other technical differences may have impacted MSC antimicrobial function. 

Canine studies have suggested variable susceptibility of S. aureus against different 

MSC donors. Resistance to MSCs was variable across S. aureus strains, and variability 

in susceptibility was seen within S. aureus strains to MSCs of different donors 

(Bujňáková et al., 2020). These findings suggest considerable variability in MSC 

antimicrobial function across donors as well as varying sensitivity within bacterial 

species. Findings by Bujňáková et al. (2020) may be extrapolated to this study’s results 

where it is possible the three biological replicates utilized for CB and BM-MSCs had 

exceptionally low antimicrobial properties, resulting in no change or stimulatory effects 

on bacterial growth. Unlike MSCs isolated by Harman et al. (2017) or Cortes-Araya et 

al. (2018), MSCs utilized in this study were thawed from previously isolated samples, 

which may have further inhibited MSC antimicrobial function. A systematic review 

across several species found BM-MSC cryopreservation did not affect cell morphology, 

surface marker expression, differentiation, or proliferation potential yet there were mixed 

findings regarding the effects on colony forming ability, cell viability, paracrine function, 

and genomic stability (Bahsoun et al., 2019). No investigators have compared the 



53 
 

antimicrobial efficacy of frozen versus thawed MSCs, thus freezing may influence the 

antimicrobial properties of MSCs.  

Little to no synergistic effects were found between MSCs and an array of equine 

antimicrobials against MRSA or resistant E. coli. While changes in MIC were identified 

for a minority of antimicrobials tested, only two-fold changes were observed, which 

could be within expected inter-run variation. It is likely that differences found in this 

study are non-significant and no clinically meaningful change in MIC occurred (Doern & 

Brecher, 2011). Few studies have investigated similar relationships between 

antimicrobials and MSCs in the past. Marx et al. (2020) identified reductions in biofilm 

mass and relative live bacteria when MRSA was treated with equine PB MSC CM, then 

exposed to 1% penicillin and streptomycin in DMEM. While I found no synergistic 

effects between MSC and penicillin, different MRSA strains were utilized, thus direct 

study-study comparisons cannot be made. Beyond this, Marx et al. (2020) pre-treated 

MRSA with MSC CM for 24 hours prior to P/S exposure, suggesting MSC cysteine 

protease may require a pre-incubation time to facilitate synergistic effects. Lastly, Marx 

et al. (2020) noted less than 30% reductions in relative live bacteria between DMEM 

and MSC CM treated groups. A small reduction in bacterial replication may not be 

apparent in MIC testing given the binary nature of the test. Other investigators found 

95% survival when MSCs and antimicrobials were used synergistically in a caecal 

ligation puncture mouse model, whereas antimicrobial-only treatment and MSC-only 

treatment had survival rates of 73% and 48% respectively (Alcayaga-Miranda et al., 

2015). As this was an in vivo model, it is likely many survival benefits were mediated by 

MSC interaction with the host immune system which could not be captured in my in vitro 
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model. While MIC experiments were not supportive of synergistic effects between CB-

MSCs and a variety of antimicrobials, further research must be done to explore other in 

vitro and in vivo conditions.  

 AMP mRNA expression analysis found expression of several equine AMPs. 

Although there were no differences between unstimulated and stimulated MSC mRNA 

expression, donor-donor differences were noted between CB-MSC cultures in several 

genes. Similar to Harman et al. (2017) results, no expression or banding was 

demonstrated for DEFB4A and differential expression of CAMP was identified in all 

three biological replicates. To supplement the Harman et al. (2017) DEFB4A gene 

which could not be found through NCBI Primer Blast, DEFB1 was instead designed. All 

three biological replicates demonstrated significantly different expression of DEFB1, 

while no significant differences were found in LCN2 expression. ECATH2 identified 

significant differences between cell cultures 1809 and 1915, while cell culture 1913 

demonstrated moderate gene expression with no differences from the other two groups. 

LCN2 and ECATH-2 genes demonstrated similar expression levels and variability in this 

experiment when compared to results by Harman et al. (2017) where LCN2 had the 

highest constitutive AMP expression, and ECATH-2 had variable but constitutive 

expression across biological replicates. Notably, no clear pattern was demonstrated 

where a single biological replicate had significantly higher expression of all AMP genes 

relative to the other replicates.  

 Reproducing the Harman et al. (2017) PCR gel results demonstrated similar 

banding density variability between MSC cultures. Relatively equivalent banding density 

was identified for LCN2 which was shared with the Harman et al. (2017) gel. In contrast, 
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in my results no expression of CST3 was identified when utilizing Harman et al. (2017) 

primers, albeit this is reproduced in MSC2 of the Harman et al. (2017) results. PI3 

expression was similarly variable, as well as the lack of bands present for DEFB4A. 

CAMP qPCR expression found differential gene expression between all biological 

replicates, which similarly appears to be variable in Harman et al. (2017) results. 

While no effects of Poly I:C or LPS stimulation were found in this study, priming 

potential of MSCs is still being investigated. It has been established that TLR activation 

through Poly I:C or LPS stimulation can result in a variety of downstream effects 

including osteogenic differentiation, immunomodulation, and augmented MSC survival 

rates (DelaRosa & Lombardo, 2010; Tomchuck et al., 2008), but there is limited 

evidence on how stimulation effects AMP expression. Pezzanite et al. (2021) found that 

Poly I:C stimulation improved biofilm suppression, enhanced neutrophil phagocytosis, 

and increased cathelicidin production. Conversely, LPS stimulation resulted in no 

changes to bacterial colony count after MRSA-MSC co-culture or biofilm production. 

Cortes-Araya et al. identified similar upregulation of key immunomodulatory genes 

including MCP-1, CCL5, IL-6, and IL-8 after LPS stimulation, but no AMPs were 

assessed. Activation effects are not consistent across MSCs where variable effects of 

stimulation have been demonstrated in human MSCs. No changes to cathelicidin LL-37 

were observed in human menstrual-derived MSCs after LPS stimulation (Alcayaga-

Miranda et al., 2015), while other studies have found Poly I:C stimulation resulted in 

more pronounced E. coli killing (Park et al., 2019). Similarly, Gupta et al. found 

significant upregulation of LCN2 after mouse MSCs were challenged with LPS for 24 

hours (Gupta et al., 2012).  
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Discrepancies between studies may be due to differing stimulation protocols. 

Work by Waterman et al. (2010) suggests concentration and length of incubation with 

TLR agonists can have significant effects on MSC phenotype, albeit this has not been 

directly explored in equine MSCs to date. Pezzanite et al. (2021) primed MSCs with 10 

ug/mL of Poly I:C or 10 ng/mL of LPS for 2 hours, whereas in this study a concentration 

of 1 ug/mL of Poly I:C was utilized for 1 hour. Furthermore, Poly I:C stimulation was 

found to be FBS dependant where serum concentrations of 1% or 2.5% further 

upregulated cathelicidin levels compared to a 10% serum. It is possible concentration, 

length of exposure, or contents of media resulted in differential effects of stimulation.  

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

Limitations 

As MSCs induce their antimicrobial effects through a variety of direct and indirect 

mechanisms, in vitro studies are inherently limiting. This study was unable to capture 

the diverse interactions that can occur with the host immune system to both modulate 

abhorrent inflammatory responses as well as upregulate antimicrobial activities of 

immune cells. Given the in vitro nature of this study, AMP analysis was focused on due 

to their potential to mediate direct antimicrobial effects of MSCs. Further mRNA analysis 

of cytokine expression was not explored during mRNA analysis, but equine literature 

suggests significant expression.  

 While synergistic effects were not apparent in the MIC experiment, it is possible 

minor reductions in bacterial growth occurred that failed to reduce MIC. Furthermore, as 

synergism was not assessed across a range of factors such as incubation time, 

treatment with MSCs prior to antimicrobial addition, or bacterial strain variability, it is 

possible the appropriate conditions were not met for MSCs to elicit a synergistic effect. 

As this study utilized a single strain of S. aureus and E. coli, inter-strain sensitivity to 

MSC antimicrobial action could not be determined.   

 Although Poly I:C or LPS treatment failed to modulate AMP expression, only a 

single concentration and priming method was used for each immunostimulant. As 

stimulation has previously been found to be concentration and time dependant, this 

study’s protocol may not have captured the stimulatory potential of Poly I:C or LPS.    
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Conclusions and Future Directions 

This study aimed to establish the antimicrobial properties of equine MSCs, as 

well as their priming potential under Poly I:C or LPS stimulation. As this study failed to 

find significant antimicrobial effects of equine CB or BM-derived MSCs, instead it raises 

the question of why MSCs demonstrate variable efficacy in the literature. Evidence of 

constitutive expression of AMPs lipocalin 2, elafin, cystatin C, beta defensin 1, and 

cathelicidin was identified in CB-MSCs with significant variation in AMP expression 

between donors. While the in vitro nature of this study limits its generalizability to clinical 

populations, lack of consistent antimicrobial effect in equine MSCs may pose as a 

barrier in future studies.  

While some concern is warranted over several investigators utilizing antibiotic-

enriched media prior to experimentation, it is unclear if this had an impact on bacterial 

assays. Further investigation is necessary to explore the antibiotic cellular 

pharmacokinetics of MSCs to address this issue.  

Several studies have identified bacterial reductions associated with equine MSC 

in vitro, yet most significant findings have utilized MSC CM. This raises the question of 

live MSCs potentially having a masking effect on antimicrobial function in vitro, relative 

to CM-only interventions. Usage of MSC CM or transwells for bacteria inhibition assays 

may help clarify the relationship between MSC-bacteria contact and the antimicrobial 

potential of MSCs. MSC CM can uniquely be further concentrated to increase protein, 

RNA, and lipid concentration of CM (Bogatcheva & Coleman, 2019). I suggest further 

investigation in optimal MSC selection/priming to induce an antimicrobial phenotype, as 

well as in vivo studies to capture MSC interactions with the host immune system.  
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Appendix 

Introduction 

While several studies have established antimicrobial properties of MSCs, few studies 

have been done in the equine domain and large variability in methodology has been 

used across in vitro studies. Key concerns included the ratio of bacteria to MSCs used 

during co-culture, culture media composition across studies, and variations in bacterial 

species. Several exploratory experiments were performed to investigate the impacts of 

each of these variables.  

Objectives 

Objective 1: To investigate the effects of MSC culture conditions and address potential 

confounding variables in previously published antimicrobial equine MSC literature 

Objective 2: To explore the effects of thawing, FBS concentration, bacterial strain, and 

concentration of bacterial load on MSC antimicrobial activity  

Methods  

Harman et al. (2017) Replication Experiment  

Equine cord blood (CB) MSCs were isolated and cryobanked as previously described 

(Berg et al., 2009). Five MSC cultures from different dams were thawed together, to 

form a pooled cell culture in order to account for variable antimicrobial activity across 

different MSC cultures. Cells were seeded in T75 flasks at 5000 cells/cm2, in culture 

medium consisting of low glucose Dulbecco’s modified Eagle medium (DMEM), 10% 

fetal bovine serum (FBS), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM L-
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Glutamine. Cultures were stored in an incubator at 37oC with 5% CO2. Culture medium 

was replaced every 48 hours. At 50-70% confluency, cells were removed from flasks 

0.25% trypsin-EDTA (Multicell, Wisent), and either frozen or passaged for further 

growth.  

Bacterial Cultures 

 Bacterial strains E. coli 25922 (ATCC) and S. aureus 29213 (ATCC) were plated 

onto Luria-Bertani (LB) agar and maintained at 4oC for up to one month. Prior to 

experiments, a single colony forming unit (CFU) was inoculated into 9 mL LB broth 

which was then incubated overnight at 37oC. 24 hours later, optical density (OD) 600 

readings were taken using the Novaspec Plus Visible Spectrophotometer and CFU/mL 

was determined based on a calculated standard curve.  

Harman et al. (2017) Experiment Replication  

150,000 MSCs (15625 cells/cm2) were plated per well in six-well plates for all 

MSC-bacteria co-culture experiments.  

To determine the effects of FBS addition and pre-treatment with antimicrobial-

enriched culture media, 150,000 MSCs were plated in media consisting of 30% FBS, 50 

ug/mL gentamycin, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM L-

Glutamine. An additional MSC group was plated using culture media without 

gentamycin, penicillin, or streptomycin. Control cultures contained bacteria in plain 

DMEM, bacteria in DMEM with 200 U/mL penicillin and 0.2 mg/mL streptomycin, 

bacteria in DMEM with 30% FBS, or bacteria in 1 mL of LB media. All groups were 

prepared in triplicate. After 24 hours, culture media was removed, cell monolayers were 
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rinsed twice with PBS, and 1 mL DMEM was added to wells. E. coli or S. aureus was 

added at 1.5x106 CFU per well (156250 cells/cm2). All cultures were incubated for 6 

hours at 37oC in an incubator while shaking at 100 rpm. After incubation, 1% saponin 

was added to lyse MSCs, then culture media was vortexed to evenly distribute bacteria 

and diluted in tenfold dilutions ranging from 1:10 to 1:1,000,000. 100 uL of each dilution 

was plated onto LB agar plates and allowed to incubate overnight at 37oC. Bacterial 

colony forming units were calculated for each group. The same protocol was utilized for 

the following experiments except for shaker and saponin usage.  

Additional Co-culture Conditions  

To determine the effects of freeze-thaw recovery time on MSCs, the previous 

experiment was repeated using cells that were plated 24 hours after thawing, as well as 

cells that were plated 5 days after thawing. 

To determine the effects of FBS concentration and Poly I:C or LPS activation on 

MSC antimicrobial activity, MSCs were plated in to 6-well plates, cultured in media 

containing 10% FBS or 30% FBS. An additional DMEM with 30% FBS group was added 

to establish the impact of FBS on bacterial growth relative to a FBS-free DMEM control. 

Poly I:C and LPS groups were grown in 10% FBS media. 24 hours after seeding, Poly 

I:C and LPS-activated MSC groups were exposed to culture media with 1 ug/mL poly 

I:C or 10 ng/mL of LPS for 1 hour, then cells were washed twice in untreated culture 

media and allowed to grow for 24 hours.  

To determine the effects of bacterial CFU load on MSC antimicrobial activity, 

MSCs were plated in to 6-well plates. 1.5x106 CFU, 7.5x105 CFU, or 1.5x105 CFU of E. 
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coli or S. aureus was added to each well respectively. An additional MSC group was 

cultured in 1% FBS for 24 hours after being plated in 6-well plates.   

To address variations in bacterial sensitivity to MSC antimicrobial effect, 

additional bacterial strains E. coli 10536 (ATCC) and S. aureus 25923 (ATCC) were 

substituted for the previously used strains. No other deviations were made from the 

above experiment.  

All groups were prepared in triplicate. After 24 hours, culture media was 

removed, cell monolayers were rinsed twice with PBS, and 1 mL DMEM was added to 

wells. All cultures were incubated for 6 hours at 37oC in an incubator. After incubation, 

plates were lightly vortexed to evenly distribute bacteria, then diluted in tenfold dilutions 

ranging from 1:10 to 1:1,000,000. 10 uL of each dilution was spotted on LB agar plates 

and allowed to incubate overnight at 37oC. Bacterial colony forming units were 

calculated for each group. 

Hypothesis 

MSCs will demonstrate increased antimicrobial activity in all treatment groups with 

MSCs cultured in antimicrobial-enriched media demonstrating higher levels of bacterial 

inhibition relative to MSCs grown in antimicrobial-free media. Exposure to bacteria or 

immunostimulants will further reduce bacterial co-culture levels, modify AMP gene 

expression and result in an upregulated cytokine profile compared to unstimulated 

MSCs.   
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Results 

Significance could not be determined for the following results due to lack of biological 

replicates. MSC increased bacterial CFU/mL in several experiments relative to the 

DMEM control (Figure A1, A2, A3, A4, A5). These results were consistent across 

varying bacterial CFU additions (Figure A4), varying bacteria strain (Figure A5), and 

varied length of time MSCs were allowed to recover post-thaw (Figure A2). FBS 

addition to DMEM controls increased E. coli growth relative to the DMEM control (Figure 

A1, A3). MSC grown in higher FBS concentrations of 30% appeared to have increased 

bacterial growth relative to MSC grown in 10% FBS concentrations (Figure A3). 

Similarly, reduced bacterial growth was seen utilizing 1% FBS concentrations when 

compared to MSCs grown in 10% FBS concentrations (Figure A4). 
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Figure A1. Effects of antimicrobial-enriched media on MSC antimicrobial function. A 

represents S. aureus while B represents E. coli. Bacterial strains E. coli 25922 (ATCC) 

and S. aureus 29213 (ATCC) were used respectively. 
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Figure A2. Effect of length of time post-thaw on MSC antimicrobial function. A 

represents S. aureus data while B represents E. coli data. Bacterial strains E. coli 25922 

(ATCC) and S. aureus 29213 (ATCC) were used respectively. 
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Figure A3. Effect of FBS concentration and Poly I:C or LPS stimulation on MSC 

antimicrobial function. Bacterial strains E. coli 25922 (ATCC) and S. aureus 29213 

(ATCC) were used respectively. 
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Figure A4. Effect of bacteria CFU concentration on MSC antimicrobial function. 

Bacterial strains E. coli 25922 (ATCC) and S. aureus 29213 (ATCC) were used 

respectively. 
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Figure A5. Effect of bacterial strain on MSC antimicrobial function under various 

bacteria CFU concentrations. Bacterial strains E. coli 10536 (ATCC) and S. aureus 

25923 (ATCC) were utilized.  
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Conclusions 

This is the first study to compare the effects of various culture conditions on equine 

MSC antimicrobial activity. A pooled sample of five equine CB-MSC cultures was 

utilized to account for biological variability between samples. While statistical 

significance could not be assessed due to the usage of a single biological replicate, 

trends suggest several takeaways. In all experimental groups, the DMEM negative 

control decreased bacterial growth compared to MSC-treated groups, suggesting MSCs 

may have a perverse effect. Based on data from Figure A2, it appears that culturing 

MSCs with antimicrobials prior to bacterial co-culture may have a minor additional 

bacteria inhibitory effect. Interestingly, DMEM enriched with 30% FBS appeared to 

increase bacterial growth relative to the DMEM control in several of the experiments 

(Figure A3). Similarly, MSCs grown in 30% FBS appeared to facilitate increased 

bacterial growth relative to bacteria grown in 10% FBS (Figure A3). It was unclear if this 

trend continued to MSCs cultured in 1% FBS (Figure A4).  Length of recovery after 

thawing did not display a clear trend, suggesting little to no difference would be seen 

between a one-day and 5-day recovery period (Figure A2). Poly I:C and LPS treatment 

did not appear to induce a marked bacterial reduction relative to unstimulated MSCs, 

although minor decreases were seen in the LPS group. No improvement in MSC 

bacterial reduction was seen across CFU additions of 1.5x106 CFU, 7.5x105 CFU, or 

1.5x105 CFU, suggesting that bacterial concentration is not a major factor in 

demonstrating antimicrobial action (Figure A4). These results were shared with 

alternative bacterial strains E. coli 10536 (ATCC) and S. aureus 25923 (ATCC) (Figure 

A5). 


