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Abstract 
 

The therapeutic efficacy and immunomodulatory potential of mesenchymal stromal cells 

(MSCs) is well established. MSCs have been employed as cellular therapies to treat various 

inflammatory-based conditions. MSC potency can be significantly enhanced following 

cytokine licensing, i.e. exposure of MSCs to pro-inflammatory cytokines during their 

incubation period to enhance their secretion of immunoregulatory factors. Our lab has 

previously demonstrated the potential of licensed syngeneic MSCs in prolonging corneal 

allograft survival, however, an allogeneic and licensed MSC donor has not yet been 

established. Given the clinical benefits of an allogeneic MSC donor, we sought to explore 

whether cytokine licensing increased their immunomodulatory potential on innate and adaptive 

immune cells. The aim of this project was to investigate the effects of pro-inflammatory 

cytokine licensing, TNF-Ŭ and IL-1ɓ, on MSCs, and to assess the therapeutic potency of 

MSCTNF-Ŭ/IL-1ɓ in vitro and in vivo on immune cell assays in a murine model of corneal alkali 

burn. 

To generate cytokine licensed cells, FVB mouse-derived MSCs were cultured with normal 

media or media containing recombinant TNF-Ŭ and IL-1ɓ. MSCTNF-Ŭ/IL-1ɓ resulted in a 

significant reduction in cell number, and a significantly upregulated expression of CD73, CD44 

and PD-L1. MSCTNF-Ŭ/IL-1ɓ also showed a significant upregulation in NO secretion compared 

to untreated MSCs; MSCUTR. It was also established that TNF-Ŭ/IL-1ɓ licensing inhibits 

mitochondrial activity by downregulating mitochondrial respiration and ATP production. In 

vitro, MSCTNF-Ŭ/IL-1ɓ potently suppressed MHC-I expression on pro-inflammatory stimulated 

bone marrow-derived macrophages (BMDMs) and significantly upregulated the expression of 

CD206. Moreover, multiplex assays revealed the significant increase in CXCL1, CCL-17, IL-

18, G-CSF, and IL-6 secretion from MSC:Macrophage co-culture supernatants, following 

MSCTNF-Ŭ/IL-1ɓ stimulation. Additionally, MSCTNF-Ŭ/IL-1ɓ significantly suppressed CD3+, CD4+ 

and CD8+ T lymphocyte proliferation, while promoting expansion of CD4+CD69+ and 

CD4+CD25+CD69+ T lymphocyte subsets. MSCTNF-Ŭ/IL-1ɓ potently suppressed secretion of 

IFN-ɔ, TNF-Ŭ, IL-2, IL-17A and IL-9 from MSC:T Lymphocyte co-culture supernatants.  

Given the efficacy in terms of modulation of innate and adaptive immune cells observed from 

MSCTNF-Ŭ/IL-1ɓ in vitro, these cells were selected for use in vivo to test the therapeutic potential 

in a mouse corneal alkali burn model. 
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Corneal injury was induced by 1M NaOH on the central cornea, followed by rigorous irrigation 

of the cornea with PBS. MSCTNF-Ŭ/IL-1ɓ and MSCUTR were subconjunctivally administered (day 

0 and day 3) and mice were monitored for 14 days. Employing optical coherence tomography 

(OCT) to visualise the internal structures of the ocular chamber following alkali burn, both 

MSCTNF-Ŭ/IL-1ɓ and MSCUTR promoted anterior chamber depth restoration following corneal 

alkali burn, however had no effect on corneal stromal damage and did not restore normal 

corneal thickness compared to healthy controls. Interestingly, both MSCTNF-Ŭ/IL-1ɓ and MSCUTR 

treatments exhibited increased expression of Pax6 compared to healthy controls, however there 

was no difference in MMP-8 expression. Pax6 is known to be involved in corneal wound 

healing, isolated to the corneal epithelium, while MMP8 is a collagen cleaving enzyme 

involved in extracellular matrix degradation by breakdown of collagen type I and III. Immune 

cell analysis from the draining lymph nodes following MSCTNF-Ŭ/IL-1ɓ administration revealed 

immunomodulatory capacity with reduction in pro-inflammatory macrophages, increased anti-

inflammatory macrophages, reduced dendritic cell expression, and upregulated expression of 

CD4+CD25++FoxP3+ T lymphocytes. 

Overall, TNF-Ŭ and IL-1ɓ licensing yielded a unique phenotype capable of inducing an anti-

inflammatory microenvironment in both in vitro and in vivo. 
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1.1 Cornea 

1.1.1 Anatomy and Function 

The cornea is a transparent and avascular layer of connective tissue positioned in front of the 

anterior segment of the eye. The natural curved shape of the cornea is maintained by the rigidity 

of the anterior corneal stroma, ensuring the cornea maintains an anterior refractive surface to 

focus light onto the retina at the posterior segment of the eye[1]. The cornea acts as a physical 

barrier between the eye and the outside environment, protecting the eye from particles and 

pathogens that could cause injury and infection[1, 2]. The cornea consists of five different layers; 

three cellular layers composed of epithelium, stroma and endothelium, and two basal 

membrane layers referred to as Bowmanôs membrane and Descemet membrane[2]. As shown 

in Figure 1.1, the epithelium is located superior to the Bowmanôs layer. The epithelium acts 

as a physical barrier to the outside world, protecting the inner structures and allowing for the 

continuous renewal of epithelial layers. Basal cells are continuously renewed within the 

epithelium layers to replace damaged, apoptotic, and necrotic cells and allows for the 

construction of the deepest epithelial layer[1, 3]. Separating the epithelium from the outside 

environment is a tear film, composed of electrolytes, mucins and various proteins and lipids[4]. 

This layer functions to prevent infection and suppress inflammation while simultaneously 

clearing debris and maintaining visual acuity[5]. The Bowmanôs layer, as previously referred 

to, is inferior to the epithelial layer. This layer is acellular and has a large porous membrane 

which limits its barrier capabilities against particles reaching the stroma[6]. The stroma accounts 

for >90% of corneal thickness and has a role in ensuring visual transparency. This layer lies 

between Bowmanôs layer and Descemetôs layer, consisting of keratocytes and thick collagen 

fibres[6]. The Descemetôs layer lies superior to the endothelial layer and is secreted by the 

endothelial monolayer. The endothelial monolayer is the final segment of the cornea. This 

single layer maintains water level within the stroma, ensuring corneal transparency and 

delivery of nutrients from the aqueous humour. Due to the presence of Na+/K+ ATPase pump 

sites within the endothelial layer, it can drain the stroma to prevent any excess fluid retention. 

Due to the presence of gap junctions within this layer, it is considerably weaker than the other 

corneal counterparts and therefore does not act as a barrier against corneal penetration[6, 7]. 
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Figure 1.1: Anatomy of the eye and cornea. Image adapted from Wels et al[6]. (A) Schematic 

overview of the eye. (B) Structural layers of the cornea. (C) Pathways of penetration through the corneal 

epithelium; (i) transcellular, (ii) paracellular, (iii) transporter-mediated pathway. 

 

1.1.2 Immune Privilege of the Eye 

The term immune privilege is a complex process that involves physiological, anatomical and 

immunological processes[8]. In terms of the eye, it was first coined by Medawar et al[9] in 1948 

upon discovering that skin allografts placed in the anterior chamber of the eye did not undergo 

rejection[9, 10]. This had previously been accomplished by Dooremaal in 1873[11], who noted 

that skin transplanted from a mouse onto the ocular anterior chamber of a dog did not 

immediately fail[12]. The nature of the eyesô immune privilege has been linked to three distinct 

mechanisms; (1) the eyesô physical barriers, i.e. their avascularity, lack of efferent lymphatics 

and their blood-retinal barrier,(2) the circulation of cell-bound and soluble immunosuppressive 

factors, and (3) and the regulation of systemic immune responses via anterior chamber-

associated immune deviation (ACAID)[13, 14]. The avascular nature of the eye protects it from 

invading antigen-presenting cells (APCs) and effector lymphocytes from other regions of the 

body, thereby óshutting offô the ocular compartment from the rest of the organism. Ultimately, 

this protects the ocular compartment from the adverse effects of infections and/or 

inflammation[15]. The immune privilege of the eye is directly related to anatomical, 

physiological and immunological adaptations that work in unison to prevent pathogens from 

reaching the ocular surface. Disruption to any of these processes can lead to a loss of immune 

privilege and poses risk to the function of the eye itself[12].  
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Streilein et al[16] furthered the work of Medawar[9] and Dooremaal[11] by showing that the eye 

simply has a different immune response compared to the rest of the body, and that there is still 

a reaction to allo-antigens. The placement of a foreign antigen into the anterior chamber elicits 

a suppressor immunity via the induction of antigen-specific efferent suppressor CD8+ T 

lymphocytes and CD4+ regulatory T lymphocytes (Tregs). The order in which the grafts and 

tumour antigens/cells are added to the anterior appears to matter greatly, suggesting a role for 

complex immune and cytokine pathways in immune tolerance. Kaplan et al[17] further 

demonstrated that the introduction of allogeneic major histocompatibility complex (MHC)-

mismatched tumour cells into the anterior chamber of the eye, following skin transplantation, 

elicited subsequent skin graft acceptance in mice[16]. Mice that received the mismatched tumour 

cells prior to skin transplantation rejected both the cells and skin grafts. The observed induced 

tolerance (ACAID) is a phenomenon by which allo-antigens that come into contact with the 

ocular surface are deviated by F4/80 macrophages to the spleen where the antigen is destroyed 

by CD4+ and CD8+ effector T lymphocytes, natural killer (NK) cells and B lymphocytes[18-20]. 

APCs stimulate NK cells to secrete chemokine ligand 5 (CCL-5), which further attracts CD8+ 

T lymphocytes, inducing the expansion of antigen-specific CD8+ T lymphocytes, which are 

elected as the main instigators of preventing graft rejection[17, 21]. Welge-L¿Çen et al[22] reported 

that a downregulation of circulating transforming growth factor-beta 2 (TGF-ɓ2) within the 

aqueous humour is critical for appropriate ACAID function, and the depletion of this cytokine 

in vivo correlates with the loss of the ACAID mechanism. Many cells within the anterior 

chamber can secrete TGF-ɓ2[23], e.g. retinal pigment epithelium[22]. Interestingly, TGF-ɓ2 has 

also been shown in vitro to be an important component of ACAID regulation, inhibiting Th1-

type cytokines and inducing Th2-type secretomes[24]. The regulation of inflammatory processes 

via ACAID is a key component in protecting the eye from potentially blinding antigens and 

inflammatory processes[25]. 

 

1.1.3 Maintenance of the Immune Privilege of the Cornea 

The cornea is an avascular structure, which plays a vital role in its immune privilege status. 

This avascularity has been linked to the large quantity of vascular endothelial growth factor 

receptor-1 (VEGFR-1) and VEGFR-3 expressed on the epithelial layer. These receptors act as 

decoys for VEGF, preventing membrane receptor activation[26, 27] and halting angiogenesis 

from occurring by inhibiting VEGF-A signals to stimulate blood vessel growth[28, 29]. The lack 

of blood vessels protects the cornea from APCs migrating through to secondary lymphoid 
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organs, i.e. lymph nodes and spleen to bind and activate CD4+ and CD8+ effector T 

lymphocytes, thereby halting a pro-inflammatory response. The migration of APCs is therefore 

restricted within the cornea and, as a result, there are only few bone marrow-derived APCs 

present[30, 31]. While there are resident innate immune cells, i.e. macrophages and dendritic cells 

present within the ocular space, these cells are inactive and lack, or express low levels of MHC, 

CD80 or CD86 molecules. The lack of MHC molecules on corneal endothelial and retinal cells 

also render them invisible to cytotoxic CD8+ lymphocytes, termed an óimmunologic blind 

spotô[12].  

Devoid of blood vessels, the cornea also owes its immune privilege to the physical/mechanical 

barriers that it possesses, namely the blood-aqueous and blood retinal barriers[12]. The blood-

aqueous barrier is in the anterior compartment of the eye and is composed of endothelial cells 

and non-pigmented cell layer of ciliary epithelium. The blood-retinal barrier is in the posterior 

compartment of the eye and comprises both retinal epithelium and endothelium[32]. Both 

barriers are composed of tight junctions that separate ocular fluids, i.e. aqueous humour from 

blood, which intercepts the passage of infiltrating immune cells into the cornea and prevent 

further complications of ocular fluid and blood mixing, e.g. retinal oedema and plasmoid 

aqueous. The presence of these barriers aid the eye in blocking the afferent arm of the immune 

system, maintaining the immune privilege and preventing inflammatory processes from 

attacking the ocular microenvironment[33]. These barriers ultimately function to maintain 

homeostasis to protect the eye[33-36]. 

The aqueous humour is a transparent fluid secreted from the ciliary body, filling the anterior 

and posterior chambers of the eye and maintaining intraocular pressure[37]. The fluid has a low 

protein concentration and functions to maintain immune privilege within the eye[38]. The 

aqueous humour consists of alpha-melanocyte stimulating hormone (Ŭ-MSH), which 

suppresses the inflammatory activity of macrophages and induces anti-inflammatory cytokine 

production[39]. This production skews pro-inflammatory, classically-activated, macrophages 

towards anti-inflammatory, alternatively-activated, macrophages. APCs exposed to Ŭ-MSH are 

incapable of stimulating Th1 cells and thereby suppress interferon-gamma (IFN-ɔ) secretion 

through IL-10 signalling[40, 41]. The maintenance of ocular immune privilege is also owed to 

the aqueous humoursô natural composition of TGF-ɓ1, Fas Ligand  (FasL), macrophage 

migration inhibitor factor (MIF), vasoactive intestinal peptide (VIP), CD59 and complement 

regulatory protein (CRP)[42-45]. An intact aqueous humour and blood-retinal barrier is vital to 

maintain immune privilege and ACAID, which is destroyed following the administration of an 
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endotoxin[46, 47]. Ohta et al[46] highlighted the importance of the aqueous humour in suppressing 

inflammatory stimuli. A subcutaneous injection of lipopolysaccharide (LPS) into hind footpads 

of C3H/HeN mice resulted in loss of aqueous humour immunosuppressive activity 1hr after 

administration, which was indicated by the upregulation of IL-6, IL-1, and tumour-necrosis 

factor alpha (TNF-Ŭ). Between 12hr and 24hr post-injection there was a maximum protein 

concentration present within the aqueous humour, and the ability to support ACAID was lost. 

48hrs after LPS administration the aqueous humour had returned to its immunosuppressive 

capabilities. The presence of anti-inflammatory molecules aids the eye in blocking the efferent 

arm of the immune response, maintaining immune privilege. 

In summary, the immune privileged nature of the eye is maintained by a combination of 

mechanical and physiological barriers that inhibit the trafficking of immune cells into the 

ocular space. The presence of immunosuppressive molecules within the aqueous humour 

modulates the phenotype of resident immune cells and the existence of ACAID induces 

systemic tolerance to ocular antigens and maintains homeostasis. 

 

1.2 Corneal Alkali Injury 

Under normal healthy conditions, the avascular nature of the cornea ensures an immune 

privileged environment. This immune privilege has been exploited in procedures such as 

corneal transplantation, ensuring a successful graft transplant for ólow-riskô- individuals with 

healthy corneal beds[48, 49]. However, disruption to this immune privileged status can occur 

following breech of the protective barrier via the increased production of pro-inflammatory 

cytokines, angiogenesis and lymphangiogenesis-promoting factors and additional infiltrations 

that promote the influx of immune cells into the ocular chamber[47]. In ôhigh-riskô individuals 

receiving a corneal transplant and whose ocular immune privilege has been affected, the 

placement of a graft into a highly inflamed area ensures >70% chance the graft will reject 

within the first 5 years[50, 51].  

Corneal injury, caused by mechanical or chemical perturbation, initiates a cascade of 

inflammatory signals from damaged or necrotic epithelial cells[52]. Alkaline chemicals are 

lipophilic[53] and can penetrate through the ocular tissues with ease to the posterior chamber 

where they can damage the trabecular meshwork, ciliary bodies, and lens[54, 55]. This can further 

destroy the ocular network and result in glaucoma and cataract formation, further damaging 

visual transparency and acuity[56]. The dysregulated inflammation encouraged by pro-fibrotic 
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agents and proteolytic enzymes released from injured cells can lead to continuous infiltration 

of effector innate and adaptive immune cells, maintaining the hostile pro-inflammatory 

microenvironment[3, 57, 58]. The release of pro-angiogenic and lymphangiogenic factors, e.g. 

VEGF-A, VEGFC/D, VEGFR3[59], stimulates neovascularisation and lymphatic vessel growth 

(Figure 1.2), mediating the transport and delivery of APCs to secondary lymphoid organs, e.g. 

lymph nodes, to stimulate naµve T lymphocytes[3, 60, 61].  

 

 

Figure 1.2. Schematic of corneal wound healing following a chemical burn. Signalling 

cascades induced by corneal chemical injury induces the release of metalloproteinases (MMPs) and 

infiltration of APCs, and promotion of angiogenesis and fibrosis. Adapted from Pan et al[62]. 

 

There are several distinct populations of APCs within the anterior portion of the eye[63]. 

Macrophages and MHC-II+ dendritic cells (DCs) are ideally positioned within the iris and 

trabecular network, a prime location to uptake soluble antigens. Macrophages located within 

the iris can stimulate activated T lymphocytes via antigen uptake and presentation[64]. Resident 

DCs are present within the conjunctiva and cornea and maintain corneal immunogenicity[65]. 

In a healthy corneal environment, DCs are described as immature due to their low levels of 

MHC-II expression[66]. Immature DCs have a high capacity for antigen capture and processing, 

however, have low T lymphocyte stimulatory capability and the lack of co-stimulatory 
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molecules, CD80 and CD86[67]. In the case of an inflammatory event, these cells are primed 

via their processing of an antigen, upregulating expression of MHC-II, CD80 and CD86, and 

secreting pro-inflammatory cytokines, e.g. TNF-Ŭ, IL-1[68, 69]. A population of resident MHC-

II- Langerhans cells (LCs) are present in the epithelium of the centre cornea and are activated 

via inflammatory stimuli, expressing CD80/CD86 and mediating antigen-presentation[70].  

Antigen-presentation commonly occurs within the secondary lymphatic organs, e.g. lymph 

nodes, spleen, as APCs migrate to circulating naµve T lymphocytes. Once activated and 

expanded, alloreactive T lymphocytes migrate to the cornea and respond to pathogens. T 

lymphocytes can be primarily categorised into CD8+ cytotoxic T lymphocytes, which bind to 

MHC-I, and CD4+ effector T lymphocytes, which bind to MHC-II expressed on the APC 

surface. CD4+ T lymphocytes can be further subcategorised into effector Th1, Th2, Th17 and 

Th9 subsets, and Tregs[71-73]. CD4+ and CD8+ T lymphocytes mediate pro-inflammatory 

responses within the ocular space following corneal injury, secreting pro-inflammatory 

cytokines and encouraging fibrosis and excessive wound healing[74]. Th1 effector lymphocytes 

secrete IFN-ɔ, TNF-Ŭ and IL-2, the latter of which results in the further upregulation of effector 

T lymphocytes[75]. IL-2 is vital for the proliferation of T and B lymphocytes, and the production 

of this cytokine is required for Th17/Treg balance[8, 76], which will be discussed later. While 

Th2s have previously been incorrectly classified as solely anti-inflammatory cells, it is reported 

that they can primarily mediate pro-inflammatory signalling and encourage corneal allograft 

transplant rejection[8, 77]. Th17 populations have been identified as pro-inflammatory mediators 

in cell-mediated autoimmune diseases, e.g. psoriasis[78], rheumatoid arthritis[79]. Th17 cells 

secrete IL-17, an important cytokine in neutrophil activation and mobilisation[80]. 

Alternatively, Tregs are important mediators in suppressing inflammatory responses, 

maintaining autoimmunity via the production of anti-inflammatory cytokines, e.g. IL-10. Tregs 

express FoxP3, an important molecule for mediating anti-inflammatory responses[81]. A study 

conducted by Tai et al[82] highlighted the importance of FoxP3. The inhibition of FoxP3 

expression can result in a fatal autoimmune condition known as immune dysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX)[82, 83]. 

Both Th17 and Treg subsets are derived from naµve CD4+ T lymphocytes and are both 

dependent on the TGF-ɓ pathway for their differentiation and regulation. It is of significant 

importance to regulate a balance in the Th17/Treg ratio for ocular homeostasis[84]. A shift in 

Th17 upregulation can downregulate Treg expansion, resulting in inflammatory conditions as 
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previously stated, e.g. rheumatoid arthritis[85]. Alternatively, the overexpression of Tregs can 

result in autoimmune conditions, e.g. multiple sclerosis, diabetes[86]. 

As wound healing takes place, it is important for there to be a balance between pro-

inflammatory and anti-inflammatory immune responses to facilitate recovery. A continuously 

inflamed microenvironment can delay this wound healing and lead to upregulated fibrosis and 

eventual scarring[87-90]. Inhibiting pro-inflammatory signalling suppresses angiogenesis, 

downregulating the influx of immune cells to the eye and encouraging normal wound healing 

within the cornea[91]. Current treatments, which will be discussed in the following section, 

promote this healing via the targeting of cell signalling pathways and mediation of 

inflammatory processes. 

 

1.2.1 Current Treatments for Ocular Injury 

Ocular burns are an ophthalmic emergency and thus must be treated immediately to prevent 

further destruction of the corneal microenvironment and to retain ocular immune privilege[12]. 

The eye must be ódecontaminatedô of the noxious substance via irrigation to return the 

microenvironment to a healthy pH[57]. Time is a critical factor to prevent the migration of the 

injury to the posterior chamber of the eye and to retain visual acuity[92]. At present, topical 

treatments (ascorbate or citrate drops[93], corticosteroids[94], bandage contact lenses[95] and 

antibiotics[96]) are the gold standard for ocular chemical injury and are prescribed to fight 

infection, repair tight-junctions and promote wound healing. However, the long-term use of 

corticosteroids and antibiotics can result in unfavourable side effects, e.g. cataract formation, 

glaucoma and antibiotic resistance[97]. Corticosteroids are often inadequate due to the low 

penetrance of topical drugs to the corneal epithelium, and would thereby require higher 

concentrations and a potentially higher incidence of adverse effects[98]. The damage to the 

intraocular space can cause elevated intraocular pressure, which can impair corneal wound 

healing and can compress the lens and optic nerve, further resulting in glaucomatous vision 

loss[97]. Non-steroidal anti-inflammatory drugs (NSAIDs) are also used clinically to reduce 

inflammation, however, do not promote reepithelization[99, 100]. 

Due to the long-term side effects of topical drugs, it would be advantageous to perform a limbal 

stem cell or keratoplasty transplant in conjunction with steroidal treatment to reduce 

inflammation while promoting reepithelization and returning corneal function to normal[101]. 

Limbal stem-cell transplantation (LSCT) is an option for corneal alkali burns and can be 
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harvested from living-related conjunctival limbal allografts, which yield low concentrations of 

cells, or via the extraction of limbal cells from cadaveric donors. Both of these procedures, 

however, require long-term immunosuppression[99]. Another treatment option could be the 

short-term use of corticosteroids and immunosuppressives to reduce the inflammation of the 

corneal bed, which would deem the burn victim óhigh-riskô due to the disruption of the immune 

privileged status of the cornea. In the case of a transplant procedure, it is always a prerogative 

to control inflammation adequately to ensure that transplanted materials are not destroyed by 

the immune system. MHC-mismatched antigens would be targeted by the innate and adaptive 

immune system and the tissue would be rapidly destroyed[49, 102, 103]. Previous work by Hille et 

al[104] performed an osteo-odonto-keratoprosthesis (OOKP) in patients with end-stage ocular 

surface disease. This procedure consisted of extracting human teeth and preparing cells for 

insertion to the sclera/conjunctiva as an artificial cornea. This resulted in an anatomical and 

functional cornea and was recommended for visual rehabilitation. However, this procedure 

required 3 months of tooth preparation prior to insertion, which is naturally quite time-

consuming for patients, scientists, and surgeons. 

At present, no treatment can recover visual acuity and normal function of the cornea following 

an alkali burn, while also encouraging reepithelization. There is a clear clinical need given the 

current treatment gap for ocular injury patients and therefore it is important to find a treatment 

that can both promote tissue regeneration and normal function. 

 

1.3 Mesenchymal Stromal Cells 

1.3.1 Introduction 

Mesenchymal stem/stromal cells (MSCs) are non-haematopoietic stem cells initially isolated 

from the bone marrow of guinea-pigs by Friedenstein et al[105]. Friedenstein successfully 

isolated a population of multi-potent cells capable of multi-lineage differentiation and colony-

forming unit fibroblast (CFU-F) capacity[105, 106]. It was further divulged that these cells were 

plastic adherent and could proliferate or differentiate into osteocytes, chondrocytes, and 

adipocytes in vitro. The term mesenchymal stem/stromal cell was articulated based on their 

stem-like nature. MSCs can be isolated from various tissues in the body, e.g. adipose tissue, 

bone-marrow, umbilical cord, dental pulp, muscle, lung tissue, cornea, etc[107, 108]. Despite the 

plethora of research concerning MSCs and their capabilities, there is no consensus in the field 

on what markers are definitively MSC-specific. The International Society for Cellular Therapy 
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(ISCT) constructed the minimal criteria to define MSCs, to differentiate between MSCs and 

haematopoietic stromal cells. According to this definition, MSCs must be plastic adherent and 

positive for surface expression markers CD73, CD105, CD90, CD29 and for negative 

expression of CD45, CD14, CD34 or CD11b. MSCs must also display the potential to 

differentiate into multi-lineage cell types; osteogenic, adipogenic and chondrogenic 

lineages[109].  

MSC multilineage potential and ease of isolation and culture expansion makes them attractive 

candidates for regenerative medicine where their reparative and immunomodulatory function 

has previously demonstrated therapeutic benefit in pre-clinical and clinical models, e.g. corneal 

allograft transplantation[49, 102, 103, 110], hepatic failure[111], myocardial infarction[112], wound 

healing[113], stroke[114], osteoarthritis[115], etc. MSCs not only possess reparative and 

regenerative properties but have generated interest due to their immunosuppressive and 

immunomodulatory potential. These properties can be exploited therapeutically, to manipulate 

pro-inflammatory microenvironments within an organism to shift towards a more anti-

inflammatory, pro-reparative microenvironment and promote healing[116]. 

 

1.3.2 MSCs Immunomodulatory Potential 

MSCs have been demonstrated to have potent immunomodulatory and immunosuppressive 

properties, capable of skewing cellular phenotypes of the adaptive and innate immune system. 

Bartholomew et al[117] initially reported the potential therapeutic effects of MSCs in 2002. 

Bartholomew showed that the infusion of donor-derived baboon MSCs significantly prolonged 

the survival of MHC-mismatched donor and third-party skin grafts. The inhibitory mechanism 

was believed to be via the suppression of the mixed lymphocyte response (MLR), highlighting 

the immunomodulatory effects of MSCs on peripheral blood lymphocytes[117] (Figure 1.3). In 

the following sections the current modulatory knowledge of MSCs on the innate and adaptive 

immune system will be discussed.  
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Figure 1.3 MSCs Modulate Components of Innate and Adaptive Immune System Via 

Secretion of Chemokines and Cytokines. Image adapted from Murphy et al[118]. 

 

1.3.3 MSCs Modulation of Innate Immune System 

The innate immune system, populated by macrophages, dendritic cells, neutrophils, etc, is the 

initial defence mechanism of the immune system. Macrophages are regarded as ófirst 

respondersô to inflammatory signals[119]. Macrophages are crudely categorised into three 

subsets; resting state (un-activated) pro-inflammatory (classically-activated), and anti-

inflammatory (alternatively-activated). Macrophages are highly plastic and can skew their 

phenotype depending on the signals present in the microenvironment[120]. Pro-inflammatory 

macrophages are stimulated and can continuously differentiate in the presence of pro-

inflammatory signals, e.g. IFN-ɔ, LPS, TNF-Ŭ, IL-1ɓ, IL-6 reactive oxygen species (ROS), 

nitric oxide (NO) and inducible nitric oxide synthase (iNOS)[120, 121]. Anti-inflammatory 

macrophages are stimulated via anti-inflammatory signals, e.g. IL-10, IL-4, IL-13, TGF-ɓ1, 

IL-6[122]. MSCs secrete soluble mediators, including TGF-ɓ1, prostaglandin E2 (PGE2), IL-6 

and NO, which can skew pro-inflammatory macrophages towards a more anti-inflammatory 

phenotype[120, 123]. MSCs can exert their anti-inflammatory modulation of pro-inflammatory to 



Chapter One: Introduction 

мо 
 

anti-inflammatory by being phagocytosed and polarizing macrophage phenotype via secretion 

of cyclooxygenase-1 (COX-1), PGE2, IL-10, NO. The phagocytosis of apoptotic MSCs has 

also been linked to the downregulation of IL-6, NO and TNF-Ŭ and upregulation of CD206. 

This modulation has been linked to the release of MSC mitochondria, which drastically affect 

the activation of macrophage intracellular metabolic pathways, inducing OXPHOS metabolism 

and skew cell phenotype towards anti-inflammatory properties[124, 125]. The ability of MSCs to 

skew macrophage polarization has been demonstrated both in vitro and in vivo. In vivo, Murphy 

et al[110]  demonstrated that autologous MSCs could expand CD11b+MHCII+B220+ lung-

derived myeloid cells and FoxP3+ Tregs, prolonging corneal allograft survival. It was further 

revealed that MSCs do not directly promote Treg expansion, instead exerting their effects on 

lung-derived myeloid cells initially. The secretion of NO either from the MSCs themselves, or 

from macrophages, can then attract effector CD4+ and CD8+ T lymphocytes. T lymphocytes 

can either then engulf these cells or are skewed to an anti-inflammatory phenotype due to the 

stimuli in the microenvironment[110, 126]. This study indicates that autologous MSCs can 

promote the development and expansion of regulatory monocytes/macrophages, resulting in 

prolonged corneal allograft transplant survival[110]. Similarly, Ko et al[127] demonstrated in vivo 

that CD11b+MHCII+B220+ IL-10-producing monocytes were identified within the lungs of 

human MSC- (hMSC)-treated mice. In a tumour necrosis factor-inducible gene 6 protein (TSG-

6) dependent manner, these cells migrated to the draining lymph nodes where they promoted 

corneal allograft survival. MSCs were also shown to secrete TGF-ɓ1, TSG-6, IL-6 and 

PGE2[127]. This study indicates that although the systemic administration of MSCs leads to their 

migration and elimination within the lungs, their anti-inflammatory properties can still be 

effectively exerted. This led to the hypothesis that MSCs can exert their immunosuppressive 

properties via the secretion of anti-inflammatory cytokines and chemokines, e.g. NO, COX-

2[127-129]. Previous research has shown that MSCs can be undetectable 72hrs after systemic 

administration. This may be due to them becoming trapped within the lungs or being 

phagocytosed by circulating immune cells and skewing phenotypes via their metabolism[110, 

127]. Interestingly, MSCs have been shown to polarize macrophage inflammatory states through 

mitochondrial transfer. Phinney et al[130] reported that MSCs can depolarise macrophages via 

mitochondria transfer via toll-like receptor (TLR)-signal repression and that macrophages can 

engulf MSC-derived extracellular vesicles (MSC-EVs) which can further modulate TLR 

signalling and cytokine secretion in macrophages, polarizing towards an anti-inflammatory 

phenotype. It was further established that MSCs ódonateô their mitochondria to macrophages 

under oxidative stress via EV-mediated transport, which increases mitochondrial 
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bioenergetics[130, 131]. Additionally, Morrison et al[132] found that MSC-EVs can act as vectors 

for mitochondrial transfer, delivering mitochondrial cargo[130] to promote phagocytosis and 

suppress pro-inflammatory cytokine secretion, e.g. TNF-Ŭ, IL-1ɓ, in human macrophages in a 

lung injury model[132]. 

MSCs have also been reported to modulate dendritic cells within the innate immune system. 

Dendritic cells are vital cells required for the implementation of tolerance to self-antigens while 

protecting the immune system from invasive pathogens[133, 134]. Lu et al[135] reported that in 

acute respiratory distress syndrome (ARDS), MSCs can induce the differentiation of mature 

dendritic cells into regulatory dendritic cells via paracrine hepatocyte growth factor (HGF) 

which could alleviate acute lung injury. Similarly, Jiang et al[136] showed that primed dendritic 

cells, activated via LPS stimulation, displayed lower levels of MHC-II, CD80 and CD86 co-

stimulatory molecules and maturation marker CD83 following co-culturing with MSCs. M§zl· 

et al[137] reported a significant increase in IL-6 and TGF-ɓ1 following the co-culture of mature 

dendritic cells with the conditioned media of MSCs. While dendritic cells were shown to have 

increased levels of MHC-II and CD80/CD86 surface expression, MSC treatment promoted the 

expression of cytotoxic T-lymphocyte associated protein 4 (CTLA-4) on dendritic cell surface, 

linked to the production to all-trans retinoic acid (ATRA), which further induced the 

polarization of IL-10 and IL-17-producing helper T lymphocytes[137]. 

Treacy et al[103] investigated the effect of local administration of MHC-mismatched allogeneic 

MSCs on corneal allograft survival. A single injection of 5x104 7 days prior to corneal 

transplantation resulted in 100% survival rate compared to <30% survival in the control cohort. 

To determine an administration timeline, allogeneic MSCs were subconjunctivally injected on 

day -1 and day +1, with both single and double administration achieving significant prolonged 

survival of the corneal allograft, compared to a double injection of syngeneic MSCs which had 

no effect on allograft survival. Analysis of the draining lymph nodes revealed a significant 

increase in CD11b+CD206+ populations of mice that received two doses of MSCs. 

Additionally, in vitro, there was a notable increase in Arginase-1, a known anti-inflammatory 

macrophage marker, in pro-inflammatory stimulated macrophages compared to untreated and 

syngeneic-treated macrophages. Interestingly, the addition of allogeneic MSCs to resting state 

macrophages resulted in the polarization towards an anti-inflammatory phenotype. It was also 

proposed that MSCs were not travelling to the lungs following local delivery, rather exerting 

their immunomodulatory effects on innate immune cells residing in the conjunctiva-associated 
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lymphoid tissue (CALT). This research highlighted the significant immunomodulatory 

potential of allogeneic MSCs on resident macrophages specifically in the eye. 

 

1.3.4 MSCs Modulation of Adaptive Immune System 

Di Nicola et al[138] and Bartholomew et al[117] first showed that MSCs could inhibit T 

lymphocyte proliferation by inducing non-specific mitogens or polyclonal, polyepitope MLR. 

Krampera et al[139] demonstrated the inhibitory effect of MSCs on T lymphocyte responses to 

cognate peptides, resulting in decreased lymphocyte proliferation and IFN-ɔ production. It was 

speculated that MSCs hinder T lymphocytes from interacting with APCs, via co-stimulatory 

molecules[126], in a noncognate fashion, indicating that MSCs do not need to specifically target 

T lymphocytes that encounter antigens[139]. MSCs have been shown to be highly suppressive 

of proliferative cytotoxic T lymphocytes while promoting the upregulated expansion of FoxP3+ 

Treg lymphocytes in corneal allograft models[49, 102, 110]. Treacy et al[48] demonstrated that the 

intravenous administration of allogeneic and third-party allogeneic MHC-mismatched donor 

MSCs could significantly prolong corneal allograft survival. This therapy was mediated via an 

increase in CD4+FoxP3+ Tregs on the average day of rejection within the spleen. This increase 

was in conjunction with a marked reduction in splenic IL-1ɓ and IL-6 expression. This study 

also highlighted that the pre-activation of syngeneic MSCs with IFN-ɔ did not prolong allograft 

survival despite a reduction in inflammatory cell populations. This leads to the hypothesis that 

the immune system requires an anti-donor immune response to exert the MSC function[48, 140].  

A mechanism through which MSCs can exert their immunosuppressive efficacy on T 

lymphocytes is via the secretion of NO in mice[141]. NO is a common gaseous bioactive 

molecule linking the innate and adaptive immune system. NO is produced by nitric oxide 

synthase (NOS), which comprises three isoforms within rodents; endothelial NOS (eNOS), 

neuronal NOS (nNOS) and inducible NOS (iNOS). iNOS can mediate NO production in MSCs 

as well as macrophages[142]. A high secretion of NO from licensed MSCs can skew pro-

inflammatory macrophages towards an anti-inflammatory phenotype[129]. Similarly, the 

secretion of NO from MSCs can skew effector T lymphocyte phenotypes towards a more anti-

inflammatory Treg state[143]. Sato et al[142] first showed that a mediator of MSC suppression of 

T lymphocyte proliferation was via NO secretion. At high levels, NO has been implicated in 

the inhibition of T cell receptor (TCR)-induced T lymphocyte proliferation and cytokine 

production via suppression of STAT5 phosphorylation and alterations in IL-2 production. It is 
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believed that NO can regulate the Th1/Th2 balance, as Th1 populations are more susceptible 

to apoptosis compared to Th2 subsets[142, 144, 145].  NO secreted from MSCs, along with other 

soluble factors, i.e. IL-10, TGF-ɓ1, can induce CD4+CD25+FoxP3+ Treg lymphocyte 

phenotypes with a significant inhibition of Th17 frequencies in an encephalomyelitis 

autoimmune disease (EAE) model[146].  

NO is an important regulator of cellular proliferation, therefore its secretion via MSCs is a 

mechanism of MSC immunomodulatory properties. In previous wound healing models, NO 

was shown to increase the proliferation of platelets, macrophages, endothelial cells, and 

keratinocytes in a skin wound model[147, 148]. The inhibition of NO resulted in impaired skin 

healing. NO also acts as a vasodilator and can signal TGF-ɓ1 and IL-1 via chemotaxis[149]. 

While vasodilation may be seen as a negative impact on wound healing, allowing the 

infiltration of immune cells from the draining lymph nodes to the ocular chamber, the exposure 

of immune cells to NO, e.g. CD4+ T lymphocytes and pro-inflammatory macrophages, skews 

their inflammatory phenotypes to a more Treg and anti-inflammatory macrophage state. Innate 

immune cells, e.g. macrophages, neutrophils, also secrete low levels of NO through iNOS, and 

the further secretion via MSCs can promote cell survival and proliferation via mitogen-

activated protein kinase (MAPK) signalling[150]. NO has also been shown to be produced within 

the lacrimal gland following pro-inflammatory stimuli, stimulating further vasodilation and 

enhancing tear production[151]. Indolamine 2,3-dioxygenase (IDO) can also inhibit T 

lymphocyte proliferation via catabolising tryptophan and producing metabolites that can inhibit 

T lymphocyte proliferation and induce lymphocyte apoptosis. Tryptophan is vital for T 

lymphocyte growth and survival. IDO can also mediate via IDO+ dendritic cells which can 

induce T lymphocyte anergy and promote Treg proliferation[152]. T lymphocyte anergy presents 

when lymphocytes are unable to respond to their specific antigen, a direct induction of 

peripheral lymphocyte tolerance[153]. 

IL-2 is a vital cytokine produced by CD4+ helper T lymphocytes. It functions by promoting 

Th1 and Th2 subset fates in antigen receptor-activated CD4+ T lymphocytes while 

simultaneously suppressing the differentiation of Th17 subsets[154, 155]. Upon antigen 

stimulation, T lymphocytes can produce and respond to IL-2 secretions, which can lead to 

preferential expansion of antigen-specific clones. Interestingly, IL-2 is vital for the promotion 

and survival of Tregs, however, despite this high reliance on IL-2 for development within the 

thymus and survival in the periphery, Tregs are incapable of producing IL-2[156]. OôGorman et 

al[157] demonstrated that the production of IL-2 via antigen-stimulated T lymphocytes resulted 
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in the induction of STAT5 phosphorylation of endogenous Tregs[157]. STAT5 is a vital 

component for the development of various immune cells and a critical downstream mediator 

of IL-2 signalling. STAT5 plays an integral role in the development and function of T 

lymphocytes, via regulation of the TCR arrangement, and is activated via IL-2, IL-4, IL-13, 

IL-15 and IL-7, as well as granulocyte-macrophage colony-stimulating factor (GM-CSF)[142, 

144, 145]. Acting independently, STAT5 is incapable of reproducing the full biological potential 

of IL-2, therefore IL-2 is a necessary component[158]. STAT5 has been shown to inhibit the 

production and secretion of IL-17 and IL-6 via competing with IL-6-dependent STAT3 binding 

to enhancers within the IL-17 gene locus[159]. A deficiency in STAT5 has also been linked to 

an inhibition of Foxp3+ expression on Tregs, which could lead to the occurrence of fatal 

autoimmune lymphoproliferative disease and IPEX syndrome[160]. IL-2 can further 

downregulate IL-6 expression on Tregs, preventing the differentiation of Th17 cells[144]. 

 OôGorman claimed that the increase in STAT5 phosphorylation indicated a response of 

FoxP3+ Tregs to IL-2 secretion. It was observed that when CD4+ T lymphocytes produced IL-

2, the initial responders were FoxP3+ Tregs within the lymphoid organs[157]. This boasts the 

theory that the secretion of IL-2 from conventional T lymphocytes acts on nearby Tregs and 

stimulates them to suppress the further activation of conventional T lymphocytes, creating a 

classical feedback loop. This mechanism highlights the immune response to prevent 

autoimmunity and collateral damage from the production of lymphocytes[156, 157]. IL-2 has also 

been highlighted to negatively regulate Th17 differentiation, maintaining a balance between 

Th17 and Treg cells[155]. This balance is vital for maintaining immune homeostasis, a 

misbalance resulting in autoimmune diseases, especially when Th17 frequencies are elevated, 

e.g. EAE[161]. While little research has investigated the role of IL-2 and STAT5 in corneal alkali 

burn, previous research has highlighted the importance within corneal allograft 

transplantation[162, 163].  

Zhang et al[164] in 1997 genetically engineered an IL2-IgG fusion protein and administered by 

subconjunctival injection in a fully MHC-mismatched mouse corneal transplant model. It was 

hypothesised that this treatment would suppress cell-mediated and humoral immune responses. 

A low-dose of IL-2 (14-140ug/mL) had an inhibitory effect on corneal transplant survival, 

however a high dose resulted in serious inflammation and swelling within the ocular chamber, 

while a subconjunctival and intraperitoneal dose of 280Õg significantly prolonged corneal 

allograft survival. Tahvildari et al[162] administered an intraperitoneal dose of IL-2 three days 

prior to corneal transplantation. Dosing with IL-2 significantly elevated frequencies of 
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CD4+CD25+FoxP3+ populations within the draining lymph nodes of mice 7 days post-

transplantation. Interestingly, there was a significant reduction in IFN-ɔ-producing CD4+ T 

lymphocytes 2 weeks post-transplantation and a significant reduction in effector T 

lymphocytes. The IL-2 treatment also significantly increased the survival rate of the corneal 

allograft compared to controls with significantly reduced opacity scoring[162]. The importance 

of IL-2 has been established via knockout or inhibitory models[156, 165]. Sadlack et al[166] 

demonstrated that mice deficient in IL-2 develop substantial lymphadenopathy and 

splenomegaly, and were more susceptible to developing autoimmune diseases, e.g. 

autoimmune haemolytic anaemia. IL-2 is a vital component to ensure immune tolerance and 

maintaining the Th17/Treg balance to mediate homeostasis. 

As previously described, MSCs are characterised via the surface expression of markers that 

can differentiate them from haematopoietic stem cells. Interestingly, some researchers have 

used CD80, a co-stimulatory marker on APCs, as a negative marker for MSCs[102, 167-170]. CD80 

is primarily expressed on dendritic cells, macrophages and stimulated T and B lymphocytes[171-

173]. This immunoglobulin has high affinity for CTLA-4 on the surface of T lymphocytes, 

thereby downregulating proliferative T lymphocytes and functions to upregulate Tregs[174]. 

However, according to the ISCT, CD80 is not listed as a negative marker for MSC expression, 

whereby CD86 expression is[109]. Mittal et al[175] hypothesised that MSCs can upregulate 

FoxP3+ Tregs via CD80 on their cellular surface. In both human and murine MSC populations, 

CD80 expression was shown to be expressed on MSC surface, significantly upregulated 

following pre-activation with IFN-ɔ. To confirm that CD80 had a functional role in MSC 

immunomodulatory properties, Mittal silenced CD80 expression on MSCs and tested them in 

a corneal transplant model. The silencing of CD80 resulted in a significantly higher failure rate 

following corneal transplantation compared to the mock control MSC group.  CD80 expression 

resulted in an increase in FoxP3+ Tregs frequencies. Th1 populations were significantly higher 

in CD80-silenced cohorts, suggesting that CD80 is vital for the suppression of infiltrating Th1-

like lymphocyte subsets following transplantations[175]. It is important to note that while inbred 

mouse strains are designed to have little variance to ensure reproducible results, some strains 

will exhibit higher or lower expression of markers compared to additional strains, based on 

their haplotype and expression of MHC-I[176]. This does pose the question that, if human MSCs 

can express CD80, then could this be variable between donors? Further investigation into 

CD80, and additionally overlooked markers, could highlight a promising therapy. 
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1.3.5 Therapeutic Application of MSCs in Corneal Alkali Burn 

MSC therapy has been investigated in various pre-clinical and clinical trials of organ 

transplantation[177-179]. Our group, and others, have shown the immunomodulatory efficacy of 

MSCs in corneal transplant models with both syngeneic and allogeneic MSC therapies[48, 49, 103, 

110].  

Previous research has also shown the therapeutic efficacy of MSC treatment in corneal wound 

healing following corneal alkali burn. Yao et al[180] demonstrated the effectiveness of syngeneic 

MSCs in a rat corneal alkali burn model via subconjunctival injection. MSCs significantly 

repaired corneal surface epithelia compared to PBS treatment group and histological samples 

showed a significant reduction in CD68+ macrophages in the corneal stroma compared to the 

untreated group. Interestingly, via DiI-labelling, MSCs were not found to have infiltrated the 

cornea by day 7, however these cells did seem to reside within the subconjunctival tissues. 

Additionally, it was concluded that MSC treatment is vital for the acute phase of corneal alkali 

burn.  

Ye et al[181] investigated MSC treatment in a rabbit corneal alkali burn model. It was 

demonstrated that systemically administered MSCs engrafted to the locally injured cornea, 

signifying MSCs natural homing abilities and stimulation of repair response. MSC-treated 

rabbits had significantly less neovascularisation following alkali burn compared to control 

groups. MSCs were shown to express alpha-smooth muscle actin (Ŭ-SMA) and vimentin, and 

it was hypothesised that MSC engrafting resulted into the differentiation into myofibroblasts, 

promoting wound healing. However, this hypothesis has been disputed by Basalova et al[182] 

who demonstrated that MSC conditioned media, and MSC-EVs, prevent the differentiation of 

fibroblasts to myofibroblasts. It was concluded that MSCs can revert myofibroblasts back into 

fibroblasts, which can prevent the production of fibrotic enzymes and prevent thickening of the 

corneal stroma. 

Recently, Chen et al[183] investigated the potential of human placenta-derived MSCs in a murine 

corneal alkali injury model. 1x105 MSCs were subconjunctivally administered immediately 

after the alkali burn was conducted. Chen found that a single injection ameliorated corneal 

opacity within 14 days compared to PBS-treated controls and showed significant promotion of 

epithelial proliferation and corneal wound healing on day 3 and day 7 post-burn. There was 

also a significant reduction in TNF-Ŭ, IL-1ɓ, monocyte chemoattractant protein-1 (MCP-1) and 

metalloproteinase-9 (MMP-9) expressions within the cornea compared to controls. Within the 



Chapter One: Introduction 

нл 
 

innate immune system, anti-inflammatory macrophages showed an increased expression in 

CD206, while iNOS was considerably reduced, promoting the hypothesis that MSCs can skew 

pro-inflammatory macrophages towards an anti-inflammatory response[183].  

 

1.3.6 Licensing strategies to Enhance the Immunomodulatory Capacity of 

MSCs 

MSCs have the capacity to be potent immune regulatory cells, exerting immunosuppressive 

therapeutic effects to dampen inflammatory signals within the microenvironment[184, 185]. 

MSCs require a stimulus to óactivateô these modulatory properties which can be acquired in 

vivo by exposure to an inflammatory microenvironment, or in vitro via exposure to pro-

inflammatory and anti-inflammatory cytokines, e.g. TNF-Ŭ, IL-1ɓ, TGF-ɓ1, IFN-ɔ, LPS. This 

exposure to inflammatory stimuli can upregulate MSC homing and migration capabilities and 

recruit immune cells to their location to exert their immunosuppressive effects[110]. These 

findings are summarised in Table 1.1.  

Krampera et al[186] first demonstrated that IFN-ɔ produced by T lymphocytes or NK cells 

promoted the immunomodulatory capacity of MSCs, which could therefore suppress T 

lymphocytes and NK cells. Ren et al[141] furthered this research by finding that IFN-ɔ in 

combination with TNF-Ŭ, IL-1ɓ or IL-1Ŭ could inhibit the activation and proliferation of T 

lymphocytes via the secretion of chemokine ligand (CXCL)-9 and CXCL10. Ren additionally 

investigated other inflammatory cytokines, e.g. GM-CSF and IL-6, however there was no 

immunomodulatory effects on MSCs. Hackel et al[187] stimulated human nasal mucosa MSCs 

(hnm-MSC) with a combination of IFN-ɔ, TNF-Ŭ and IL-1ɓ. Interestingly, this triple 

combination resulted in a stronger induction of IFN-ɔ receptor via nuclear factor kappa-light-

chain enhancer of activated B cells (NF-əB) signalling, which further upregulated STAT5 and 

p38-MAPK signalling, linked to the upregulation in IL-8 and IL-6 production.. English et al[188] 

highlighted the different pathways elicited by both IFN-ɔ and TNF-Ŭ. Both cytokines were 

capable of upregulating COX-2 and PGE-2 expression, however TNF-Ŭ alone could upregulate 

programmed death ligand-1 (PD-L1) expression, and IFN-ɔ alone could upregulate IDO 

expression. While PD-L1 inhibition did not inhibit MSCs immunosuppressive capabilities, 

IDO was essential for IFN-ɔ mediated MSC immunomodulation.  

As previously discussed, LPS is a pro-inflammatory molecule, secreted by gram-negative 

bacteria, that can stimulate macrophages towards a pro-inflammatory phenotype. LPS is an 
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agonist of TLR4, present on the surface of APCs and plays a critical role in activating innate 

and adaptive immune responses. LPS can stimulate PI3K/Akt-dependent and NF-əɓ-dependent 

pathways via TLR4 to protect cells from apoptosis[189]. Wang et al[190] investigated the licensing 

of MSCs with LPS and the resultant effects on cardiomyocyte-like cells. Licensing MSCs with 

LPS protected MSCs from H2O2/SD-induced apoptosis via PI3K-Akt pathway, critical for 

regulation of cell survival of MSCs undergoing oxidative stress, in vitro. Similarly, Yao et 

al[191] licensed MSCs prior to transplantation into an ischemic myocardium rat model. LPS-

licensing was shown to significantly increase the survival and cardiac protective capacity of 

MSCs, while promoting MSC proliferation and protection from oxidative stress-induced 

apoptosis. 

A disadvantage to the use of external cytokines and chemokines to license MSCs can largely 

be attributed to the expense of these cytokines. Different manufacturers can also have small 

variations in chemical structure of cytokines which can lead to unreproducible results between 

products. There is also difficulty in clinically translating this strategy[192]. Hypoxia has been 

utilised as an inexpensive method for licensing MSCs[193]. Bone marrow-derived MSCs (BM-

MSCs) are originally derived from a hypoxic environment, leading Tsai et al[194] to compare 

the benefits of normoxic and hypoxic culturing methods. Hypoxic conditions significantly 

increased the expansion of MSCs, exhibiting a decreased rate of MSC senescence compared to 

normoxic controls, while maintaining the characteristic stromal cell properties. A hypoxic 

culturing environment is also believed to enhance the paracrine activity from MSCs[195]. Chen 

et al[196] found conditioned media from BM-MSCs cultured under hypoxic conditions 

accelerated skin would healing in a mouse model, showing increased paracrine secretion of 

TGF-ɓ2, TGF-ɓ3, IL-1ɓ, IL-6, IL-8, VEGF-A. It is clear that external addition of cytokines 

and chemokines, and culturing of MSCs under hypoxic conditions, each have their benefits and 

elicit an immunologically efficient therapeutic effect from MSCs. 

MSC treatment has been investigated within corneal alkali burn models, however a TNF-Ŭ/IL-

1ɓ combination strategy has not yet been employed in this area. To modulate the rejection of 

allogeneic corneal transplants, Murphy et al[110] systemically administered TNF-Ŭ/IL-1ɓ 

licensed syngeneic MSCs in a rat corneal allograft transplant model. There was a proportionate 

increase in CD11b/c+ MHCII+ expressing CD45+ cells within the lungs of MSC-untreated 

allograft recipients when compared to untreated controls, with a more significant increase in 

TNF-Ŭ/IL-1ɓ   MSCs. CD4+CD25+Foxp3+ Tregs were significantly increased in the lungs of 

both TNF-Ŭ/IL-1ɓ MSCs and untreated MSC animals, with an expansion of Tregs also detected 
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within the spleen of TNF-Ŭ/IL-1ɓ MSC-treated rats. This demonstrated that there was an 

increased accumulation of potentially regulatory myeloid cells and Tregs in the lungs at day 10 

with increases in splenic Tregs but not within the draining lymph nodes of corneal allograft 

recipients treated with TNFŬ/IL1ɓ MSCs. Additionally, Lynch et al[102] reported that anti-

inflammatory TGF-ɓ1-licensed MSCs could significantly prolong mouse corneal allograft 

transplant survival, presenting with significantly reduced neovascularisation and opacity 

compared to untreated controls and unlicensed MSC cohorts. In vitro, TGF-ɓ1 had an up-

regulatory effect on CD73 ï important for immune tolerance ï and downregulation of stem-

cell associated 1 (SCA-1) ï MSC proliferation and differentiation ï and MHC-I, indicating that 

licencing with TGF-ɓ1 modified the cellular phenotype and encouraged immune evasion, via 

the increase in MHC-I expression. Additionally, in vitro co-culturing of TGF-ɓ1 MSCs with 

anti-CD3/CD28-acivated T lymphocytes significantly reduced CD4+ and CD8+ T lymphocyte 

proliferation, with a significant upregulation of PD-L1 expression on Tregs within TGF-ɓ1-

treated MSCs. While TGF-ɓ1 treatment had no effect on NO concentration, there was a 

significant increase in PGE2 expression. In vivo systemic administration of TGF-ɓ1 

significantly increased frequencies of CD4+FoxP3+ Tregs within the draining lymph nodes and 

significant decreases in dendritic cell frequencies and co-expression of CD80 and CD86 

expressing MHC-II. Murphy and Lynch both investigated the systemic effect of licensed MSCs 

on corneal allograft transplant survival, noting the lodgement of MSCs within the lungs and 

exerting their immunosuppressive effects via secretion of anti-inflammatory chemokines and 

cytokines, resulting in prolonged allograft survival[102, 110]. In this research, we decided to 

progress with allogeneic TNFŬ/IL1ɓ via local subconjunctival administration.  
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Table 1.1. Synopsis of studies investigating different licensing strategies for MSCs.  



 
 

Paper MSC Type MSC 

Treatment 

Model  Outcome Mechanism of Action 

Ren et al[141] Murine 

BM-MSC 

Syngeneic  

 

Recombinant 

IFN-ɔ 

(400Õg/mouse) 

paired with either 

TNF-Ŭ, IL-1Ŭ, IL-

1ɓ 

(200Õg/mouse). 

 

Cytokines 

injected in 

conjunction into 

mice after MSCs 

for 7 days 

GvHD Combination of IFN-ɔ with either TNF-Ŭ, IL-1ɓ r IL-1Ŭ 

resulted in T lymphocyte suppression.  

CD8+ T Lymphocytes secrete higher quantities of IFN-ɔ 

and TNF-Ŭ compared to CD4+. 

NO produced by cytokine-induced MSCs is required for 

immunosuppression. 

Licensed MSCs ameliorate GvHD via NO and 

inflammatory cytokines. 

IFN-ɔ synergizes to induce ability of MSCs to 

inhibit T lymphocyte proliferation. 

NO secretion suppresses MLR in dependent manner 

and acts to suppress T lymphocytes. 

Chemokines (IFN-ɔ, TNF-Ŭ, IL-1Ŭ, IL-1ɓ) 

produced by licensed MSCs attract lymphocytes to 

site of injury, where they are inhibited via MSC NO 

secretion. 

Duijvestein et 

al[197] 

Murine 

BM-MSC 

hBM-MSC 

Xenogeneic 

500 U/mL IFN-ɔ 

 

144hrs 

TNBS-induced 

Colitis  

hMSC and murine MSC maintained plastic adherence, 

multi-lineage differentiative capacity, upregulation of 

MHC-I, elevated levels of IDO and NO in human and 

mouse MSCs, respectively, following IFN-ɔ licensing. 

IFN-ɔ hMSCs alleviated TNBS-induced colitis 

Migration of IFN-ɔ hMSCs to sites of inflammation. 

IFN-ɔ hMSCs alleviated TNBS-induced colitis via 

downregulated inflammation, reduced 

granulocytes, reduction in CD3+ T lymphocytes 

compared to vehicle control.  

Reduced inflammation due to downregulation of 

inflammatory factors; TNF-Ŭ, IL-6, IL-17A, IFN-ɔ. 

IFN-ɔ did not alter chemokine responsiveness. 

Inhibition of Th1 inflammatory responses 

Hackel at 

al[187]  

Human 

nasal 

mucosa 

MSC 

(nmMSC) 

Allogeneic 

TNF-Ŭ 

(1000U/mL) 

IFN-ɔ 

(1000U/mL) 

IL-1ɓ (10ng/mL-

100ng/mL) 

 

24hr incubation 

 

In vitro Significant increase in IL-8 and IL-6 via TNF-Ŭ/IFN-

ɔ/IL-1ɓ combination. 

MSCs stimulated with TNF-Ŭ/IL-1ɓ are sensitized to 

IFN-ɔ secreted from T lymphocytes, enhancing capacity 

to respond to lymphocytes. 

Triple licensing induced neutrophil migration 

towards MSC-CM via IL-8 secretion. 

TNF-Ŭ/IL-1ɓ licensing upregulates IFN-ɔR, 

augmenting p38-MAPK/STAT5-mediated 

response to IFN-ɔ. 
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English et 

al[188] 

Murine 

BM-MSC 

Allogeneic 

TNF-Ŭ (10ng/mL) 

IFN-ɔ (10-

200ng/mL) 

 

6hr incubation 

In vitro MSCs licensed with IFN-ɔ and TNF-Ŭ, individually, 

significantly inhibited mixed lymphocyte reactions.  

TNF-Ŭ/IFN-ɔ combination significantly upregulated 

PGE2, COX-2, HGF with significant downregulation of 

TGF-ɓ1. 

TNF-Ŭ/IFN-ɔ induced PD-L1 expression of MSC surface.  

IFN-ɔ, alone, induced IDO expression. 

TNF-Ŭ and IFN-ɔ use different mechanisms for 

MLR suppression.  

TNF-Ŭ and IFN-ɔ increase COX-2 and PGE2 

expression, but only IFN-ɔ induces PD-L1 

expression and IDO secretion. 

Immunomodulation mediated via PGE2 and IDO 

signalling pathways. 

Sullivan et 

al[198] 

Murine 

BM-MSC 

TNF-Ŭ (5ng/mL) 

IL-1ɓ 

(10ng/mL) 

IL-6 

(100ng/mL) 

 

4hr incubation 

In vitro Balb/c MSCs have higher adipogenic capacity and are 

more sensitive to pro-inflammatory licensing to FVB 

MSCs. 

FVB MSCs have greater osteogenic potential than Balb/c 

MSCs. 

IL-6 did not activate NF-əB pathway.  

Suppression of osteogenesis by 10ng/ml TNF-Ŭ/IL-

1ɓ was not corrected by inhibition of NF-əB via 

AdsrIəB or curcumin. 

Migratory capacity of MSCs is independent of NF-

əB following pro-inflammatory MSC licensing. 

Park et al[199] hBM-MSC 10Õg/mL IFN-ɔ 

19hrs 

 

Bortezomib 

5hrs 

 

Acute Lung 

Inflammation 

 

Colitis 

IFN-ɔ enhances immunosuppressive capacity of MSCs. 

Bortezomib reduces HLA-DR, IL-6, TNF-Ŭ, IL-18 and 

upregulates IDO following IFN-ɔ licensing of MSCs. 

Treatment of IFN-ɔ and Bortezomib exhibited therapeutic 

effect following idiopathic pneumonia syndrome. 

Treatment of IFN-ɔ and Bortezomib blocked colitis 

progression in body weight, faecal score, rectal prolapse, 

length of colon. 

IDO is required for IFN-ɔ-primed MSCs to mediate 

T lymphocyte immunosuppression via L-

Kynurenine. 

Knockout of IDO in MSCs failed to inhibit T 

lymphocyte proliferation. 

Upregulation of Vcam1 following IFN-ɔ licensing 

indicates involvement of NF-əB. 

Upregulation of Cyp1b1 following IFN-ɔ and 

Bortezomib, regulation of AHR transcriptional 

activation within the lungs. 

Treatment of IFN-ɔ and Bortezomib following 

colitis, decrease in expression of TNF-Ŭ, IL-1ɓ,IL-

6, IL-17A, IL-23, etc. An upregulation of FoxP3 

and increased trend of IL-10 mediate anti-

inflammation. 
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Noone et al[200] Human 

Umbilical 

cord-

derived 

MSC 

50ng/mL IFN-ɔ 

 

48hr 

In vitro IFN-ɔ licensing upregulated suppression of NK cells via 

inhibiting secretion of IFN-ɔ from these cells.  

IFN-ɔ upregulates inhibitor signals to reduce NK levels 

and downregulates activating ligands. 

 

NK cell suppression mediated by reduced 

secretions of PGE2, significantly increased 

expression of TGF-ɓ1, increased IDO secretion.  

Upregulation of NK inhibitory ligands ï HLA-E, 

CD94/NKG2A, ULBP1-3. 

NK inhibition mediated via 

NKG2D/Perforin/granzyme pathway 

MHC-I expression on  IFN-ɔ MSCs block cells 

from NK-mediated phagocytosis. 

Murphy et 

al[110] 

Rat BM-MSC 

Syngeneic 

 

 

 

 

 

 

 

 

 

 

 

 

 

50ng/mL TNF-Ŭ 

50ng/mL IL-1ɓ  

 

72hr incubation 

MHC-

Mismatched 

Corneal 

Transplantation 

TNF-Ŭ/IL-1ɓ MSCs significantly inhibited T lymphocyte 

proliferation via NO production. 

Delivery of TNF-Ŭ/IL-1ɓ MSCs significantly prolonged 

corneal allograft survival in syngeneic rat model.  

TNF-Ŭ/IL-1ɓ MSCs significantly upregulated 

CD11b+MHCII+-expressing CD45+ 

monocytes/macrophages and FoxP3+ Tregs within lung 

and spleen of transplant mice. 

TNF-Ŭ/IL-1ɓ MSCs significantly reduced mRNA 

expression of TNF-Ŭ and IL-1ɓ in lung tissue and spleen.  

TNF-Ŭ/IL-1ɓ syngeneic MSCs mediated T 

lymphocyte suppression via NO secretion, via 

increase of COX-2, increasing production of 

PGE2.  

Production of NO attributed to prolonged corneal 

allograft survival via increased Treg production 

and lower expression of DTH-associated 

cytokines. 

Accumulation of MSCs within the lung 

demonstrate reprogram of lung-derived myeloid 

cells towards anti-inflammatory phenotype, 

suppressing T lymphocyte proliferation and 

mediating CD4+CD25+FoxP3+ Tregs. 

 

 

Lu et al[201] Murine 

Adipose-

derived MSC 

1ng/mL TNF-Ŭ 

 

72hr incubation 

In vitro Proliferation of Adipose-derived MSCs significantly 

increased 3 and 7 days after licensed media removed and 

replaced with normal media. 

TNF-Ŭ induced osteogenic differentiation. 

Upregulation of BMP-2 expression following TNF-Ŭ 

licensing 

 

 

Osteogenic differentiation exhibited pronounced 

mineralised matrix formation. 

BMP-2 protein expression significantly 

increased following TNF-Ŭ licensing, 

highlighting upregulation of BMP-2 pathway. 

TNF-Ŭ decreased Smad1/5 protein signalling 

pathway 24hr after TNF-Ŭ treatment, upregulated 

expression in adipose MSCs without TNF-Ŭ 

licensing exposure. 
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Upregulation of Erk1/2 MAPK signalling 

pathway 

 

Lynch et 

al[102]  

Murine BM-

MSC 

Syngeneic 

50ng/mL  

TGF-ɓ1  

 

72hr incubation 

MHC-

Mismatched 

Corneal 

Transplantation 

TGF-ɓ1 MSCs significantly increased CD73 and 

downregulated MHC-I expression on surface of MSCs. 

TGF-ɓ1 MSCs significantly inhibited T lymphocyte 

proliferation, upregulation of FOXP3+ Tregs. 

TGF-ɓ1 MSCs significantly prolong corneal allograft 

survival and reduce levels of APCs within draining lymph 

nodes. 

TGF-ɓ1 MSCs inhibited proliferating T 

lymphocytes independent of NO secretion, but 

with increased levels of TNFR1 and TNFR2, 

indicating shedding following TGF-ɓ1 co-

culture. 

Secretion of PGE2 and presence of CD73 

believed to mediate upregulation of Treg 

expansion, with COX-2 involvement.  

Prolonged corneal allograft survival linked to 

increase in Tregs, suppression of activated 

effector T lymphocytes, and high levels of PD-

L1.  

Horie et 

al[202] 

Xenogeneic-

free (and 

cryopreserved) 

hMSC 

IL-1ɓ (10ng/mL), 

TNF-Ŭ, 

(50ng/mL) 

IFN-ɔ  

(50ng/mL) 

24hr incubation 

Ventilator-

induced lung 

injury 

Naµve and licensed MSCs enhanced resolution of lung 

edema, restoration of alveolar barrier permeability. 

Licensed hMSC-CM improved pulmonary epithelial 

wound repair. 

Restoration of alveolar barrier permeability. 

 

Significant increase of IL-10, KGF and PGE2 

following fresh MSCs, but not cryopreserved. 

Attenuated stretch-induced IL-8 release, efficacy 

via epithelial cell viability maintenance. 

Decreased BAL protein concentrations 

correlated with restored alveolar barrier 

permeability. 

Licensed efficacy blocked via KGF-neutralizing 

antibody, highlighting role of KGF in mediating 

alveolar function. 

Significant increase in IL-10 following licensed 

MSCs. 

Varkouhi et 

al[203] 

Human 

Umbilical 

cord-derived 

MSC-EVs 

Xenogeneic 

IFN-ɔ 

(50ng/mL) 

 

8hrs 

E. coli 

Pneumonia 

Model 

Enhanced survival of E. coli-induced rat model of ARDS 

following IFN-ɔ MSC-EV treatment. 

Reduction of alveolar-arterial oxygen gradient, increase in 

alveolar permeability, restoration of lung structure. 

Reduction in alveolar protein concentrations 

following IFN-ɔ MSC-EV treatment, 

downregulated concentrations of TNF-Ŭ, 

restoration of pulmonary endothelial nitric oxide 

synthase protein concentrations to healthy sham 

levels. 

IFN-ɔ MSC-EV significantly upregulated 

bacterial phagocytosis in activated THP1 
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macrophages, linked to enhanced phagocytosis 

of E. coli. 

Chen at 

al[196] 

hBM-MSC-

CM 

Xenogeneic 

Hypoxia 

 

24hr, 48hr, 72hr 

incubation 

Subcutaneous 

Wound 

Hypoxia significantly increased proliferation of hBM-

MSCs and upregulated mRNA expression of VEGF-A, 

TGF-ɓ2, IL-1ɓ, IL-6, IL-8. 

Hypoxic BM-MSC-CM significantly accelerated wound 

contraction compared to vehicle control. 

 

Low oxygen environment upregulates MSC 

paracrine secretions.  

Hypoxic conditions stimulated the upregulation 

of VEGF-a, inducing angiogenesis, cell 

migration and proliferation. Neovascularisation 

encouraged function of fibroblast proliferation, 

IL-6 and IL-8 secretion improving wound tissue 

repair. 

Secretion of hypoxic-inducible factor (HIF) can 

promote cellular adaptation to hypoxic 

conditions. 

Yao et al[191] Rat BM-MSC 

Syngeneic 

LPS 

(0Õg-10Õg/mL) 

48hr incubation 

 

Acute 

myocardial 

infarction 

LPS-MSC reduced fibrosis of infarcted myocardium, 

improved cardiac function via left ventricular ejection 

fraction, upregulation in neovascularisation. 

LPS-MSCs enhanced survival of engrafted MSCs on 

infarcted heart and reduced apoptosis of myocardium. 

LPS-MSC significantly increased VEGF and Akt. 

The increased expression of VEGF in vitro and in 

vivo via LPS-MSC significantly promoted 

myocardial survival. 

LPS-MSC significantly upregulated PI3K/Akt-

dependent signalling, preventing cardiac 

myocyte apoptosis. LPS-MSC stimulated 

TLR4/NF-əɓ signalling pathway, promoting 

fibroblast growth factor 2 (FGF2), insulin-like 

growth factor 1 (IGF-1) and hepatocyte growth 

factor (HGF). 



 

 
 

1.3.7 MSC Routes of Administration 

 The route of administration for MSCs is a vital component for the efficacy of their therapeutic 

potential, and different models may require different routes. Intravenous administration, i.e. 

through the tail vein of a mouse, has previously been shown to prolong corneal allograft 

survival[48, 49, 102, 110]. Further investigation found MSCs can accumulate within the lungs, due 

to the permissive physiological and mechanical conditions within the lungs, e.g. strong 

adhesion properties of MSCs[204, 205]. In some studies, this engraftment within the lungs was 

rapid, with researchers detecting this lodgement within minutes of intravenous 

administration[206, 207]. Interestingly, the administration of a vasodilator sodium nitroprusside 

prior to cell transplantation significantly reduced the number of MSCs that migrated to the 

lungs[207]. Due to the anatomical distance between the tail vein and the eye, this requires a 

higher dose of MSCs and could lead to systemic side effects[110, 127]. Local administration, i.e. 

subconjunctival administration, avoids this pulmonary ófirst-passô effect, reducing the off-

target systemic effects and ensuring direct cell-cell contact with resident cells. The volume of 

MSCs through local administration can be easily adjusted, as shown by Treacy et al[103] with a 

range of 5x104, 1x105 and 5x105 cells. Jia et al[208] investigated the therapeutic efficacy of dual 

MSC vs single MSC subconjunctival injection in a corneal allograft model. This study showed 

that the administration of 2x106 MSCs on the day of transplant and three days post-operation 

significantly prolonged corneal allograft survival, highlighted by the significant upregulation 

of IL-4 and IL-10 and reduction of the Th1/Th2 ratio. Shukla et al[209] compared the 

administration of MSCs via topical, subconjunctival, intraperitoneal, and intravenous routes to 

treat corneal scratch injury. Subconjunctival and intravenous administration had the most 

promising results with reductions in corneal opacity and expression of pro-inflammatory 

cytokines, TNF-Ŭ and IL-1ɓ. Topical administration was the least effective method of MSC 

delivery[209]. The clear disadvantage is the requirement of MSCs to adhere to the ocular surface 

by holding the eyelids open to allow the cells to integrate, and the possible washing away of 

MSCs via lacrimal secretions and blinking[210]. Interestingly, Shukla also showed that both 

subconjunctival and intravenous administration resulted in accelerated corneal epithelial defect 

closure and re-epithelialization, while subconjunctival resulted in marginally less opacification 

compared to intravenous delivery[209]. From this data, it suggests that both local ï 

subconjunctival ï and systemic ï intravenous ï delivery of MSCs can be therapeutically 

efficient in mediating ocular inflammation compared to intraperitoneal and topical 

administration. 
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1.3.8 Autologous vs Allogeneic MSCs 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Schematic of MSCs derived from human tissues. Image made using Biorender. 

 

The source of MSCs is important due to the variances between tissues, e.g. adipose-derived 

5MSCs can act via different mechanisms from BM-MSCs[211] (Figure 1.4). MSCs isolated 

from each tissue have their own characteristic phenotype based on the heterogeneity of their 

parent tissue, which can lead to contradictory results. Skeletal muscle-derived MSCs have been 

investigated in the reparation of satellite and non-satellite cell populations[212, 213]. As skeletal 

muscle is self-regenerative, it is an attractive tissue to isolate MSCs from, however it can be 

challenging to find a source that can promote cellular expansion and prevent the loss of 

myogenic potential[214]. Currently, at time of writing, there was no research investigating the 

immunological benefit of skeletal muscle-derived MSCs. Dental pulp is a particularly 

interesting source of MSCs, due to preparation being linked to routine tooth extraction. Yang 

et al[215] reported dental pulp stem cells polarize pro-inflammatory macrophages towards an 

anti-inflammatory phenotype via CCL2 secretion and accelerated would healing in a murine 

model. A clear disadvantage to dental pulp MSCs, however, can be linked to the broad 

heterogeneity of dental pulp cells, e.g. dental pulp stem cells, periodontal ligament stem cells, 

dental follicle stem cells, and whether these cells can be clearly separated and characterised 

from their subpopulations. This could result in unreliable results if clear characteristic markers 
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for each subset are not defined[216]. Additionally, umbilical cord-derived MSCs have been 

utilised in wound healing in diabetic studies, encouraging fibroblast cell growth and collagen 

production[217, 218]. The harvesting of MSCs from umbilical cord can be conducted after child 

birth, if the tissue is elected for medical waste, however, disadvantages have been highlighted 

in the low efficacy of MSC isolation[219]. Adipose tissue-derived MSCs have been employed 

in wound healing and tissue reconstruction assays[220-222]. The isolation of adipose tissue can 

be invasive, but this stem cell group have a high frequency yield of cells and do not need culture 

amplification, thereby are óready-to-useô following extraction[223]. Fiori et al[224] reported the 

inhibition of CD4+ T lymphocytes and expansion of Tregs following co-culture treatment with 

adipose MSCs in vitro. Similarly, BM-MSCs are isolated during surgical procedures, and this 

is regarded as invasive. A clear disadvantage to this method is the recovery time on patients 

and difficulty in acquiring voluntary donors for this subset of MSCs. BM-MSCs are the most 

frequently used in clinical settings[225], and have been utilised in wound healing[226, 227], 

diabetes[227, 228], kidney disease[229, 230] graft-versus-host disease (GvHD)[231, 232],, etc. Due to 

the multiple sources of MSCs and clear heterogeneity of each tissue, characterisation is 

paramount to ensure reproducibility between studies and perhaps highlight tissue unique 

markers that could indicate a more beneficial MSC subset for a condition over another source. 

Similar to the importance of the tissue MSCs are isolated from, the donor source of MSCs is 

also a vital component for therapeutic success. In a case of corneal transplantation, where the 

date of surgery is known, it would be possible to harvest MSCs from the transplant recipient 

and culture these cells so they can have their own cells for therapy. However, BM-MSC 

isolation can be traumatic on the body, requiring a long recovery time, and this can create an 

unnecessary burden on a patient preparing for transplant surgery[233]. Additionally, age, sex, 

health and immune status of the person is vital; an older personsô MSCs might not have the 

regenerative capabilities as a young, healthy donor, and those with auto-immune or systemic 

diseases, i.e. diabetes, lupus, etc., can significantly impact the MSCs capabilities[234]. Age has 

been shown to be a significant factor in MSC differentiative potential. Carvalho et al[235] 

reported MSCs isolated from older patients (60 and 80 years old) had significantly impaired 

proliferative and osteogenic capabilities compared to MSCs isolated from younger patients (30 

and 45 years old). Choudhery et al[236] highlighted the earlier senescence of adipose-derived 

MSCs derived from older patients, evidenced by decreased cell expansion and differentiative 

potential, compared to younger patients. Selle et al[237] reported donor age and sex can have 

significant effects on MSC therapeutic efficacy. BM-MSCs were isolated from male and 
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female donors between 18-93 years of age, with a sample size of n=175. Female donors 

exhibited significantly reduced CFU-F and a decrease in proliferative and differentiative 

potential, and cell surface expression of SSEA-4, CD146 and CD274, compared to male 

donors. This study reported a faster in vitro aging of BM-MSCs and a significant reduction in 

adipogenic potential correlated with an increase in donor age in female cohorts, compared to 

male donors. Similarly, Siegel et al[238] reported a significant reduction in population doubling 

time, higher levels of allogeneic T lymphocyte proliferative suppression and greater IDO1 

mRNA expression in female donors compared to male donors. MSCs isolated from female 

donors were also shown to have significantly higher expression of CD119 (IFN-ɔ receptor) and 

CD130 (IL-6 receptor) compared to male donors. These studies highlighted a sex bias in MSC 

variability, potentially related to the biological differences between pre-and-post menopausal 

females, and that this factor needs to be considered when selecting BM-MSCs for clinical 

treatments, e.g. gender-related effect on growth kinetics of BM-MSCs can be used to plan 

scale-up production and culturing of cells[237, 238] The health status of a donor is also especially 

important.  

Diabetes can significantly impact the therapeutic function of MSCs, e.g. reduced proliferation, 

reduced migration towards cytokines and reduced ability of cells to integrate into the specific 

tissue[239, 240]. Diabetic cells can also be highly sensitive to apoptosis and senescence due to 

high glucose concentrations[239, 241]. The presence of ROS within a donor can also highly impair 

the function of progenitor cells[242]. These studies highlight the importance of matching donor 

age, sex, and health status to ensure the desired therapeutic outcomes of MSC treatment are 

achieved. 

In the case of injuries, such as corneal alkali burn, this cannot be foreseen and therefore 

autologous MSCs would not be readily available. The isolation of MSCs from an allogeneic 

donor is more optimal in terms of therapeutic efficacy[49]. Within corneal transplantation 

models, MSCs derived from a donor and transplanted to a recipient, with mismatched MHC 

antigens, have been shown to have efficient immunomodulatory capacity[103]. Continuing 

further, a third-party, unrelated MSC donor has also proven to be immunotherapeutic[49]. 

Firstly, these cells can be obtained, expanded and cryo-banked óbehind-the-scenesô and readily 

thawed for therapies[49]. Griffin et al[243] demonstrated that allogeneic tissue ï be it 

transplantation graft or MSCs ï can provide an anti-donor humoral and cellular immune 

response. It was previously believed that the expression of MHC-I and lack of MHC-II 

contributes to the MSCs immune privileged state, óevadingô detection from the adaptive and 
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innate immune systems. The cell surface expression of these MHC proteins, co-stimulatory 

molecules and release of cytokines and chemokines can impact allo-recognition. Similarly, it 

must be considered that the allogeneic administration of MSCs undergo apoptosis and cell 

death following administration, which may link to the regulation of immune responses[243-246].  

Allogeneic MSCs are viewed as having potent anti-inflammatory and immune-modulating 

properties. MSCs can suppress alloantigen driven proliferation in MLRs, inhibition of effector 

CD4+ and CD8+  T lymphocyte activation, and overall increase in Treg numbers[247]. There are 

different mechanisms through which MSCs can exert this immunotolerance[248]. It may be via 

MSC direct or indirect interactions with APCs, altering cytokine expression and impairing 

antigen-presentation to T lymphocytes. Additionally, MSCs can release various soluble factors 

to ensure MSC-mediated T lymphocyte suppression, e.g. NO, IL-27, TGF-ɓ, PGE2. It can be 

dependent on the disease or condition type that elicits a response from MSCs, and also via their 

administration route[249-251]. When MSCs are licensed with pro-inflammatory cytokines, e.g. 

IFN-ɔ, there was a clear inhibition of the secretion of Th1-related cytokines, IFN-ɔ, TNF-Ŭ, 

IDO, and IL-2 by allogeneic T lymphocytes. Additionally, they identified IFN-ɔ-licensed 

inhibitor molecules PD-L1 and PD-1 pathways, which are effectors in blocking T lymphocyte 

function[252]. Additionally, allogeneic MSCs have been shown to alter B lymphocyte 

phenotypes, yielding heterogenous results. The co-culture of human MSCs with purified and 

stimulated B lymphocyte populations can inhibit B lymphocyte proliferation, differentiation 

and immunoglobulin production, believed to be mediated via alternatively cleaved CCL2[247, 

253]. Nash et al[254] proposed that MSCs can induce a split tolerance with differential effects on 

T lymphocyte and B lymphocyte compartments.  

Allogeneic MSCs have been clearly shown to be immunomodulatory and advantageous in the 

treatment of many clinical models of disease[255]. The success of licensing MSCs in pre-clinical 

models led us to investigate the therapeutic potential of TNF-Ŭ/IL-1ɓ licensed allogeneic BM-

MSCs in an established corneal alkali burn model. 
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1.4 Research Hypothesis and Aims of Research 

Pro-inflammatory cytokine licencing of allogeneic MSCs prior to administration in vivo will 

enhance their immunosuppressive and immunomodulatory properties, enabling them to 

promote corneal wound healing following corneal alkali injury. 

 

 

1.4.1 Aims of Research 

This thesis addresses the following specific aims: 

1. To license allogeneic MSCs with TNF-Ŭ/IL-1ɓ cytokines and assess MSC 

immunomodulatory capacity on innate and adaptive immune cells in vitro. 

2. To evaluate the therapeutic efficacy of allogeneic licensed MSCs following 

subconjunctival administration in a corneal alkali burn model in vivo. 

3. To assess the impact of MSC administration on ocular surface and anterior chamber 

integrity in vivo. 

4. To evaluate the immune phenotype of draining lymph resident innate and adaptive 

immune cells in vivo following delivery of licensed allogeneic MSCs to the 

subconjunctiva. 
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2.1 Animal Strains and Ethical Approval 

All procedures that involved animals were approved by the Animal Care Research and Ethics 

Committee (ACREC), University of Galway. These procedures were performed under a license 

granted by the Health Products Regulatory Authority (HPRA). All animals were housed in a 

specific pathogen-free facility, fed ad lib on a standard chow diet, and cared for under the 

standing operating procedures in the BRU Animal Facility at the National Centre for 

Biomedical Science, University of Galway, Ireland. 6-12-week-old female Balb/c, C57BL/6 

and FVB mice were purchased from Charles River Laboratories, UK.  

 

2.2 Isolation and Culture of Primary Cells from Murine Tissues 

2.2.1 Balb/c and FVB MSC Isolation 

MSCs were isolated from the bone marrow of Balb/c and FVB mice (7-12 weeks old). Animals 

were euthanised via CO2 asphyxiation. Following confirmation of death via cervical 

dislocation, the fur was sprayed with 70% ethanol and removed using a sterile scissors. An 

incision was made in the peritoneum to expose the abdomen and extended to the length of the 

hindlimb. Muscle and connective tissue were removed with a scalpel to expose the pelvic-hip 

joint. The tip of the femur was isolated and removed from the hip joint to separate the entire 

hindlimb. The tibia was separated from the femur at the knee joint, removing any ligaments, 

and another incision was made at the ankle joint to separate from the foot pad. Surrounding 

muscle and tissue were removed with a sterile forceps and scalpel before placing the bones in 

ice-cold PBS.  

In a sterile laminar flow hood, the epiphyses of the femur and tibia were cut. The bone marrow 

was then flushed out using a 10ml syringe fitted with a 25G needle filled with MSC growth 

medium. The marrow was collected and filtered through a 40Õm strainer into a 50ml tube. Any 

residual clumps were gently dissociated using the plunger of a 1ml syringe. Cells were pelleted 

by centrifugation at 400 x g for 5 minutes and resuspended in fresh MSC culture media (Table 

2.1). Cells were then seeded at 1x106 in T-175 flasks and incubated at 37ÁC, under normoxic 

conditions, with 5% CO2. Fresh media was added every 3 days until confluency of >80% was 

achieved. Adherent cells were then detached with 6ml 0.25% Trypsin/1mM EDTA. MSCs 

were characterised between passages 4-9. Balb/c cells were not used beyond passage 13, and 

FVB cells were not used beyond passage 10. Balb/c and FVB MSCs used in this study were 
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derived from bone marrow pooled from 10 donor mice to make one batch of Balb/c and FVB 

MSCs, respectively. All experiments involving these MSCs were derived from this one batch 

(n=1) 

2.2.2 Media Change 

Cell medium (ŬMEM, Gibco) was changed every three days to ensure adequate growth 

conditions for MSCs, encouraging availability of cells to nutrients and to remove waste 

components. Media was warmed initially to 37ÁC to avoid any harm to cells from temperature 

shock. Cells were initially observed under the microscope and via eye examination to ensure 

media was not indicating contamination, and that cells had normal morphology and density. In 

a sterile cell culture hood, media was decanted from the flask into a waste container and fresh 

media was added to the opposite side of the cell monolayer to prevent dislodging any adherent 

cells. The cells were then incubated @ 37ÁC and 5% CO2. 

2.2.3 Harvesting Cells 

When MSCs reached 70-90% confluency, cells were trypsinised and replated. Media was 

decanted and the cells were washed briefly with PBS to remove FBS which could interfere 

with trypsins ability to disassociate cells from the adherent flask plastic. 5ml Trypsin was added 

to the cells and the flask was returned to the incubator for 3 minutes to allow the cells to lose 

adherence. The cells were visualised under the microscope to ensure they had lifted from the 

surface of the flask ï the flask was gently tapped to encourage dissociation. Fresh media was 

added to neutralise trypsin and to resuspend cells. Cells were transferred to a 15ml tube and 

spun @ 400 x g for 5 minutes. Waste media was decanted, and the cell pellet was resuspended 

in 10ml of fresh media. 10Õl of this solution was used for counting via haemocytometer. 

2.2.4 Cell Counting 

A haemocytometer was used for cell counting. A glass coverslip was placed over the 

haemocytometer. 10Õl of resuspended cells were pipetted into an Eppendorf with 10Õl of 

Trypan blue. Trypan blue distinguishes between viable and non-viable cells. Non-viable or 

dead cells present with disrupted or damaged cell membranes, and trypan blue can thereby stain 

the intracellular components of the cells, while this cannot happen with viable and intact cells. 

Total viable cells were counted and calculated to determine the number of cells per 1ml of 

solution and in total resuspended in the 15ml tube.  
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2.2.5 Cryopreservation  

Cells were required to be cryopreserved to generate a stock of viable and specific cell lines. 

Cells were frozen in 90% FBS and 10% demethylated sulphoxide (DMSO), preventing 

crystallisation of cells frozen in liquid nitrogen, which could lead to cell death. Cells were 

trypsinised and resuspended, as previously described. Cell count was determined, and cells 

were resuspended to form a pellet; 1x106 per vial were calculated. DMSO-containing FBS was 

then added to resuspend the cells and cell solution was transferred to cryopreservation tubes 

and placed in a óMr Frostyô, a container containing isopropanol to ensure temperature drops at 

a steady rate. The vials were then removed after 24 hours and transferred to liquid nitrogen.  

2.2.6 Cell Recovery 

Cell vials were taken from liquid nitrogen and defrosted at 37ÁC in a water bath to ensure cell 

thaw homogeneity. When thawed, the cells were transferred to the sterile cell culture hood. 

Cells were quickly transferred to a 15ml tube and resuspended with pre-warmed cell media to 

neutralise the presence of DMSO, which can be toxic to cells if exposed for an extended period. 

Cells were then transferred directly to a flask and allowed to become adherent to plastic. Media 

was changed the following day to remove any remaining DMSO.  

2.2.7 Generation of murine bone marrow derived macrophages (BMDMs) 

BMDMs were isolated from the bone marrow of Balb/c and FVB mice (7-12 weeks old). 

Animals were euthanised via CO2 asphyxiation. Following confirmation of death via cervical 

dislocation, the fur was sprayed with 70% ethanol and removed using a sterile scissors. An 

incision was made in the peritoneum to expose the abdomen and extended to the length of the 

hindlimb. Muscle and connective tissue were removed with a scalpel to expose the pelvic-hip 

joint. The tip of the femur was isolated and removed from the hip joint to separate the entire 

hindlimb. The tibia was separated from the femur at the knee joint, removing any ligaments, 

and another incision was made at the ankle joint to separate from the foot pad. Surrounding 

muscle and tissue were removed with a sterile forceps and scalpel before placing the bones in 

ice-cold PBS.  

In a sterile laminar flow hood, the epiphyses of the femur and tibia were cut. The bone marrow 

was then flushed out using a 10ml syringe fitted with a 25G needle filled with cell medium. 

The marrow was collected and filtered through a 40Õm strainer into a 50ml tube. Any residual 

clumps were gently dissociated using the plunger of a 1ml syringe. 
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500Õl of cell suspension was transferred to a screw-top Eppendorf and centrifuged at 800 x g 

for 5 minutes. The supernatant was pipetted off and the resulting pellet was resuspended in 

200Õl ACK buffer (Gibco) to remove red blood cells and incubated on ice for 5 minutes. This 

suspension was then neutralised with 800Õl of macrophage media (Table 2.1) and progenitor 

cells were counted using a haemocytometer. Total cells were then centrifuged at 600 x g for 5 

minutes and resuspended at 4.5x106 in 3ml per well of a 6 well plate. Cells were then 

maintained at 37ÁC in 5% CO2 for 6 days. Every 2 days, 1.5ml of media was removed from 

each well and 1.5ml of fresh media was added. Following 6-day differentiation incubation 

period, cells were washed with 2ml PBS to remove any excess debris/dead cells. 1ml trypsin 

was then added for 8 minutes at 37ÁC to detach the cells from the plate. Macrophage culture 

medium was added to neutralise trypsin and cells were removed from the plate and centrifuged 

at 800 x g for 5 minutes and counted.  

2.2.8 Lymphocyte Isolation  

Lymphocytes were isolated from the spleens and lymph nodes of Balb/c mice (7-12 weeks 

old). Animals were euthanised via CO2 asphyxiation. Following confirmation of death via 

cervical dislocation, the fur was sprayed with 70% ethanol and removed using a sterile scissors. 

An incision was made in the peritoneum to expose the abdomen. Cervical and submandibular 

lymph nodes and the spleen were isolated and placed in ice-cold PBS. In a sterile laminar flow 

hood, single cell suspensions of lymph nodes were obtained by dissociating the tissue with the 

plunger of a 1ml syringe in a petri dish. Cells were passed through a 40Õm strainer and pelleted 

by centrifugation at 800 x g for 5 minutes. Cells were then resuspended in T lymphocyte media 

(Table 2.1) and counted using a haemocytometer prior to use in experiments outlined below. 

Single cell suspensions of the spleen were obtained by dissociating the tissue with the plunger 

of a 1ml syringe in a petri dish. Cells were passed through a 40Õm strainer and pelleted by 

centrifugation at 800 x g for 5 minutes. The supernatant was removed, and cells were 

resuspended in 2ml ACK buffer (Gibco) for 5-10 minutes on ice to lyse red blood cells. This 

was neutralised by adding 10ml T lymphocyte media. The suspension was then pelleted by 

centrifugation at 800 x g for 5 minutes and cells resuspended in fresh T lymphocyte media. A 

90% lymphocyte: 10% splenocyte suspension was used for all T cell assays outlined below.  
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2.3 Culture of Cell Lines 

2.3.1 Mouse L-929 Cell Culture 

Mouse L-929 cells were obtained from Professor Afshin Samali, Apoptosis Research Centre, 

University of Galway. This cell line produces macrophage colony stimulating factor (M-CSF). 

M-CSF is required for the efficient differentiation of macrophages from bone marrow 

progenitors. L-929 cells were seeded at 1x106 cells in 25ml L-929 growth media (Table 2.1) 

in T175 flasks and incubated at 37ÁC, in normoxic conditions, with 5% CO2. The medium was 

then collected after 72 hours, transferred to a 50ml falcon tube and centrifuged at 400 x g for 5 

minutes to remove floating cells and debris, and frozen at -20ÁC to add to macrophage 

differentiation medium. The cells were passaged when 70-80% confluent and medium was 

continued to be collected every 72 hours.  

 

Table 2.1. List of media recipes used for general cell culture. 

Murine MSC Medium 

Reagent Volume (500ml) Final Concentration 

MEM-Ŭ 445ml - 

FBS 50ml 10% 

Penicillin/Streptomycin 5ml 100U/ml penicillin 

100Õg/ml streptomycin 

BMDM Medium 

RPMI-1640 355ml - 

FBS 50ml 10% 

L-929 Conditioned Medium 75ml 15% 

Sodium Pyruvate 100mM 5ml 1mM 

Non-essential Amino Acids 5ml 1X 

L-Glutamine 200mM 5ml 2mM 

ɓ-Mercaptoethanol 50mM 500Õl 50ÕM 

Penicillin/Streptomycin 

100X 

5ml 100U/ml penicillin 

100Õg/ml streptomycin 

T Lymphocyte Medium 

RPMI-1640 430ml - 

FBS 50ml 10% 

Sodium Pyruvate 100mM 5ml 1mM 
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Non-essential Amino Acids 

100X 

5ml 1X 

L-Glutamine 200mM 5ml 2mM 

ȸ-Mercaptoethanol 50mM 500Õl 50ÕM 

 

 

Penicillin/Streptomycin 

100X 

5ml 100U/ml penicillin 

100Õg/ml streptomycin 

L-929 Medium 

DMEM (4.5g/L glucose) 445ml - 

FBS 50ml 10% 

Penicillin/Streptomycin 

100X 

5ml 100U/ml penicillin 

100Õg/ml streptomycin 

 

2.4 Cytokine Licensing of FVB MSCs 

FVB (Friend Virus B) MSCs were seeded at a density of 1x106 per T175 flasks and cultured 

with 18ml MSC growth media and incubated at 37ÁC, in normoxic conditions, with 5% CO2. 

After 24hrs, the media was removed and replaced with 18ml fresh MSC media or MSC media 

containing 50ng/ml TNF-Ŭ and 50ng/ml IL-1ɓ (Peprotech) and cultured for 72hrs to generate 

MSC and MSCTNF-Ŭ/IL-1ɓ, respectively. After 72hrs, control and licensed MSCs were 

characterised via the methods described below.  

For the CD80 inhibitor experiments purified anti-mouse CD80 inhibitor (Biolegend, Cat no. 

104702) was added at a final concentration of 10Õg/ml to MSCs in conjunction with 50ng/ml 

TNF-Ŭ and 50ng/ml IL-1ɓ and incubated with cells for 72hrs.  

 

2.5 Characterisation of MSC 

2.5.1 MSC Adipogenic Differentiation 

For MSC differentiation to adipocytes, MSC and MSCTNF-Ŭ/IL-1ɓ were seeded at a density of 

2x105 per well of a 6 well plate in 2ml MSC growth media and incubated at 37ÁC, in normoxic 

conditions, with 5% CO2. Cells were allowed to reach confluency, with media changed every 

2-3 days. Once confluency was reached, cells were washed with 1ml PBS and 1ml adipogenic 

induction medium (Table 2.2) was added to the test wells. Control wells received standard 

growth medium. After 3 days, test well media was changed and adipogenic maintenance media 
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(Table 2.2) was added for 1 day, with control wells receiving fresh standard growth media. 

Induction and maintenance media were given for a total of 3 cycles, with the final maintenance 

media remaining on the cells for a total of 5 days. Following this, the cells were then washed 

twice with PBS and fixed with 10% neutral buffered formalin (Sigma) for at least 30 mins at 

room temperature in the dark. A working stock solution of Oil Red O (Sigma) was prepared, 

by adding 6 parts Oil Red O stock solution with 4 parts distilled water. The working solution 

was allowed to stand for approximately 10 minutes at room temperature and filtered using 

Whatman no. 1 filter paper. Following fixation, the formalin was removed and MSCs were 

again washed twice with distilled water before adding the Oil Red O solution to both control 

and test wells. The well plate was then slowly rotated to ensure uniform coverage of the Oil 

Red O solution over the cells and allowed to stand at room temperature for approximately 5 

minutes. The Oil Red O stain was then pipetted off and 1ml of 60% isopropanol (Sigma) was 

added to remove excess Oil Red O stain. The isopropanol was then removed, and wells were 

then washed twice with distilled water. A solution of haematoxylin diluted at a 1:5 ratio in 

distilled water was made up and added at 500ul to each well. Cells were allowed to stain for 

approximately 1 minute and wells were washed with warm tap water and covered with 500ul 

water. The well plate was then taken for microscopy using an inverted light microscope. 

Following photography, tap water was removed from the cells and 99% isopropanol was added 

to the surface of the cells to remove Oil Red O staining from the cells. This was repeated at 

least twice and all isopropanol was transferred to a 1.5ml Eppendorf tube. Eppendorf tubes 

were then centrifuged at 500 x g for 2 minutes and 200ul of each extracted stain was added to 

a 96-well plate in triplicate and absorbance read at 520nm on a Victor X plate reader (Perkin 

Elmer). The results were then plotted with Mean absorbance of each sample versus sample on 

a bar chart. 
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Table 2.2: Recipes for Adipogenic Induction and Maintenance Media. 

Adipogenic Induction Media 

Reagent Volume (100ml) Final Concentration 

DMEM (HG) 87.6ml - 

Dexamethasone 1mM 100Õl 1ÕM 

Insulin 1mg/ml 1ml 10Õg/ml 

Indomethacin 100mM 200Õl 200ÕM 

500mM MIX 100Õl 500ÕM 

Penicillin/Streptomycin  1ml 100U/ml penicillin 

100ug/ml streptomycin 

FBS 10ml 10% 

Adipogenic Maintenance Media 

Reagent Volume (100ml) Final Concentration 

DMEM (HG) 88ml - 

Insulin 1mg/ml 1ml 10Õg/ml     

Penicillin/Streptomycin 1ml 

 

100U/ml penicillin  

100ug/ml streptomycin 

 

FBS 10ml 10% 

 

2.5.2 MSC Osteogenic Differentiation 

For MSC differentiation to osteocytes, MSC and MSCTNF-Ŭ/IL-1ɓ were seeded at a density of 

2x105 per well of a 6 well plate in 2ml MSC growth media and incubated at 37ÁC, in normoxic 

conditions, with 5% CO2. 4 wells were assigned as control wells, and 4 wells for osteogenic 

test wells. The cells were incubated at 37ÁC, 5% CO2 until the cells were confluent, with media 

changed every 2-3 days. Once confluency was reached, the MSC media was removed, and cells 

were washed with PBS. 1ml of osteogenic medium (Table 2.3) was added to each osteogenic 

test well, and standard MSC medium was added to control wells. The cells were observed over 

the course of 10-17 days until the condition of the monolayer began detaching from the plate 

and cells were harvested.  
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Osteogenic differentiation of MSCs was determined firstly via Alizarin Red staining. Alizarin 

Red working solution was prepared by dissolving 1g Alizarin Red S (Abcam) in 50ml distilled 

water, and pH adjusted to between 4.1 and 4.3 with 1% ammonium hydroxide (Sigma). Media 

was removed from all wells and cells washed twice with PBS for 5 minutes. Cells were then 

fixed in ice-cold 95% methanol (Sigma) for 10 minutes. Following fixation, cells were rinsed 

with distilled water and stained with alizarin red working solution for 5 minutes at room 

temperature to stain for osteogenesis. The stain was removed, and cells washed with distilled 

water to remove any excess stain. The cells were air dried and 500Õl water was added to the 

wells prior to imaging on an Olympus inverted light microscope. 

Calcium content of test and control wells, that were not stained with Alizarin Red, was 

measured using StanBio Calcium Liquicolour Kit (Fisher Scientific), following manufacturerôs 

instructions. Media was removed from all wells and cells rinsed with DPBS. The cells of each 

well were scraped and added to an Eppendorf containing 200Õl of 0.5M HCl (Sigma). A further 

500Õl of 0.5M HCl was added to each well to aid in scraping any remaining cells from the 

plate and pooled into the same Eppendorf as before. The solution was then shaken at 4ÁC 

overnight. Serial dilutions of 10mg/dL standard solution were prepared in 0.5M HCl to 

generate a standard curve ranging from 0.05 to 1Õg/ml. 10Õl of each standard and sample were 

added in triplicate to a 96 well flat bottom plate. 200Õl of working solution (1:1 ratio of StanBio 

binding reagent and working dye) was then added to each well. The plate was incubated for 10 

minutes at room temperature and protected from light. Absorbance was read at 595nm on a 

Victor X plate reader (Perkin Elmer). A standard curve was then generated based on absorbance 

and calcium content of the samples were interpolated. 

 

 

 

 

 

 

 

Table 2.3: Recipe for Osteogenic Differentiation Medium. 
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Reagent Volume (100ml) Final Concentration 

Iscoves MEM 

 

77.5ml - 

Dexamethasone 1mM 

 

10Õl 100nM 

Ascorbic Acid 2-P 10mM 

 

0.5ml 50ÕM 

ȸ-Glycerophosphate 1M 

 

2ml 20mM 

L-Thyroxine 

 

50Õl 50ng/ml 

FBS 

 

9ml 9% 

L-Glutamine 

 

9ml 9% 

Penicillin/Streptomycin 

 

1ml 2mM 

 

2.5.3 Surface Marker Characterisation 

MSCs were characterised by plastic adherence and capability to differentiate into osteogenic 

and adipogenic lineages. Moreover, MSCUTR and MSCTNF-Ŭ/IL-1ɓ were characterised by flow 

cytometry for the surface expression of positive MSC markers (CD73, CD29, CD105, CD44, 

SCA-1) and absence of negative MSC markers (CD11b, CD11c, F4/80, CD86) as reported by 

the ISCT[256] . Cells were allowed to reach 80-90% confluency and detached from the plate 

using 0.25% trypsin-EDTA (Gibco) for 3 minutes at 37ÁC. Cells were then resuspended in 

media and pelleted at 500 x g for 5 minutes before resuspending in FACs buffer and counted 

using a haemocytometer. 1x105 cells were transferred per well of a 96-well V-bottom plate and 

washed twice with FACs buffer. Surface markers were stained with fluorochrome-conjugated 

antibodies (Table 2.4) diluted in FACs buffer to a final volume of 50Õl, for 15 minutes at 4ÁC, 

protected from light. After staining, cells were washed twice with FACs buffer and resuspended 

in 200Õl FACs buffer containing SYTOX-AADvanced viability dye (Thermofisher) and 

samples were acquired on the FACs Canto II (Becton Dickinson) flow cytometer and analysed 

using FlowJo_V10 software (TreeStar Inc.). Positivity gating was based on fluorescence minus 

one (FMO) negative control. Cell size and granularity were determined via FSC-A and SSC-

A, respectively. Dead cells were gated based on SYTOX-positive staining.  

 

Table 2.4: List of antibodies used for flow cytometric characterisation analysis of MSCs. 
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Target Fluorochrome Volume Manufacturer Cat. No. 

Anti-mouse H2Kd AlexFluor647 1:80 Biolegend 116610 

Anti-mouse CD73 APC 1:80 Biolegend 127210 

Anti-mouse CD105 APC 1:80 Biolegend 120414 

Anti-mouse CD29 PE 1:160 Biolegend 102207 

Anti-mouse CD44 PE-CY7 1:400 Biolegend 103029 

Anti-mouse SCA-1 FITC 1:500 Biolegend 108106 

Anti-mouse PD-L1 APC 1:80 Biolegend 124312 

Anti-mouse CD86 PE 1:80 Biolegend 105106 

Anti-mouse F4/80 APC 1:250 Biolegend 123116 

Anti-mouse CD11b FITC 1:250 Biolegend 101206 

Anti-mouse CD11c APC 1:250 Biolegend 117310 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

 

2.5.4 Phalloidin-Actin and DAPI Staining 

To visualise MSC nuclei and filamentous actin present within the cells, MSCs were plated at 

5x104 in a 6 well plate. For visualising licensed MSCs, cells were left to adhere for 24hrs and 

2ml of growth media containing 50ng/ml TNF-Ŭ/IL-1ɓ was added for 72hrs. For unlicensed 

MSCs, cells were allowed to grow until 70-90% confluency was reached. Media was aspirated 

from the wells and cells were washed with 1ml PBS. The cells were then fixed with 4% 

paraformaldehyde (PFA) (Sigma) and left in the dark at room temperature for approximately 

20 minutes. The wells were then washed three times with PBS for 5 minutes each, with each 

media aspiration disposed of appropriately in a chemical waste barrel due to presence of PFA. 

Cells were permeabilised with 0.1% Triton X-100 (Sigma) diluted in PBS and left at room 

temperature for approximately 5 minutes. Again, the cells were washed three times with PBS 

for 5 minutes each. A phalloidin-conjugate working solution was then prepared. Phalloidin 20x 

stock in methanol (Abcam) was diluted at 1:20 in 1ml PBS and incubated at room temperature 

for approximately 90 minutes to ensure adequate staining. The cells were washed three times 

with PBS for 5 minutes per wash. To accurately identify cell nuclei, 1mg/ml DAPI stock was 

diluted 1:1000 in PBS and 1ml was added to the cells and left to incubate at room temperature 

for 5 minutes. Cells were again washed for three times with PBS for 5 minutes per wash. 1ml 

PBS was then added to the cells and were visualised under an inverted light microscope at 

488nm fluorescence. 
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2.5.5 Mitochondrial Respiration Profile of MSCTNF-Ŭ/IL-1ɓ 

To assess the effect of TNF-Ŭ/IL-1ɓ licensing on MSC mitochondrial health, MSCs were 

incubated at 37ÁC, in normoxic conditions, with 5% CO2, and allowed to reach 80-90% 

confluency. Via optimisation procedures, MSCs were seeded at an optimised density of 

3x104in an XFp cell culture microplate (Agilent) with normal MSC growth media. Two wells 

of the 8 well plate served as controls and filled with normal culture media. The microplate was 

incubated for 18hrs 37ÁC, in normoxic conditions, with 5% CO2. The Seahorse sensor cartridge 

wells (Agilent) were hydrated with 200Õl Seahorse XF calibrant, with 400Õl added to the moat 

chambers surrounding the wells (Agilent) and incubated overnight at 37ÁC in a non-CO2 

incubator. Following incubation, Seahorse MSC media was made up using reagents listed in 

Table 2.5 and pH was adjusted using 1M NaOH to ensure a pH of 7.4 Ñ 0.1 and sterilised by 

passing the media through a 0.2Õm filter. The media was kept at 37ÁC until ready to use. The 

Seahorse microplate was aspirated of MSC media and washed twice with PBS. Seahorse assay 

media was then added at 180Õl and placed for 1hr in a non-CO2 incubator. Low-dose and high-

dose oligomycin, FCCP and rotenone/antimycin A were reconstituted and loaded into the 

sensor cartridge and the microplate was slotted into the Seahorse XFp Analyser (Agilent) and 

run under Mitochondrial Respiration. The data collected was then analysed via Seahorse Wave 

Controller Software 2.6. 

 

Table 2.5: Recipe for Seahorse DMEM Base Medium 

Seahorse DMEM Base Medium 

Reagent Volume (10ml) Final Concentration 

Seahorse XF DMEM 10ml - 

Glucose 40Õl 10mM 

Pyruvate 100Õl 1.0mM 

Glutamine 100Õl 2mM 
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2.6 Co-culture of MSCTNF-Ŭ/IL-1ɓ on Allogeneic Macrophages in vitro 

2.6.1 Characterisation of Macrophage Surface Antigen Expression 

Following a 6-day incubation period, differentiated BMDM were seeded at a density of 5x104 

cells per well of a 96-well round bottom plate in 100Õl BMDM media and allowed to adhere 

for 6hrs. To induce pro-inflammatory polarisation, 50Õl of recombinant murine IFN-ɔ 

(Peprotech) at a final concentration 100U/mL in a final volume of 150Õl was added to BMDM 

overnight. The next day, the media was aspirated, and cells were washed twice gently with 

PBS using a 1000Õl pipette tip. 10ng/mL LPS (Sigma) in a final volume of 100Õl media was 

added to BMDM for 4hrs. To induce anti-inflammatory polarisation, 50Õl of recombinant 

murine IL-4 and IL-13 (Peprotech) at a final concentration of 10ng/ml in a final volume of 

150Õl was added to macrophages overnight and remained until LPS timepoint was complete. 

Pro-inflammatory and anti-inflammatory stimulated BMDM were washed four times with PBS 

to remove the inflammatory stimulus and 200Õl fresh BMDM media was added to the wells. 

1,000 (1:50), 5,000 (1:10) or 10,000 (1:5) MSCUTR or MSCTNF-Ŭ/IL-1ɓ were added to wells in 

50Õl MSC media. The BMDM were cultured for 72hrs at 37ÁC, in normoxic conditions, with 

5% CO2. Changes in surface antigen expression was assessed via flow cytometry as described 

in section 2.5.3. Antibodies used for analysis of macrophage surface profile are listed in Table 

2.6.  

 

 

 

 

 

 

 

 

 

 

Table 2.6: List of antibodies for analysis of BMDMs by flow cytometry 
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Target Fluorochrome Volume Manufacturer Cat. no 

Anti-mouse CD11b FITC 1:250 Biolegend 101206 

Anti-mouse CD11b APC 1:250 Biolegend 101212 

Anti-mouse H2Kd PE-CY7 1:400 Biolegend 116662 

Anti-mouse I-Ad Biotic 

Strep-APC 

1:80 

1:800 

Biolegend 

eBiosciences 

116404 

17-4317-82 

Anti-mouse CD80 BV421 1:80 Biolegend 104726 

Anti-mouse CD86 PE 1:80 Biolegend 105106 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

 

2.6.2 Quantification of cytokine secretion in BMDM cell culture 

supernatants 

Cell culture supernatants from experiments outlined in section 2.6.1 were analysed for levels 

of pro-inflammatory cytokines (CXCL1, IL-23, IL-18, IL-6, TNF-Ŭ, IL-12p70, IL-12p40 and 

IL-1ɓ) and anti-inflammatory cytokines (Free Active TGF-ɓ1, CCL22, IL-6, IL-10, G-CSF, 

and CCL17) using the LEGENDplexÊ multi-analyte flow assay kit (Mouse 

Macrophage/Microglia Panal; Biolegend), as per manufacturerôs instructions. Samples were 

acquired via FACs Canto II (Becton Dickinson) and analysed in the LEGENDplexÊ Data 

Analysis Software Suite (Biolegend). 

 

2.7 Co-culture of MSCTNF-Ŭ/IL-1ɓ on Allogeneic T Lymphocytes in 

vitro 

2.7.1 T Lymphocyte Proliferation Assay 

T lymphocyte proliferation was assessed by staining the cells with CellTrace Violet (CTV) 

(Invitrogen). 1x106 T lymphocytes were resuspended in 1ml PBS and stained with 1ÕL CTV 

for 20 minutes at 37ÁC and protected from light. Lymphocytes were gently mixed every 5 

minutes using a vortex. CTV was neutralised using 6mL T lymphocyte media and the cells 

were left for 5 minutes to remove any free-floating CTV. Cells were then pelleted by 

centrifugation at 800 x g for 5 minutes and the supernatant removed, and cells washed with 

PBS. CTV-positive T lymphocytes were seeded onto a 96-well round bottomed plate at a 

density of 100,000 cells per well in 200Õl medium and stimulated with anti-CD3/anti-CD28 
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dynabeads at a concentration of 0.625Õl per 1x105 T lymphocytes (Gibco). 2x103 (1:50), 1x104 

(1:10) or 2x104 (1:5) MSCUTR or MSCTNF-Ŭ/IL-1ɓ were added to the wells. Stimulated T 

lymphocytes alone served as a positive control, and unstimulated T lymphocytes served as a 

negative control. Cells were incubated at 37ÁC, 20% O2, 5% CO2 for 96hrs. To assess the 

proliferative rate of T lymphocytes in the presence of MSCs, T lymphocytes were detached 

from the plates via aspirating supernatant and resuspending cells with 150Õl FACS buffer. 

Samples were then directly transferred to a 96-well V-bottom plate and centrifuged at 800 x g 

for 5 minutes to pellet the cells. This supernatant was removed, and cells were washed twice 

with FACs buffer prior to staining for CD3, CD4 and CD8 with fluorochrome-conjugated 

antibodies (Table 2.7) for 15 minutes at 4ÁC and protected from light. Cells were then washed 

twice with FACs buffer and resuspended in 200Õl FACs buffer containing SYTOX 

AADvanced dead cell stain (Invitrogen). Samples were acquired on a FACs Canto II cytometer 

(Becton Dickinson) with at least 100,000 events acquired per sample. Total proliferated cells 

were gated based on unstimulated controls. Percent of cells proliferating greater than three 

generations were gated based on CTV dilution per proliferative generation.  

 

2.7.2 Regulatory T Lymphocyte Induction Assay 

T lymphocytes were seeded onto a 96-well round bottomed plate at a density of 2x105 cells per 

well in 200Õl medium and stimulated with anti-CD3/anti-CD28 dynabeads at a concentration 

of 0.625Õl per 100,000 T lymphocytes (Gibco). 4x103 (1:50), 1x104 (1:10) or 4x104 (1:5) 

MSCUTR or MSCTNF-Ŭ/IL-1ɓ were added to the wells. Control wells received media alone. 

Stimulated T lymphocytes alone served as positive controls, and unstimulated T lymphocytes 

served as negative controls. Cells were incubated at 37ÁC, 20% O2, 5% CO2 for 120hrs. To 

assess the levels of regulatory T lymphocyte induction in the presence of MSCs, T lymphocytes 

were detached from the plates via aspirating supernatant and resuspending cells with 150Õl 

FACs buffer. Samples were then directly transferred to a 96-well V-bottom plate and 

centrifuged at 800 x g for 5 minutes to pellet the cells. This supernatant was removed, and cells 

were washed twice with FACs buffer prior. Dead cell staining was performed by incubating 

the cells with fixable LIVE/DEAD violet stain (Invitrogen) for 30 minutes at 4ÁC and protected 

from light. The cells were then washed twice with FACs buffer. Surface antigen staining was 

performed via multicolour cocktail of fluorescently-conjugated antibodies against CD3, CD4 

and CD25 (Table 2.7). Cells were stained in a final volume of 50Õl per well for 15 minutes at 

4ÁC in the dark. Cells were then washed twice with FACs buffer and prepared for intracellular 
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staining using eBioscienceÊ FOXP3/Transcription Factor Staining Buffer kit (Invitrogen), as 

per manufacturerôs guidelines. The cells were incubated in 100Õl fixation/permeabilisation 

buffer overnight at 4ÁC. The next day this buffer was removed, and cells washed twice with 

permeabilisation buffer. Cells were incubated with anti-FoxP3 antibody diluted in 

permeabilisation buffer to a final volume of 50Õl per well for 90 minutes at room temperature, 

protected from light. Non-specific staining was controlled by using an isotype antibody in 

control stimulated T lymphocyte wells. T lymphocytes were washed twice with 

permeabilisation buffer and resuspended in 200Õl FACs buffer and transferred to FACS tubes. 

Samples were acquired via FACs CANTO II (Becton Dickinson) with at least 100,000 events 

acquired per sample. Data was then analysed via FlowJo software V_10 (TreeStar Inc.). 

 

2.7.3 Quantification of cytokines in supernatants 

Supernatants from experiments outlined in section 2.7.2 were analysed for levels of 12 mouse 

cytokines (TNF-Ŭ, IFN-ɔ, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22) 

which are collectively secreted by Th1, Th2, Th17 and Th9 T lymphocyte subsets using the 

LEGENDplexÊ multi-analyte flow assay kit (Mouse T Helper Cytokine Panel; Biolegend), as 

per manufacturerôs instructions. Samples were obtained via FACs CANTO II (Becton 

Dickinson) and analysed in the LEGENDplexÊ Data Analysis Software Suite (Biolegend).  

 

 

 

 

 

 

 

 

Table 2.7: List of antibodies used for flow cytometric analysis of T lymphocytes. 

Target Fluorochrome Volume Manufacturer Cat. no. 
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Anti-mouse 

CD3 

FITC 1:100 Biolegend 100204 

Anti-mouse 

CD4 

PE-CY7 1:400 Biolegend 100414 

Anti-mouse 

CD4 

FITC 1:400 Biolegend 116004 

Anti-mouse 

CD8 

APC 1:250 Biolegend 100712 

Anti-mouse 

CD69 

APC 1:400 Biolegend 104508 

Anti-mouse 

CD25 

BV510 1:80 Biolegend 102042 

Anti-mouse 

FOXP3 

PE 1:80 Biolegend 126404 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

LIVE/DeadÊ 

Fixable Violet 

Dead Cell Stain 

Kit 

BV450 1:800 Invitrogen L34955 

 

 

 

 

 

 

 

2.8. Assays To Measure Nitric Oxide 

2.8.1 Griess Assay 

A Griess assay was performed to quantify the level of nitric oxide in cell culture supernatants. 

2Õl of Griess assay standard was added to 998Õl of cell culture medium, serving as the 1st 
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standard at 100ÕM concentration. A 2-fold serial dilution was performed for 6 concentrations 

in cell culture media with cell culture alone serving as a blank. 100Õl of standard/cell 

supernatant sample was added to each well of a 96 well flat bottom plate. Griess Solution A 

and Griess Solution B were created and mixed at a 1:1 ratio for Griess Assay working solution 

(Figure 2.8). 100Õl Griess assay working solution was then added to the standard/samples. The 

absorbance was then read at 540nm using a plate reader. Table 2.8 Recipe for reagents used 

in the Griess assay. 

Griess Assay 50mM NaNO2 Standard 

Reagent Concentration/Volume 

Cell Growth Medium 10ml 

Sodium nitrite (NaNO2) 0.0345g 

Griess Assay Solution A (50ml) 

H2O 48.5ml 

Sulfanilamide 0.5g 

Phosphoric Acid 1.5ml 

Griess Assay Solution B (50ml) 

H2O 48.5ml 

bπόмπbŀǇƘǘƘȅƭύŜǘƘȅƭŜƴŜŘƛŀƳƛƴŜ 

ŘƛƘȅŘǊƻŎƘƭƻǊƛŘŜ 

лΦмрƎ 

tƘƻǎǇƘƻǊƛŎ ŀŎƛŘ мΦрƳ[ 

 

 

 

 

 

2.9 In vivo mouse model of corneal chemical burn 

2.9.1 Ethics 

All procedures involving live animals were approved by the Animal Care and Research and 

Ethics Committee (ACREC) in the University of Galway and conducted under individual and 

project licenses granted by Health Products Regulatory Authority (HPRA) of Ireland. All 
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animal experiments conformed to the Association for Research in Vision and Ophthalmology 

(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. All mice were 

housed in a specific pathogen-free facility, fed ad lib on a standard chow diet, and cared for 

under the standing operating procedures in the BRU Animal Facility at the National Centre for 

Biomedical Science, University of Galway, Ireland. Female C57BL/6 mice were purchased 

from Charles River Laboratories and were between 7-12 weeks old during the time of the study. 

All procedures were performed by the author following full training and authorisation, 

confirmed by the designated vet, Dr. Yolanda Garcia, PhD, BVM. 

2.9.2 Corneal chemical burn induction and interventions 

Female C57BL/6 mice (n=21) were randomly allocated into three groups of n=6, with n=3 

serving as naµve healthy controls. Mice were firstly subcutaneously injected with 0.02-

0.05mg/kg buprenorphine half an hour prior to procedures to ensure time for the analgesia to 

take effect. Mice were placed in a clean anaesthetic chamber and anaesthesia was induced by 

filling this chamber with 5% isoflurane in 2L/minute oxygen for 2 minutes. Mice were then 

quickly transferred to a face mask where the flow rate was reduced and maintained at 2% 

isoflurane with 1L/min O2. Surgical anaesthesia was reached once pedal reflex was lost and 

breath pattern was recorded. Animal reflex withdrawal and breath pattern were checked every 

5 minutes to ensure the animal was not conscious. Dose of isoflurane was adjusted between 1-

2% depending on respiratory rate and depth of anaesthesia. Corneal alkali burn was induced 

by cutting a round piece of Grade I filter paper using a 1.5mm2 trephine and soaking in 10Õl of 

a 1M sodium hydroxide (NaOH) solution for 20 seconds. Excess NaOH was removed by gently 

touching the perimeter of the disk onto sterile filter paper. Under the guidance of a surgical 

microscope, and using sterile forceps, the soaked filter paper was placed on the central cornea 

of the left eye for 30 seconds to generate the burn. The eyelids were restrained to ensure the 

filter paper did not come into contact with the eyelashes. The filter paper was then removed, 

and the eye was gently washed with 5ml PBS for irrigation and to remove any residual NaOH. 

The author performed all the described procedures to ensure reproducibility between mice. 

Mice were injected every 8HRS with buprenorphine subcutaneously for 72HRS following the 

surgery for pain management. 

Subconjunctival administration of treatments was performed on Day 0 (prior to burn induction) 

and on Day 3. Briefly, the conjunctiva was gripped gently using a sterile forceps, and a 500Õl 

insulin syringe with a 29G needle attached and loaded with 50Õl PBS, 5x104 MSCUTR or 

MSCTNF-Ŭ/IL-1ɓ. Solutions were injected laterally into the subconjunctival space, between the 
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conjunctiva and sclera until the bevel of the syringe was completely inserted. The fluid was 

slowly administered, and needle carefully removed. The solution was given time to settle and 

fully absorb into the space before mice were moved.  

2.9.3 Injury monitoring and assessment 

2.9.3.1 OCT imaging and damage assessment 

Optical Coherence Tomography (OCT) imaging was performed on Day 0, 1, 3, 7 and 14. The 

uninjured contralateral eye served as a healthy control for each mouse. Mice were firstly placed 

in a clean anaesthetic chamber which was filled with 5% isoflurane in 2L/minute oxygen for 2 

minutes to induce anaesthesia. The mouse was then quickly transferred to a face mask and 

anaesthesia was maintained at 1-2% isoflurane and 1L/minute oxygen. Surgical anaesthesia 

was reached once pedal reflex was lost. OCT imaging was performed with the assistance of 

£anna Johnston, a PhD student in the Tissue Optics and Microcirculation Imaging Department 

within the College of Physics, University of Galway. A commercial spectral domain OCT 

system (Telesto III; Thorlabs, Inc., New Jersey) with an objective lens LSM03 (NA=0.055, 

lateral resolution = 13Õm) operating at the central wavelength of 1300nm with sensitivity 96dB 

@76 kHz rate was used to perform all imaging, and each mouse was placed in the same position 

at the same distance from the lens. The parameters used for 2D acquisition were 500 A lines 

per B-frame scan, with a pixel size of 1Õm, and a field-of-view of 2.5mm in X direction.  

Corneal thickness measurement was performed using ImageJ, as described by Luisi et al 

2021[257]. Ten locations were drawn perpendicular from the base of the cornea to the surface of 

the cornea, and these measurements were then averaged. Anterior chamber depth was measured 

in the same fashion, whereby ten locations were drawn perpendicular from the lens to the 

corneal endothelium, and these measurements were then averaged. Damage index of the 

corneas was based on five parameters: corneal oedema, deformation of the iris, detachment of 

the endothelium, levels of inflammatory material/debris within the anterior chamber, and lens 

deformation. A semi-quantitative scoring chart was constructed by Dr. Ellen Donohoe and Mr. 

Gerry Fahy MD., and OCT images were designated a score of 0-3 based on levels of damage 

to each structure (See Table 5.1).  

2.9.4 Isolation of mouse tissues for ex vivo analysis 

On Day 14, mice were humanely sacrificed by anaesthetising with isoflurane followed by 

cervical dislocation. Corneas and ipso-lateral cervical and submandibular lymph nodes were 
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excised in order to perform further analysis on molecular changes in PBS vs MSCUTR vs 

MSCTNF-Ŭ/IL-1ɓ treated mice. 

2.9.4.1 Pro-inflammatory Markers in the Cornea 

RT-qPCR was performed to determine levels of inflammatory mediators in the corneas of mice. 

Following sacrifice at day 14, and under a surgical microscope, a 2.5mm trephine was used to 

mark the corneal perimeter and vanas scissors was used to extract the tissue. The corneas were 

then placed into individual 1.5ml RNase-free eppendorfs with RNAlater (Sigma) and stored at 

4ÁC for up to 5 days. 

To begin RNA isolation, corneal tissue was homogenised in 350Õl lysis buffer using a micro 

pestle (Thermo). RNA was extracted from the homogenised tissue using the Bioline RNA 

Isolate Mini Kit (Meridian Biosciences), following manufacturerôs instructions. Samples were 

eluted in 60Õl RNase-free water and RNA content was quantified using a Nanodrop 2000 

(Thermo Scientific). cDNA synthesis was performed using the RevertAid First Strang cDNA 

Synthesis Kit (Thermo Scientific) following manufacturerôs instructions, with a final volume 

of 20Õl. 1Õl cDNA was used per well to quantify mRNA levels of Pax6, MMP8, IL-1ɓ and x 

(see Table 2.9). A No Template Control (NTC) and Reverse Transcriptase Minus (RT) control 

were included to ensure there was no contamination within the mixture components or RNA 

samples, respectively. All RT-qPCR was performed according to the standard program using 

a real-time PCR system (StepOne Plus, Applied Biosystems; ThermoFisher Scientific) using 

parameters shown in Figure 2.1. Gene expression was made relative to the housekeeping gene 

GAPDH, and fold change was relative to the average of the healthy control corneas. 

 

 

 

Table 2.9: List of qPCR primer probes used for analysis of mouse corneas. 

Gene Source Assay ID Catalogue # 

GAPDH ThermoFisher 

Scientific 

Mm99999915_g1 4331182 

Pax6 ThermoFisher 

Scientific 

Mm00443081_m1 4331182 
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MMP8 ThermoFisher 

Scientific 

Mm00439509_m1 4331182 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Heating cycle for real-time RT-qPCR system 

 

2.9.4.2 Analysis of immune cell frequencies and levels of inflammatory mediators in the 

cervical and submandibular draining lymph nodes 

Following euthanasia, cervical and submandibular draining lymph nodes were harvested from 

mice and prepared into a single cell suspension, as described in Section 2.2.8. 5x105 cells were 

added to each well of a 96-well V-bottom plate and stained with the monoclonal antibody 

panels shown in Table 2.10. Staining was performed as described in Section 2.5.3. All surface 

stains were incubated for 15 minutes at 4ÁC and protected from light. For intracellular staining, 

samples were incubated with Fixable LIVE/DEAD viability dye (ThermoFisher Scientific) for 

30 minutes at room temperature and protected from light, washed twice with FACs buffer and 

stained for surface antigens for 15 minutes at 4ÁC. Samples were then washed twice to remove 

residual upbound dye and incubated in fixation buffer (eBioscience) overnight followed by 

washing in permeabilisation buffer (eBioscience). Samples were incubated with intracellular 

stains anti-mouse CD206 and FoxP3 at room temperature for 90 minutes and washed twice 
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with permeabilisation buffer, resuspended in 200Õl FACs buffer and transferred to FACs tubes. 

All samples were acquired on the FACs Canto II flow cytometer (Becton Dickinson) and 

analysis was conducted using FlowJo V_10 software (TreeStar Inc.). Healthy age-matched 

mice were included as a baseline for immune cells within the draining lymph nodes.  

 

Table 2.10: Flow cytometry panels used for analysis of draining lymph nodes at endpoint 

day 14. 

 Fluorochrome Volume Manufacturer Cat. No 

Live Cell Panels     

Panel 1     

CD4 FITC 1:400 Biolegend 116004 

CD8 PE 1:250 Biolegend 100707 

CD69 APC 1:80 Biolegend 104508 

CD44 PE-Cy7 1:400 Biolegend 103030 

CD62L BV510 1:80 Biolegend 104441 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 2     

CD4 PE-Cy7 1:400 Biolegend 100422 

CCR4 APC 1:70 Biolegend 131212 

CCR6 PE 1:167 Biolegend 129804 

CXCR3 BV421 1:100 Biolegend 126522 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 3     

CD4 FITC 1:400 Biolegend 116003 

CD8 APC 1:250 Biolegend 100712 

CTLA-4 PE 1:80 Biolegend 106305 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 4     

CD11b FITC 1:250 Biolegend 101212 

H2Kb PE-Cy7 1:500 Biolegend 116520 

I-Ab Biotin 1:80 Biolegend 116404 
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Strep-APC 1:800 eBiosciences 17-4317-82 

CD80 BV421 1:80 Biolegend 104726 

CD86 PE 1:80 Biolegend 105106 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 5     

CD11c FITC 1:250 Biolegend 117306 

H2Kb PE-Cy7 1:500 Biolegend 116520 

I-Ab Biotin 

Strep-APC 

1:80 

1:800 

Biolegend 116404 

17-4317-82 

CD80 BV421 1:80 Biolegend 104726 

CD86 PE 1:80 Biolegend 105106 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Intracellular 

Panels 

    

Panel 1     

CD4 FITC 1:400 Biolegend 116004 

CD8 APC 1:250 Biolegend 100712 

CD25 BV510 1:80 Biolegend 102042 

Foxp3 PE 1:80 Biolegend 126404 

LIVE/DEAD BV450 1:800 Invitrogen L34955 

Panel 2     

CD11b FITC 1:250 Biolegend 101206 

CD206 APC 1:80 Biolegend 141708 

LIVE/DEAD  BV450 1:800 Invitrogen L34955 

 

 

2.10 Statistical Analysis 

All in vitro experiments were performed at least three times independently. All data are 

presented as mean Ñ SD, unless otherwise stated. Comparisons between two groups were 

analysed by Studentôs T Test. Comparison between three or more groups were analysed by 

One-Way ANOVA, followed by Tukeyôs post-hoc test to correct for multiple comparisons, as 

appropriate. In vivo experiments were performed as groups of n=3-7, to which mice were 
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randomly assigned. All data are presented as mean Ñ SD, unless otherwise stated. Two-Way 

Anova with Sidakôs corrections for multiple comparisons, or One-Way ANOVA with Tukeyôs 

correction for multiple comparisons was employed to assess statistical significance between 

groups, as appropriate. Differences between groups were considered significant where p<0.05. 

For illustration purposes, levels of significance are denoted by asterisks symbols such as * 

represents p<0.05, ** represents p<0.01, *** represents p<0.001, and **** represents 

p<0.0001. All statistical analyses were performed using GraphPad Prism software Version 8.0 

(La Jolla, CA, USA). 
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3.0 Chapter Experimental Design 

 

 

Table 3.0 Schematic overview of chapter experimental design. A schematic presenting the 

sequence and progression described in this chapter. 
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3.1 Introduction 

MSCs are non-haematopoietic stromal cells which can be harvested from a variety of different 

tissues, e.g. bone marrow, adipose tissue, umbilical cord[258, 259], etc. In 2006, the ISCT set out 

to standardise and refine MSC research and developed a set of criteria to define MSCs. MSCs 

are defined by their multi-lineage capacity, self-renewal potential, AND capability of adhering 

to tissue culture plastic and surface antigen expression[109]. MSCs are thought to maintain tissue 

homeostasis and mediate immunomodulation within the body by detecting tissue damage via 

paracrine and chemotactic signalling, thereby homing to the area of insult and releasing 

mediators to promote tissue repair and healing[260]. The inflammatory environment, populated 

by damaged cells and tissues, can activate and drastically change MSC composition, allowing 

the release of immune regulators such as cytokines, enzymes, and chemokines[261]. This MSC-

mediated release can result in an altered phenotype of pro-inflammatory and anti-inflammatory 

tissues[184]. 

The immunosuppressive potential associated with MSCs is enhanced upon exposure to pro-

inflammatory cytokine signals, e.g. IFN-ɔ, TNF-Ŭ, IL-1ɓ, LPS, IL-18. When administered in 

vivo, MSCs are exposed to an inflamed microenvironment, causing them to secrete chemokines 

and cytokines to elicit immunosuppression on innate and adaptive immune cells, e.g. IL-2, IL-

10, TGF-ɓ1 on macrophages and T lymphocytes. It is believed that MSCs can act via both 

contact-dependent and contact-independent mechanisms, thereby influencing and mediating 

tissue healing and graft survival[49, 102, 110]. This, however, can be dependent on the cytokines 

and level of inflammatory stimuli present within the microenvironment[261, 262]. 

In response to inflammatory stimuli within the inflamed microenvironment, pro-inflammatory 

macrophages secrete TNF-Ŭ, which can stimulate the further production of TNF-Ŭ from 

surrounding innate immune cells, e.g neutrophils, dendritic cells [263]. The high levels of TNF-

Ŭ can further promote the production of IL-8 and IL-1ɓ[264]. This TNF-Ŭ and IL-1ɓ combination 

can result in an inflammatory cascade of stimuli within the inflammasome, recruiting cytotoxic 

lymphocytes and additional innate immune cells to the site of injury, promoting the 

inflammatory state[110, 265].  

Murphy et al[110] demonstrated that priming syngeneic MSCs with TNF-Ŭ and IL-1ɓ prior to in 

vivo administration provides additional stimuli to enhance immunomodulatory effects 

compared to unlicensed MSC counterparts within a corneal transplantation setting. These 

experiments demonstrated that MSCs pre-exposed to pro-inflammatory stimuli acquired a 
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unique characterisation phenotype that mediated immunosuppression of cytotoxic T 

lymphocytes by increased production of NO in a syngeneic model. Unlicensed syngeneic 

MSCs administered prior to surgery did not result in prolonged corneal allograft survival, 

indicating that MSCs require an inflammatory stimulus to mediate immunomodulation[110]. 

This study indicates the effectiveness of licensing MSCs prior to surgery and the therapeutic 

efficacy they can exert on infiltrating inflammatory cells. 

Licensing of MSCs with various cytokine combinations, e.g. IFN-ɔ, IL-1ɓ, TNF-Ŭ, have 

yielded promising results in the upregulation of immunoregulatory molecules[141, 188]. Fan et 

al[266] showed that licensing MSCs with IL-1ɓ alone upregulated IL-6, COX-2, IL-8 and 

CXCR4 compared to unlicensed counterparts. The combination of TNF-Ŭ and IFN-ɔ licensing 

has elicited an increased expression of IL-2 and IFN-ɔ production while diminishing their 

overall potency, creating an effective suppression of CD4+ and CD8+ lymphocytes and 

maintaining anti-apoptotic functions to overall T lymphocytes populations[267]. Jin et al[268] also 

showed that TNF-Ŭ and IFN-ɔ combination significantly increased the expression of CXCL1 

and CXCL10, thereby increasing PD-L1 and CTLA-4 expression, highlighting that TNF-Ŭ and 

IFN-ɔ can trigger a counter-activation of pro-and anti- inflammatory mechanisms. 

Additionally, Murphy et al[110] found the expansion of FoxP3+ Tregs in a corneal allograft 

model following systemic administration of syngeneic, recipient MSCs licensed with TNF-Ŭ 

and IL-1ɓ. A combination of IFN-ɔ, IL-1ɓ and TNF-Ŭ was proposed by Murphy et al, and, 

while therapeutically efficient, resulted in low MSC yields[110]. The combination of IL-1ɓ with 

either TNF-Ŭ or IFN-ɔ showed significant suppression of CD4+ and CD8+ T lymphocyte 

subsets, with only TNF-Ŭ/IL-1ɓ producing significant secretion of NO.  

MSCs have been shown to be a promising treatment method for inflammatory diseases, e.g. 

alkali burn[180, 183], corneal transplant[48, 102, 103, 110], osteoarthritis models[269, 270], diabetes[271, 

272], graft-vs-host disease (GvHD)[273, 274], irritable bowel disease (IBD)[275], etc. While there 

are discrepancies surrounding MSCs, their potential to differentiate and links to unfavourable 

attributes discussed in Chapter One, MSC treatments have been successful in maintaining 

corneal allograft survival and alleviating alkali burns[180, 276]. Our group has previously found 

that cytokine licencing significantly improves the immunomodulatory efficacy of syngeneic 

MSCs, both in vitro and in vivo in murine and rat models of corneal transplantation[48, 102, 103, 

110]. Cytokine stimulation of syngeneic MSC models have proven to be quite successful in our 

group and others in corneal transplantation, inducing minimal changes to the phenotype of 

cytotoxic lymphocytes and polarization subsets of pro-inflammatory macrophages towards a 
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more anti-inflammatory phenotype. This effect was not seen for unlicensed syngeneic cells, 

indicating a stimulus in this context is required to activate the MSC immunosuppressive 

phenotype[102, 110]. The administration of allogeneic MSCs could result in the formation of 

alloantibodies, which can challenge the immune system and alert an immune response, 

attracting pro-inflammatory T lymphocytes and macrophages to the MSCs surroundings and 

thereby inhibited by MSC secretions[118, 277]. The expression of fully MHC-mismatched 

markers could trigger an anti-donor immune response for an immunomodulatory therapeutic 

response, whereas syngeneic cells are being administered to an immunologically compatible 

microenvironment and will not receive a priming stimulus[110, 278]. This data indicates that 

MSCs require an activation stimulus to acquire an immunosuppressive phenotype, which may 

be attributed to their secretome.  

The hypothesis for this chapter was that licensed murine FVB MSCs elicit potent 

immunosuppressive properties on adaptive T lymphocyte and innate macrophage immune cells 

due to phenotypical modulation acquired from TNF-Ŭ/IL-1ɓ licencing. We have not previously 

tested licensed MSCs in an allogeneic model. To investigate this hypothesis, FVB BM-MSC 

were licensed with TNF-Ŭ/IL-1ɓ in vitro. The phenotype of licensed MSCs, based on MSC 

surface characterisation, was investigated to determine if licensing altered surface expression 

of MSCs. Licensed MSCs were also co-cultured with activated allogeneic T lymphocytes and 

pro-inflammatory stimulated macrophages to determine the immunomodulatory effect of 

MSCTNF-Ŭ/IL-1ɓ, and were capable of altering pro-inflammatory phenotypes towards a more anti-

inflammatory state 

 

 

 

 

 

 

 

3.2 Hypothesis and Objectives 
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3.2.1 Hypothesis: 

The licensing of murine FVB MSCs with TNF-Ŭ/IL-1ɓ increases the immunosuppressive 

potential and anti-inflammatory effects on innate and adaptive immune cells.  

 

 

3.2.3 Aims:  

1. To license murine FVB MSCs with pro-inflammatory cytokines, TNF-Ŭ and IL-1ɓ, and 

characterise the licensed MSC phenotype through cell marker investigation. 

2. To test the effect of licensed FVB MSCs in the modulation of allogeneic innate and 

adaptive immune cells. 

 

 

 

 

 

 

 

 

 

 

 

3.3 Results 

3.3.1 Isolation and Characterisation of FVB MSCs 

To isolate MSCs, bone marrow was flushed from the tibia and femur of female FVB mice and 

cultured in MSC culture media (Figure 3.1(A)). Bone marrow isolates were seeded initially in 

T-175 flasks and cultured in a monolayer. The cells exhibited a characteristic fibroblast-like 
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morphology following incubation and adhered to plastic (Figure 3.1(B)). MSCs were cultured 

up to passage 4 and characterisation protocols were initiated. MSCs were characterised by flow 

cytometry for positive and negative markers established by the ISCT to define MSCs. FVB 

MSCs were analysed by flow cytometry and confirmed to have positive expression of MHC I, 

CD29, CD44, CD73, CD105 and Sca-1, (Figure 3.1(C)) and negative expression of CD11b, 

CD11c, CD86 and F4/80 (Figure 3.1(D)).  

 

3.3.2 Adipogenic and Osteogenic Differentiation of FVB MSCs 

To meet the criteria of MSCs, cells must demonstrate multipotent capacity. To differentiate 

MSCs to adipocytes, MSCs were cultured in specific adipogenic induction and maintenance 

medium or control medium. Following the culturing and incubation periods, the cells were 

formalin fixed and stained with Oil Red O, staining lipids and triglycerides red. Untreated 

MSCs did not show signs of adipogenesis compared to treated MSCs (Figure 3.2(A)(i)+(ii)), 

differentiating into adipocytes observed via brightfield microscopy and mean absorbance to 

quantify lipid levels (Figure 3.2 (A)(iii)). 

To differentiate MSCs to osteocytes, MSCs were cultured in specific osteogenic differentiation 

medium or control medium. Following the culturing and incubation periods, the MSCs were 

stained with Alizarin Red to identify clusters of calcium present in the cells. MSCs treated with 

normal MSC medium did not stain positive for Alizarin Red (Figure 3.2 (B)(i)) while MSCs 

cultured with osteogenic medium stained positive (Figure 3.2 (B)(ii)). MSCs cultured in 

osteogenic media exhibited high concentration of calcium absorbance compared to MSCs 

cultured in normal media (Figure 3.2 (B)(iii)), tested via StanBio Calcium Liquicolour kit. 
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Figure 3.1: Isolation and Characterisation of MSCs. (A) Schematic of FVB MSC isolation from 

bone marrow. (B) Representative flow cytometry histograms for cell surface expression of positive 

MSC antigens MHC-1, CD29, CD44, CD73, CD105, Sca-1. Scale normalized to mode, x-axis 

represents antibody fluorescence.  (C) x4 brightfield microscopy of MSC morphology. ( (D) 

Representative flow cytometry histograms for cell surface expression of negative MSC antigens 

CD11b, CD11c, CD86, F4/80. Scale normalized to mode, x-axis represents antibody fluorescence. 

Experiment was performed 3 independent times.  
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Figure 3.2: Adipogenic and Osteogenic Differentiation of MSCs. (A) Oil Red O solution was 

used to determine adipogenic differentiation potential of MSCs. Phase contrast microscopy of Oil Red 

O stained (i) control and (ii) adipogenic differentiated wells, (iii) quantification of Oil Red O solution 

absorbance read by plate reader. (B) Alizarin Red S solution was used to determine osteogenic 

differentiation of (i) control and (ii) osteogenically differentiated wells, (iii) quantification of calcium 

content within control and osteogenic wells. Data represented as mean Ñ SD, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, compared to MSC control, Unpaired, two-tailed studentôs T test (n=3). 
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3.3.3 Proinflammatory Cytokine Licensing of MSCs 

Previous research has demonstrated that the licensing of MSCs with pro-inflammatory or anti-

inflammatory cytokines significantly influence their immunomodulatory capabilities[48, 102, 110]. 

This licensing induces the secretion of various growth factors, chemokines and cytokines which 

can mediate tissue repair and regeneration[279]. To enhance their immunotherapeutic potential, 

MSCs were cultured in media containing a combination of pro-inflammatory cytokines TNF-

Ŭ (50ng/ml) and IL-1ɓ (50ng/ml) MSCTNF-Ŭ/ IL-1ɓ for 72hrs (Figure 3.3 (A)). Phase contrast 

microscopy demonstrated a significant change in cell morphology, following a 72hr period of 

(Figure 3.3 (B)(i)) MSCs receiving normal media compared to (Figure 3.3 (B)(ii)) pro-

inflammatory licensing indicated by a óspindle-likeô configuration. 

Pro-inflammatory licensing resulted in a significant reduction in cell count in comparison to 

untreated cells (Figure 3.3 (C)(i)). As the viability of licensed cells was unaffected (Figure 

3.3 (C)(ii)) it was hypothesised that MSCTNF-Ŭ/ IL-1ɓ had a reduced proliferative capacity 

compared to untreated cells. Cellular size (FSC-A) (Figure 3.3 (C)(iii)) was significantly 

reduced following licensing, with size granularity (SCC-A) significantly increased (Figure 3.3 

(C)(iv)).   

To investigate the impact of morphological difference TNF-Ŭ/ IL-1ɓ licencing exerts on MSCs, 

cells were fixed in formalin and stained with Phalloidin-DAPI staining to visualise cytoskeletal 

alterations. MSCTNF-Ŭ/ IL-1ɓ displayed a more elongated óspindleô morphology, indicating that 

the pro-inflammatory licensing affected the MSC structure (Figure 3.4 (B)), compared to 

MSCUTR (Figure 3.4 (A)). MSCTNF-Ŭ/ IL-1ɓ also had less confluency of cells within the flask, 

compared to the confluent MSCUTR. 
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Figure 3.3: TNF-Ŭ/IL-1ɓ Licensing Significantly Affects Cell Proliferation, Size and 

Granularity. (A) MSCs were plated for 24hrs to settle prior to TNF-Ŭ/IL-1ɓ licensing. MSCs were 

incubated with TNF-Ŭ/IL-1ɓ media for 72hrs. Licensed MSCs were then harvested and added to 

subsequent experiments. (B) Morphology comparison of (i) MSCUTR and (ii) MSCTNF-Ŭ/ IL-1ɓ (C) 

Comparison between MSCUTR and MSCTNF-Ŭ/ IL-1ɓ for (i) cell count per flask, (ii) cell viability, (iii) 

forward scatter area (FSC) and (iv) side scatter area (SSC).  Data represented as mean Ñ SD, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001, compared to MSCUTR, Unpaired, two-tailed studentôs T test 

(n=3). 
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Figure 3.4: MSCTNF-Ŭ/ IL-1ɓ Exhibit Clear Morphological Differences. Fluorescent microscopy 

Phalloidin-DAPI Staining Images of MSCs following 72hrs incubation with (A) normal media and (B) 

TNF-Ŭ/ IL-1ɓ. (i) x4, (ii) x10 and (iii) x20 representative images shown. 
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3.3.4 Phenotypic Characterisation of MSCTNF-Ŭ/ IL-1ɓ 

Following the clear morphological differences between MSCUTR and MSCTNF-Ŭ/ IL-1ɓ, it was 

next hypothesised that the pro-inflammatory stimuli exerted on the cells via licensing would 

phenotypically alter the expression of characteristic surface markers. 

MSCTNF-Ŭ/ IL-1ɓ were characterised by multicolour flow cytometry to study the effect of 

licensing on cell surface markers used to define MSCs (Figure 3.5). The expression of (Figure 

3.5 (A)(i)) MHC-I was unchanged between MSCUTR and MSCTNF-Ŭ/ IL-1ɓ. However, the 

expression of (ii) CD73 and (iii) CD44 were significantly upregulated, while the expression of 

(iv) CD29 and (v) Sca-1 were significantly downregulated. Interestingly, Programmed Death-

Ligand 1 (PD-L1) was also significantly upregulated (vi). Negative expression of (Figure 3.5 

(B)(i)) CD11b (ii) CD11c (iii) F4/80 and (iv) CD86 expression were unchanged and remained 

negative after TNF-Ŭ/ IL-1ɓ treatment.  
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Figure 3.5: Characterisation of MSCTNF-Ŭ/ IL-1ɓ. (A) Representative flow cytometry histograms 

of median fluorescence intensity for cell surface expression of positive MSC antigens on MSCUTR and 

MSCTNF-Ŭ/ IL-1ɓ for (i) MHC-I, (ii) CD73, (iii) CD44, (iv) CD29, (v) Sca-1, (vi) PD-L1. (B) Histograms 

for cell surface expression of negative MSC antigens (i) CD11b, (ii) CD11c, (iii) F4/80, (iv) CD86; x-

axis represents antibody fluorescence. Data represented as mean Ñ SD, statistical significance was 

assessed by Unpaired, two-tailed studentôs T test compared to MSCUTR, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 (n=3). 
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3.3.5 Immune Tolerance Markers CD73 and PD-L1 Expression 

MSCs can exert their immunomodulatory effects via contact-dependent and contact-

independent mechanisms[184]. CD73 is an enzyme and catalytic product of extracellular 

adenosine, directly responsible for shaping local immune responses[280]. The 

dephosphorylation of adenosine triphosphate (ATP) into adenosine diphosphate (ADP), 

adenosine monophosphate (AMP) and adenosine metabolites is required for the development 

of the immunosuppressive microenvironment[281]. The accumulation of adenosine has been 

linked to the inhibition of T lymphocyte proliferation via TCR-signalling antagonism resulting 

in suppression of CD4+ and CD8+ T lymphocyte differentiation[281-283]. CD73 acts in concert 

with CD39 to metabolise pro-inflammatory ATP released from dying cells into 

immunosuppressive adenosine, regulating the immune system and inhibiting NLRP3 

inflammasome activation[284].  Macrophages are highly sensitive to adenosine-mediated 

regulation, thereby can undergo phenotypical differences in response to escalating adenosine 

levels, e.g. pro-inflammatory towards anti-inflammatory[283]. PD-L1/CD274 is a 

transmembrane protein vital for suppressing the immune system and is highly implicated in 

cancer models and progression of cancer cells evading immune detection[285, 286]. PD-L1 is 

expressed both on the surface of MSCs and secreted by MSCs into the microenvironment and 

has been reported to be significantly upregulated following IFN-ɔ stimulation[287]. The 

activation of PD-L1 pathway can mediate T lymphocyte apoptosis and anergy both in vitro and 

in vivo, suppressing pro-inflammatory signalling and promoting regulatory T cell expansion 

[288]. 

Progressing from the morphological and phenotypical characterisation alterations on the MSC 

surface following TNF-Ŭ/IL-1ɓ priming, we next aimed to compare the levels of CD73 and 

PD-L1 levels between TNF-Ŭ/IL-1ɓ and IFN-ɔ (50ng/ml) pro-inflammatory stimulation. To 

assess whether TNF-Ŭ/IL-1ɓ or IFN-ɔ increased CD73 expression, MSCs were incubated with 

normal media to serve as control, TNF-Ŭ (50ng/ml) and IL-1ɓ (50ng/ml) or IFN-ɔ (50ng/ml) 

for 72hrs. Balb/c MSCs were included as a control and to highlight potential strain-dependent 

differences between MSC donors. Adenosine production has been found to attenuate the 

production of TNF-Ŭ, which in turn can trigger further production of adenosine via production 

of diacylglycerol and phosphatidylinositol-specific phospholipase C (PI-PLC)[289]. IL-1ɓ has 

also been implicated in the upregulation of CD73 expression, especially within the tumour 

microenvironment[290]. It was observed that TNF-Ŭ/IL-1ɓ cytokine licensing significantly 
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upregulated CD73 compared to control and IFN-ɔ licencing, while IFN-ɔ had no significant 

change in expression (Figure 3.6 (A)(i)(ii)).  

Similarly, PD-L1 expression was analysed following 72hrs incubation of normal media, TNF-

Ŭ/IL-1ɓ or IFN-ɔ media. While TNF-Ŭ/IL-1ɓ previously showed a significant increase 

compared to normal media, IFN-ɔ resulted in a significant increase of PD-L1 expression 

compared to all groups (Figure 3.6 (B)(i)(ii)). IFN-ɔ regulates PD-L1 expression, activating 

JAK/STAT signalling pathway, which can further elicit the activation of anti-inflammatory 

secretions [291]. 
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Figure 3.6: CD73 and PD-L1 are upregulated on MSCTNF-Ŭ/ IL-1ɓ. MSCs were cultured with or 

without cytokines for 72hrs. Following this, CD73 and PD-L1 were analysed via flow cytometry. (A) 

(i) Median fluorescence intensity for the cell surface expression of CD73 and (ii) representative flow 

cytometry analysis histogram for cell surface expression. (B) (i) Median florescence intensity for cell 

surface expression of PD-L1 and (ii) representative flow cytometry analysis histogram for cell surface 

expression. Data represented as mean Ñ SD, statistical significance was assessed by One-way ANOVA, 

Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

(n=3).*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (n=3). 
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3.3.6 Mitochondrial Respiration Profile of FVB MSC TNF-Ŭ/IL-1ɓ 

The presence of mitochondria is vital for homeostasis and regulation of stromal cell self-

renewal, differentiation, apoptosis, and immune regulation[292-294]. Mitochondria can generate 

and regulate adenosine triphosphate (ATP) production, ROS production, cellular signalling and 

synthesis of fatty acids[295]. One mechanism by which MSCs can exert their therapeutic 

potential is through their ability to transfer mitochondria to damaged tissue to rescue and 

revitalize exhausted cells[296]. The recovery of function of recipient cells results in increased 

oxygen consumption and intracellular ATP levels, demonstrated by mitochondrial activities 

[297]. 

We next hypothesised that mitochondrial respiration of MSCs would be affected following 

TNF-Ŭ/IL-1ɓ licencing. MSCs naturally generate ATP by oxidative phosphorylation and 

glycolytic metabolism[298], and we speculated that this would be altered following pro-

inflammatory stimulation. Cells were incubated for 48hrs either in control media or TNF-Ŭ/IL-

1ɓ media and transferred to an 8-well Seahorse plate for the remaining 24hrs in their respective 

media. To conduct seahorse analysis, three compounds are added to the cells. Oligomycin is 

injected into the wells to inhibit ATP synthase to decrease electron flow and aims to reduce 

mitochondrial respiration/oxygen consumption rate. Next, carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) is injected to disrupt mitochondrial membrane 

potential and stimulate the maximal respiration and ATP production from the mitochondria. 

Lastly, a mixture of rotenone and antimycin, complex I and complex III inhibitors, respectively, 

are added to completely inhibit mitochondria respiration. 

The oxygen consumption rate (OCR) is an essential measurement for determining the role of 

mitochondria, monitoring the cellular bioenergetic responses to altered energy and the 

availability of oxygen and other energy substrates[299-301]. It can also assess the health and 

functionality of tissues[302]. We found that while MSCUTR had normal levels of mitochondrial 

respiration along each injection point, MSCTNF-Ŭ/IL-1ɓ showed no changes in OCR, but a steady 

decline following each of the three injections (Figure 3.7 (A)(i)(ii)(iii)). Further analysis 

showed that MSCTNF-Ŭ/IL-1ɓ was closer to glycolytic phenotype compared to a more quiescent 

MSCUTR (Figure 3.7 (B)).  

Additionally, we investigated the extracellular acidification rate (ECAR) of both MSCUTR and 

MSCTNF-Ŭ/IL-1ɓ. MSCTNF-Ŭ/IL-1ɓ was shown to have an increase in ECAR in comparison to 

MSCUTR, indicating a more glycolytic microenvironment following TNF-Ŭ/IL-1ɓ stimulation 
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(Figure 3.8 (A)(i)(ii)). Interestingly, levels of ECAR remained similar between baseline and 

stressed mitochondrial activation (Figure 3.7 (C)(iii)), indicating that there is no change in 

cellular metabolic rate between baseline and stressed mitochondria. 

To shed light on the mechanisms occurring within mitochondria following TNF-Ŭ/IL-1ɓ 

licencing, we next investigated various parameters in profiling mitochondrial respiration 

(Figure 3.9). There were no significant differences following TNF-Ŭ/IL-1ɓ licencing 

compared to untreated control for (Figure 3.9) (i) Basal respiration, (ii) Maximal respiration, 

(iii) Proton leak, (iv) Non-mitochondrial O2 consumption or (v) ATP production, however there 

was a decreasing trend following TNF-Ŭ/IL-1ɓ stimulation, indicating this licencing strategy 

severely affects the respiration and function of MSC mitochondria. 
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Figure 3.7: MSCTNF-Ŭ/ IL-1ɓ Display Inhibited Mitochondrial Respiration, Suggesting 

Enhanced Glycolytic Respiration. MSCs were cultured for 48hrs in normal or TNF-Ŭ/IL-1ɓ-
stimulated media. Cells were then trypsinised and replated in normal or TNF-Ŭ/IL-1ɓ-stimulated media 

for 24hrsin an 8 well Seahorse plate. MSCs were washed with PBS and pH corrected DMEM media 

containing glucose and sodium pyruvate was added for one hour. MSCs were then analysed via 

Seahorse for mitochondrial respiration. (A) (i) Mitochondrial respiration of MSCUTR and MSCTNF-Ŭ/IL-1ɓ  

measured via Oxygen Consumption Rate (OCR) highlighting stages of Oligomycin, FCCP and 

Rotenone addition, blue: MSCUTR, green: MSCTNF-Ŭ/IL-1ɓ (ii) graphical outline of OCR, (iii) graphical 

representation of OCR comparing baseline and stressed OCR for MSCUTR and MSCTNF-Ŭ/IL-1ɓ  (B) Cell 

energy phenotype of MSCUTR and MSCTNF-Ŭ/IL-1ɓ  of OCR vs Extracellular Acidification Rate (ECAR). 

Data represented as mean Ñ SD, statistical significance was analysed via Unpaired, two-tailed studentôs 

T test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, compared to MSCUTR, (n=3). 
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Figure 3.8: MSCTNF-Ŭ/ IL-1ɓ Display Upregulated Extracellular Acidification Rate, 

Suggesting Enhanced Glycolytic Respiration. MSCs were cultured for 48hrs in normal or TNF-

Ŭ/IL-1ɓ-stimulated media. Cells were then trypsinised and replated in normal or TNF-Ŭ/IL-1ɓ-

stimulated media for 24hrsin an 8 well Seahorse plate. MSCs were washed with PBS and pH corrected 

DMEM media containing glucose and sodium pyruvate was added for one hour. MSCs were then 

analysed via Seahorse for mitochondrial respiration. (A) (i) Extracellular acidification rate of cells 

measured via ECAR vs Time highlighting stages of Oligomycin, FCCP and Rotenone addition, (ii) 

graphical outline of ECAR (iii) graphical representation of ECAR comparing baseline and stressed 

ECAR for FVB MSCUTR and FVBMSCTNF-Ŭ/IL-1ɓ. Data represented as mean Ñ SD, statistical significance 

was analysed via Unpaired, two-tailed studentôs T test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

compared to MSCUTR, (n=3). 
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Figure 3.9: MSCTNF-Ŭ/ IL-1ɓ Show Reduced Mitochondrial Respiration. MSCs were cultured 

for 48 hours in normal or TNF-Ŭ/IL-1ɓ-stimulated media. Cells were then trypsinised and replated in 

normal or TNF-Ŭ/IL-1ɓ-stimulated media for 24 hours in an 8 well Seahorse plate. MSCs were washed 

with PBS and pH corrected DMEM media containing glucose and sodium pyruvate was added for one 

hour. MSCs were then analysed via Seahorse for mitochondrial respiration. (i) Basal respiration, (ii) 

Maximal respiration, (iii) Proton leak, (iv) Non-mitochondrial O2 consumption and (v) ATP production. 

Data represented as mean Ñ SD, statistical significance was analysed via Unpaired, two-tailed studentôs 

T test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, compared to MSCUTR, (n=3). 
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3.3.7 Nitric Oxide Secretion Profile of MSC TNF-Ŭ/IL-1ɓ 

When activated, MSCs secrete numerous soluble mediators that have been shown previously 

to mediate their immunosuppressive properties, e.g. TGF-ɓ1, iNOS, IDO, PGE2, IL-10 and IL-

6[303, 304]. iNOS has been described as a key mediator of immunosuppression in rodents, directly 

involved in the production of NO. At low levels, NO can enhance T lymphocyte proliferation 

and induce Th1 subsets, however at high concentrations NO can interrupt TCR signalling and 

inhibit T lymphocyte proliferation via STAT5 phosphorylation[141]. This can induce regulatory 

T lymphocytes to dampen immune responses, in synergy with IL-12[143]. Licensing of MSCs 

with TNF-Ŭ, IL-1ɓ, or IFN-ɔ induces an upregulation of iNOS and subsequent secretion of NO, 

attracting adaptive and innate immune cells to MSC locations and thereby becoming 

suppressed by the surrounding levels of NO[141].  

To determine whether TNF-Ŭ/IL-1ɓ licensing stimulated the production of NO from MSCs, 

the supernatants of MSCUTR and MSCTNF-Ŭ/ IL-1ɓ were analysed by Griess Assay following 24, 

48, 72 and 96hr licencing (Figure 3.10 (A)). Data showed significantly increased levels of NO 

following 72hr and 96hr licencing compared to MSCUTR, however 24hr and 48hr licencing had 

no significant levels of NO (Figure 3.10 (B)(i)). To determine if NO can still be produced 

when the licencing stimuli has been removed, MSCs were cultured with control media or TNF-

Ŭ/IL-1ɓ media for 72hrs and the media was removed, cells washed with PBS and fresh media 

was added. The supernatants were then analysed following 24hr and 48hr to detect levels of 

NO. Low levels of NO were observed however there was no significances compared to 

MSCUTR. Licensed and replated supernatants were then directly compared to assess NO levels 

following post-stimulation (Figure 3.10 (B) (ii)). While there was an increasing trend in nitric 

oxide production following 48hr replating compared to 24hr replating, there was no significant 

changes. Licensing of MSCs was shown to significantly increase NO production following 

72hr and 96hr incubation periods, which significantly dropped following MSC plating into 

control media. 
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Figure 3.10: MSCTNF-Ŭ/ IL-1ɓ Display Upregulation in Secretion of NO Production 

Compared to MSCUTR. MSCs were cultured in normal media or licensed with TNF-Ŭ/IL-1ɓ. 

Supernatants from MSCs were taken at different 24hr timepoints and were then analysed via (A) Griess 

Assay to determine levels of nitric oxide production. (B) (i); normal media, 24hr, 48hr, 72hr and 96hr. 

Cells were then harvested via trypsin treatment and replated in (ii) normal media for 24hr and 48hr and 

supernatants collected. A 96-well plate was used to quantify the nitrates present and a standard curve 

was generated to determine nitrate production. Data represented as mean Ñ SD, statistical significance 

was analysed by One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, (n=3). 
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3.3.8 Immunomodulatory Properties of FVB MSCTNF-Ŭ/IL-1ɓ on Allogeneic 

Innate Immune System 

Macrophages are regarded as the ófirst respondersô of the innate immune system following 

initiation of inflammation[119, 305]. Macrophages act as APCs, which can recognize exogenous 

pathogens via pathogen associated molecular patterns (PAMPs) or endogenous danger signals 

from apoptotic or necrotic cells via damaged-associated molecular patterns (DAMPs)[306, 307]. 

These signals are detected via cell surface pattern recognition receptors (PRRs)[307, 308]. This 

antigen presentation drives the activation of adaptive immune responses and encourages 

inflammatory stimuli as well as repair of damaged tissue and wound healing promotion [309, 310]. 

Macrophages are haematopoietic cells residing in lymphatic and non-lymphatic tissues and 

have specific functions within their resident tissue, e.g. production and processing of surfactant 

by alveolar macrophage, necessary for lung tissue maintenance[311]. Macrophages can be 

present as one of three subsets; resting state (un-activated), pro-inflammatory (classically- 

activated) or anti-inflammatory (alternatively-activated) depending on their phenotype and 

signals from their surrounding microenvironment[312]. However, macrophages are highly 

plastic and are interchangeable, switching between resting, pro-inflammatory or anti-

inflammatory depending on the phenotype of the surrounding immune cells[313-315].  

There can be misconceptions regarding the phenotypes of macrophages. Due to the presence 

of co-stimulatory factors CD80 and CD86 on APCs, functioning in the binding and activation 

of T lymphocytes, they can incorrectly be regarded as pro-inflammatory signals. While the 

upregulation of CD86 can be associated with pro-inflammatory macrophages, the expression 

of CD80 is present on all subsets of macrophages and the presence of either molecule does not 

delineate its phenotype[316]. It is important to note that macrophage phenotype and subset 

distinction are based on their exposure to stimuli and activation of specific intercellular 

signalling cascades[317, 318]. Macrophages are highly plastic, and their phenotypes are 

interchangeable depending on the stimuli they are exposed to within the microenvironment, 

meaning they can switch between inflammatory classes. This phenotype determines the actions 

of macrophages and their responding secretomes. 

Pro-inflammatory macrophages are classically identified via the high expression of MHC-II 

and CD86 on their cell surface, production of NO and ROS, and the secretion of pro-

inflammatory cytokines (e.g. TNF-Ŭ, IL-1ɓ, IFN-ɔ, IL-6). Pro-inflammatory cells maintain the 

inflammatory signals within the body, phagocytosing pathogens and intracellular bacteria and 
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presenting these remains on their cell surface to activate cytotoxic T lymphocytes. The 

imbalance or overactivation of pro-inflammatory mediated inflammation can be linked to 

various autoimmune conditions, e.g. systemic lupus erythematosus, or sepsis[319, 320], etc. 

Alternatively, anti-inflammatory macrophages are characterised by the upregulation of CD206, 

IL-10 and Arginase-1 and secretion of anti-inflammatory cytokines (e.g. IL-4, IL-10, IL-13, 

TGF-ɓ1)[321, 322]. Anti-inflammatory macrophages are vital for dampening the inflammatory 

signals and to initiate and maintain wound healing, while also sharing a role with pro-

inflammatory macrophages by phagocytosing cellular debris[323]. While pro-inflammatory cells 

stimulate CD4+, CD8+, and TH17-like T lymphocytes, anti-inflammatory macrophages promote 

Th2 and Treg populations, expanding anti-inflammatory and regulatory signals to diminish the 

inflammasome. Similar to pro-inflammatory macrophages, the overactivation of anti-

inflammatory macrophages can be detrimental to the immune system, e.g. pathological tissue 

fibrosis[324]. Macrophage subsets can be described as a delicate pro/anti-inflammatory balance, 

and this harmony between the subsets is critical for normal homeostasis within the body[325]. 

Disruptions to this balance may lead to chronic inflammation and disruption of tissue repair 

via disproportionate pro-inflammatory levels, or via excessive tissue remodelling following 

dysregulation of anti-inflammatory secretions [326, 327]. 

To investigate the potential of MSCTNF-Ŭ/IL-1ɓ on Balb/c macrophages, we co-cultured Balb/c 

MSCUTR as control MSC, allogeneic FVB MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ with Balb/c 

macrophages that had been stimulated with IFN-ɔ (100ng/ml) and LPS (10ng/ml) to initiate 

pro-inflammatory phenotype and incubated for 72hrs (Figure 3.11 (A)(B)). Balb/c MSCUTR 

served as our syngeneic control to compare the efficacy of unlicensed syngeneic against 

unlicensed and licensed allogeneic MSCs.  This 72hr timepoint was optimised via previous 

research within our lab and was the timepoint at which effects on immunosuppression were 

more prominent. It was observed that FVB MSCTNF-Ŭ/IL-1ɓ had the ability to decrease the 

fluorescence intensity expression of (Figure 3.12) (B)(iii) MHC-I, and an inhibitory trend on 

(C)(iii) MHC-II, and (D)(iii) CD86 but no effect on (E)(iii) CD80 on stimulated pro-

inflammatory macrophages. Similarly, syngeneic Balb/c MSCUTR and allogeneic FVB 

MSCUTR had no significant immunomodulatory effect.  

While we did not find significant differences in co-stimulatory molecules CD80 and CD86 

following co-culture with allogeneic MSC, we did find an increasing trend in the expression of 

CD80 on Balb/c macrophages following co-culture with FVB MSCTNF-Ŭ/IL-1ɓ. CD80 acts in 

conjunction with CD86 and is commonly present on the surface of antigen-presenting cells. 
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CD80 can bind to either CD28 or CTLA-4 on T lymphocyte surfaces to elicit pro-inflammatory 

or anti-inflammatory signals, respectively[328]. Interestingly, Mittal et al [175] reported in 2022 

the presence of CD80 on both human and C3H murine MSCs, which was exacerbated by 

inclusion of IFN-ɔ licencing. 

We next investigated the presence of CD80 on the surface of FVB MSCs. CD80 is a co-

stimulatory molecule present on the surface of APCs, working in conjunction with CD86 to 

stimulate T lymphocytes. We hypothesised that CD80 was present on the surface of FVB 

MSCs. We first gated MSCs based on CD11b- populations from macrophage:MSC co-cultures 

(Figure 3.13 (A)). In comparison to control pro-inflammatory populations, FVB MSCUTR and 

FVB MSCTNF-Ŭ/IL-1ɓ had higher fluorescent intensity expression of CD80 compared to 

syngeneic Balb/c MSCUTR (Figure 3.13 (B)(i)). We next gated CD86 on CD11b- populations 

and found that there was no expression of CD86 on the surface of Balb/c MSCUTR, FVB 

MSCUTR  and FVB MSCTNF-Ŭ/IL-1ɓ, adhering to the ISCT for defining multipotent mesenchymal 

stromal cells [109] (Figure 3.13 (B)(ii)). To further ensure that additional CD11b- populations 

were not interfering with the presence of CD80, we cultured separately Balb/c MSCUTR, Balb/c 

MSCTNF-Ŭ/IL-1ɓ, FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ and analysed via flow cytometry for 

presence of CD80, using pro-inflammatory activated macrophages as a positive control 

(Figure 3.13 (C)). We found that TNF-Ŭ/IL-1ɓ licencing significantly upregulated the 

expression of CD80 on the surface of FVB MSCs compared to pro-inflammatory macrophage 

expression. We further found that TNF-Ŭ/IL-1ɓ did not upregulate the expression of CD80 on 

Balb/c MSC, indicating that CD80 may be a strain-dependent occurrence on MSC surface, 

which could lead to possibly enhanced therapeutic modulation. We next wished to investigate 

the effects of a CD80 inhibitor. Via optimisation procedures, we established that 10Õg of anti-

CD80 (Biolegend) was optimal in suppressing CD80 expression on the surface of FVB 

MSCTNF-Ŭ/IL-1ɓ (Figure 3.13 (D)(i)). We co-cultured FVB MSCTNF-Ŭ/IL-1ɓ with pro-inflammatory 

macrophages, with and without CD80 inhibitor. While CD80 inhibitor was sufficient in 

inhibiting expression of CD80 on stimulated pro-inflammatory macrophages compared to 

untreated stimulated macrophages, there was no effect in FVB MSCTNF-Ŭ/IL-1ɓ treated with 

CD80 (Figure 3.13 (D)(ii)). 

The downregulation of MHC-I expression on pro-inflammatory macrophages evolved the 

hypothesis that antigen-presenting/pro-inflammatory mechanisms could be inhibited via FVB 

MSCTNF-Ŭ/IL-1ɓ culture. We next investigated the presence of anti-inflammatory intracellular 

markers CD206 and Arginase-1. CD206 is a glycoprotein that is primarily an indicator of anti-



Chapter Three: Investigating the in vitro immunomodulatory capacity of murine TNF-Ŭ/IL-1ɓ 

licensed MSCs 

уу 
 

inflammatory polarization, required for immune homeostasis and phagocytosis. CD206 is 

predominantly expressed on innate immune cells, i.e. macrophages, dendritic cells[329]. We 

observed a significant increase in fluorescence intensity expression of CD206 on Balb/c 

macrophages following FVB MSCTNF-Ŭ/IL-1ɓ coculture compared to control anti-inflammatory 

stimulated macrophages, indicating that licensed FVB MSCs cultured with pro-inflammatory 

macrophages can elicit a higher secretion of CD206 via skewing phenotype than pro-

inflammatory stimulated cells (Figure 3.14 (A)(ii)(iii)). Arginase-1 is an enzyme required for 

the conversion of arginine to ornithine and urea in L-arginine metabolism pathways, a necessity 

to regulate macrophage phenotypes required for cell maintenance and proliferation[330]. 

Conversely to CD206 levels, Arginase-1 was significantly decreased in all MSC treatment 

groups compared to anti-inflammatory activated macrophages (Figure 3.14 (B)(ii)(iii)).  
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Figure 3.11: Gating Strategy for Flow Cytometry Analysis of BMDM Surface Marker 

Expression Profile. (A) Balb/c Bone Marrow-Derived Macrophages (BMDM) were isolated from 

the femur and tibia bones of Balb/c mice. Cells were plated for 6 days in 6-well plate until differentiated 

to BMDM and transferred to a 96-well plate and stimulated with IFN-ɔ and LPS. MSCs were added at 

a 1:5 ratio. (B) BMDM were selected based on size and granularity, followed by single cell selection 

and exclusion of dead cells via Sytox Viability staining. Positive of expression of pan-macrophage 

marker CD11b was used to discriminate from non-BMDM cells. CD11b, CD80, CD86, MHC-I and 

MHC-II positivity gates were based on their respective FMOs. 
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Figure 3.12: Allogeneic MSCUTR and MSCTNF-ŭ/IL-1ɓ Have No Significant Effect on 

Macrophage Surface Expression. Pro-inflammatory stimulated BMDM were cultured for 72hr 

with Balb/c MSCUTR, FVB MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ and analysed for expression of MHC-I, 

MHC-II, CD80 and CD86. (A) Schematic of the role of CD80 and CD86 present on antigen-

presenting cells binding to CD25 to elicit T lymphocyte proliferation, or CTLA-4 to downregulate T 

lymphocyte proliferation. (B) (i) Representative flow cytometry histogram of MHC-I expression on 

BMDM, (ii) total percentage and (iii) fluorescent intensity of MHC-I gated on pan-marker CD11b. 

(C) (i) Representative flow cytometry histogram of MHC-II expression on BMDM, (ii) total 

percentage and (iii) fluorescence intensity of MHC-II. (D) (i) Representative flow cytometry 

histogram of CD86 expression on BMDM, (ii) total percentage and (iii) fluorescent intensity of 

CD86. (E) (i) Representative flow cytometry histogram of CD80 expression on BMDM, (ii) total 

percentage and (iii) fluorescent intensity of CD80. Data represented as mean Ñ SD, statistical 

significance was assessed via One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001, (n=3). (Image (A) adapted from Biorender).  
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Figure 3.13: Allogeneic MSCTNF-ŭ/IL-1ɓ Display Significant CD80 Expression Compared to 

Balb/c and MSCUTR. Allogeneic FVB MSCs were cocultured with Balb/c macrophages and analysed 

via flow cytometry. (A) Gating strategy for CD11b+ And CD11b- populations of CD80 expression. (B) 

CD11b- population was analysed and expression of surface markers (i) CD80 compared to control pro-

inflammatory polarised BMDMs (macrophages, stimulated with IFN-ɔ and LPS. (ii) CD11b- population 

of CD86 was analysed on the surface of FVB MSC. (C)  Presence of CD80 on surface expression of 

Balb/c MSCUTR, Balb/c MSCTNF-Ŭ/IL-1ɓ, FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were compared to pro-

inflammatory macrophages (D) (i) CD80 neutralizing antibody optimisation varying from 0Õg-10Õg. 

10Õg shown to best inhibit CD80 expression on FVB MSCTNF-Ŭ/IL-1ɓ surface. (D) (ii) Total frequency of 

CD80 expression following CD80 neutralizing antibody co-culture. Data represented as mean Ñ SD, 

statistical significance was assessed by via One-way ANOVA, Tukeyôs multiple comparison post-hoc, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, (n=3).  
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Figure 3.14: Allogeneic MSCTNF-ŭ/IL-1ɓ Coculture Increases CD206 Intracellular 

Expression on Balb/c BMDMs. Pro-inflammatory-polarised BMDM were cultured for 72hr with 

Balb/c MSCUTR, FVB MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ and analysed for the expression of anti-

inflammatory-polarised CD206 and Arginase-1 markers. (A) (i) Representative flow cytometry 

histogram of CD206 expression, (ii) total percentage and (iii) fluorescence intensity of CD206. (B) (i) 

Representative flow cytometry histogram of Arginase-1 expression, (ii) total percentage. Data 

represented as mean Ñ SD, statistical significance was assessed via One-way ANOVA, Tukeyôs 

multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, (n=3). 
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To shed light on the pathways being activated following macrophage co-cultures, we next 

investigated the prevalence of Interferon Regulatory Factor 4 (IRF4) on anti-inflammatory 

macrophages and Signal Transducer and Activation of Transcription 1 (STAT1) on stimulated 

pro-inflammatory macrophages.  

TLRs, part of the PRRs previously discussed, are required for provoking the innate immune 

system response to inflammatory signals. This evoking triggers intracellular signalling 

pathways, e.g. NF-əB [307]. NF-əB, when activated, can create a cascade of activating stimuli, 

triggering a response from Jmjd3, a cellular reprogramming protein, required for mounting 

anti-bacterial and anti-parasitic responses[331]. While this is crucial for pro-inflammatory 

macrophage polarization, it also targets IRF4, a transcription factor, via Jmjd3-mediated 

demethylation which is crucial for the induction of anti-inflammatory macrophage responses 

[332]. IRF4 orchestrates regulatory functions within both the innate and adaptive immune system 

[333, 334], responsible for TH2 effector differentiation, and differentiation and proliferation of 

Tregs, and for the polarization for anti-inflammatory macrophages. IRF4 is not regulated by 

interferon, however, an inhibition of IRF4 can directly enhance production of IFN-ɔ[335, 336]. 

IRF4 has also been implicated in suppressing osteogenic differentiation of BM-MSCs via the 

downregulation of osteogenic regulators[337]. IRF4 is an important regulator of anti-

inflammatory macrophage responses via the NF-əB  pathway. We hypothesised that this marker 

would be increased following MSC co-culture with pro-inflammatory macrophages due to the 

anti-inflammatory effects previously shown by licensed MSCs. 

To investigate the levels of IRF4 following macrophage : MSC co-culture, we stained for IRF4 

and gated based on pan-marker CD11b+ (Figure 3.15) (A)). Interestingly, (ii) there was a 

significant frequency increase in IRF4 expression from treatment with syngeneic Balb/cUTR, 

however not for either treatment of FVB MSCs or (iii) for fluorescent intensity. Additionally, 

(iv) when gated on CD11b- there was an increased expression of IRF4 from FVB MSCUTR 

compared to anti-inflammatory activated macrophages.  

STAT1 is a vital transcriptional factor required for pro-inflammatory polarization. As IFN-ɔ 

production is upregulated and secreted it binds to the surface of T lymphocytes, where it 

activates the receptor-associated tyrosine kinases Janus kinase 1 (JAK1) and JAK2. This 

activation provokes the stimulation of STAT1, phosphorylating conserved tyrosine residue [338-

340]. STAT1 is believed to initiate macrophage development and potentially skew macrophages 
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towards a pro-inflammatory phenotype[341, 342]. The presence of STAT1 has also been 

implicated in the enhancement of MSC-mediated T lymphocyte suppression[343]. 

To investigate this role of STAT1, we assessed the expression of STAT1 by flow cytometry 

and gated based on pan-marker CD11b- (Figure 3.15 (B)). Interestingly, we found no 

frequency (Fig 3.15 (B)(ii)) or fluorescence expression differences between pro-inflammatory 

control and Balb/cUTR, FVB MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ (Figure 3.15 (B)(iii)). However, 

there was a significant increase in STAT1 expression from FVB MSCTNF-Ŭ/IL-1ɓ from CD11b- 

populations (Figure 3.15 (B)(iv)). STAT1 expression on MSCs can indicate an enhanced 

immunomodulatory capacity and induce production of NO in response to inflammatory cues. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Three: Investigating the in vitro immunomodulatory capacity of murine TNF-Ŭ/IL-1ɓ 

licensed MSCs 

фт 
 

 

Figure 3.15: MSCUTR Significantly Express IRF4 and STAT1 Following BMDM Co-

Culture Pro-inflammatory stimulated macrophages were cultured for 72hr with Balb/c MSCUTR, FVB 

MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ MSCs and analysed for the expression of transcription factors IRF4 and 

STAT1. (A) (i) Representative flow cytometry histogram of IRF4 expression, (ii) total percentage gated 

on CD11b+, (iv) fluorescence intensity gated on CD11b-.  (B) (i) Representative flow cytometry 

histogram of STAT1 expression, (ii) total percentage gated on CD11b+, (iv) fluorescence intensity 

expression gated on CD11b-.  Data represented as mean Ñ SD, statistical significance was assessed via 

One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, (n=3). 
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3.3.9 Cytokine Secretion Profile of BMDMs 

We have previously shown the effect of TNF-Ŭ/IL-1ɓ licencing on allogeneic MSCs and the 

characteristic and phenotypical alterations to the MSC surface caused by the pro-inflammatory 

stimuli. The inhibition of mitochondrial respiration and upregulation of NO secretion following 

licencing could be an important factor in pro-inflammatory downregulation and upregulation 

of anti-inflammatory macrophage markers. The macrophage secretomes, therefore, could give 

further insights into their function and phenotypical alterations that are not clear from surface 

expression.  

Supernatants from pro-inflammatory-polarised macrophages co-cultured alone, or with 

Balb/cUTR, FVB MSCUTR or FVB MSCTNF-Ŭ/IL-1ɓ for 72hrs were analysed for levels of pro-

inflammatory and anti-inflammatory chemokines and cytokines.  

MSCTNF-Ŭ/IL-1ɓ significantly increased the secretion of (Figure 3.16 (A)) (i) KC (CXCL1), (iii) 

CCL-17 and (iv) IL-18 compared to pro-inflammatory stimulated macrophages, however had 

no effect on (ii) TNF-Ŭ levels. Levels of anti-inflammatory cytokine granulocyte colony-

stimulating factor (G-CSF), a glycoprotein responsible for maturation of granulocytes and 

neutrophils[344], was significantly increased in MSCTNF-Ŭ/IL-1ɓ treated macrophages compared to 

control and other MSC treatment groups (Figure 3.16 (B)). IL-6 is a pleiotropic cytokine, 

undergoing skewed phenotype of both pro-inflammatory and anti-inflammatory roles 

depending on its exposure to stimuli in the microenvironment. In this assay, IL-6 secretion was 

significantly increased in MSCTNF-Ŭ/IL-1ɓ compared to control, but not any other treatment group 

(Figure 3.16 (C)). 

Supernatants were also analysed for TGF-ɓ1, IL-10, MDC (CCL22), IL-12p40, IL-12p70 and 

IL-23. However, measurements were below the detection threshold in all groups and could not 

be quantified (data not shown).  
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Figure 3.16: Allogeneic MSCTNF-Ŭ/IL-1ɓ Alter Cytokine Secretion Profile of Pro-

Inflammatory Stimulated Macrophages. Supernatants from pro-inflammatory-polarised BMDM 

co-cultured with Balb/cUTR, FVBUTR or FVBTNF-Ŭ/IL-1ɓ and evaluated for the levels of various pro-

inflammatory (KC, TNF-Ŭ, IL-18, CCL-17, IL-6) and anti-inflammatory (G-CSF, IL-6) chemokines 

and cytokines after 72hr. Levels were quantified using the BioLegend LEGENDPlexÊ Macrophage 

Panel (13-plex). Data represented as mean Ñ SD, statistical significance was assessed via One-way 

ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,  

(n=3/4). 
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3.3.10 Immunosuppressive Properties of Allogeneic MSCTNF-Ŭ/IL-1ɓ on 

Adaptive Immune System 

T lymphocytes are important components of the adaptive immune system. T lymphocytes are 

generated within the lymphoid tissues and can be present as naµve T lymphocytes until 

activated by circulating APCs[345]. Macrophages and dendritic cells present antigens to 

lymphocytes, binding to the MHC molecules and eliciting the production of T lymphocytes [346, 

347]. The continuous secretion of IL-2 from proliferating T lymphocytes mediate the activation 

and proliferation of further lymphocytes [348, 349]. Following activation, T lymphocytes can then 

mature into effector T cells; CD4+ T lymphocytes should the antigen bind to the MHC II 

receptor, or CD8+ T lymphocytes if the antigen is presented on MHC I receptor on the APC 

surface[350]. Effector T cells can rapidly kill infected cells and continuously secrete 

inflammatory cytokines to alert other members of the innate and adaptive immune system via 

chemotactic signalling - chemokines and cytokines. Additionally, effector CD4+ T cells can 

accelerate B-cell responses and further enhance CD8+ (cytotoxic) T lymphocyte development 

via APCs or IL-2 secretion[351]. There are discrepancies on the complete roles of CD4+ T 

lymphocytes and CD8+ T lymphocytes in effector development. Some report that CD4+ T 

lymphocytes are responsible for the activation of CD8+ T lymphocytes and continuous 

production of IL-2[352, 353], however others state that CD8+ T lymphocytes independently 

secrete IL-2 for their own sustenance[354, 355]. Additionally, reports claim that CD4+ T 

lymphocytes are necessary for a órobustô secondary expansion of memory CD8+ T 

lymphocytes, via tumour-necrosis factor-related apoptosis-induced ligand (TRAIL), which 

continuously induces cell death and cell activation [356].  

Tregs are a subpopulation of T lymphocytes vital for immune homeostasis, capable of 

supressing other infiltrating T lymphocytes, mediating immune tolerance and self/non-self-

discrimination[357, 358]. Tregs reside within both lymphatic and non-lymphatic tissue, while 

circulatory Tregs can be recruited and undergo expansion following stimuli of tissue 

damage[359]. CD4+ T lymphocytes can present as two distinct lineage: Conventional T helper 

(Th) cells, and Tregs. Th cells can activate other effector cells via antigen-specific methods, 

e.g. cytotoxic CD8+ T lymphocytes, while Tregs can suppress the potentially harmful activities 

of Th cells[360, 361]. Tregs express both CD25+ and FoxP3, both vital for suppression, immune 

tolerance, and mediating tissue repair[362]. Tregs can mediate anti-inflammatory responses by 

promoting the secretion of anti-inflammatory cytokines, e.g. IL-10, TGF-ɓ1, or acting on APCs 

by limiting their efforts to stimulate effector T lymphocytes, inhibiting the production and 
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secretion of pro-inflammatory cytokines[363]. Tregs are óanergicô and do not produce IL-2 

naturally, however, require IL-2 for differentiation and proliferation and rely on other 

mechanisms for their exposure to IL-2. The presence of CD25+ expressed on Treg surface 

mediates apoptosis of effector proliferative T lymphocytes, allowing Tregs to consume this 

remaining IL-2 and mediate their survival[364]. The importance of Tregs in negatively regulating 

the immune response has been extensively studied and knockout studies have shown that mice 

lacking in FoxP3 develop lethal lymphoproliferative autoimmune diseases or elevated levels 

of serum immunoglobulins and result in autoreactive antibodies and a condition known as 

IPEX [82, 365].   

To assess any inhibitory effect of syngeneic or allogeneic MSCs on CD3+, CD4+ and CD8+ T 

lymphocytes, we cultured Balb/cUTR, FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ under normoxic 

conditions and cultured in T lymphocyte co-culture at 1:5 and 1:10 ratios with anti-CD3/CD28 

stimulated lymphocytes isolated from the spleens of Balb/c mice. (Figure 3.17)(A)). T 

lymphocytes were also stained with CellTraceViolet (CTV) to assess the proliferative capacity 

of stimulated T lymphocytes and those co-cultured with MSCs. T lymphocyte co-cultures were 

incubated for 96hrs. Following incubation, proliferative frequency of CD3+, CD4+ and CD8+ 

T lymphocyte populations and >3 generations were analysed via flow cytometry (Figure 

3.17)(B)).   

Firstly, FVB MSCTNF-Ŭ/IL-1ɓ had clear inhibitory effects on CD3+ T lymphocyte proliferation as 

represented from flow cytometry histograms (Figure 3.18) (A)) for (i) 1:5 and (ii) 1:10 MSC 

ratios. FVB MSCTNF-Ŭ/IL-1ɓ did not affect the (Figure 3.18) (B)) (i) frequency of CD3+ for 1:5 

ratio, however for 1:10 frequency and for both 1:5 and 1:10 ratios in (ii) total proliferative 

frequency and (iii) frequency of >3 generation CD3+ T lymphocytes compared to stimulated T 

lymphocytes were significantly inhibited. There were also significant differences between FVB 

MSCTNF-Ŭ/IL-1ɓ compared to Balb/cUTR and FVB MSCUTR treated lymphocytes.  

Similarly, FVB MSCTNF-Ŭ/IL-1ɓ had clear inhibitory effects on CD3+CD4+ T lymphocyte 

proliferation as represented from flow cytometry histograms (Figure 3.19) (A)) for (i) 1:5 and 

(ii) 1:10 MSC ratios. Interestingly, FVB MSCTNF-Ŭ/IL-1ɓ did not affect the (Figure 3.19) (B)) (i) 

frequency of CD3+CD4+ T lymphocytes for 1:5 or 1:10 ratios, however there was a significant 

inhibition following Balb/cUTR for 1:5 and FVB MSCUTR for both 1:5 and 1:10 ratios. FVB 

MSCTNF-Ŭ/IL-1ɓ had clear inhibitory effects on (ii) total proliferation of CD3+CD4+ T 

lymphocytes for both 1:5 and 1:10 ratios, as well as inhibiting (iii) frequency of >3 generations.  
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FVB MSCTNF-Ŭ/IL-1ɓ had clear inhibitory effects on CD3+CD8+ T lymphocyte proliferation as 

represented in flow cytometry histograms (Figure 3.20) (A)) for (i) 1:5 and (ii) 1:10 MSC 

ratios. Interestingly, both Balb/cUTR and FVB MSCUTR lead to a significant increase in (i) 

CD3+CD8+ T lymphocyte 1:5 frequency, however only FVB MSCUTR co-culture resulted in a 

significant increase in 1:10 cohort (ii). In comparison, FVB MSCTNF-Ŭ/IL-1ɓ had no significant 

effect on (Figure 3.20) (B)(i)) the frequency of CD3+CD4+, however exhibited clear inhibition 

for (ii) total proliferation frequency and (iii) frequency of >3 generations.  
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Figure 3.17: Gating Strategy for Flow Cytometry Analysis of Proliferative T Lymphocyte 

Surface Protein Expression Profile. (A) T lymphocytes were isolated from lymph nodes and 

spleen of Balb/c mice and stained with Cell Trace Violet (CTV) and stimulated with anti-CD3/CD28 

activation beads before being added to a 96 well plate. Licensed or untreated allogeneic FVB MSCs or 

syngeneic Balb/c MSCs were cultured at 1:5 (1 MSC to 5 lymphocytes) or 1:10 ratios with Balb/c T 

lymphocytes for 96hrs. (B) Lymphocytes were selected via cell size and granularity, single cell gating 

to disregard doublets and live/dead discrimination was conducted on SYTOX negative cells (live). 

CD3+, CD3+CD4+ and CD3+CD8+ cells were used to determine lymphocyte frequency, further selected 

based on respective FMOs. Total proliferation was gated from the unstimulated T lymphocyte peak. >3 

Generation proliferation was gated from the third peak of proliferation of stimulated T lymphocytes. 
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Figure 3.18: Allogeneic MSCTNF-ŭ/IL-1ɓ Significantly Inhibit Proliferation of CD3+ T 

Lymphocytes. Syngeneic Balb/c MSCUTR and allogeneic FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were 

cultured at 1:5 (MSC : T Lymphocyte) and 1:10 (MSC : T Lymphocyte) ratios in Balb/c T lymphocyte 

co-cultures for 96hrs with anti-CD3/CD28 stimulated lymphocytes. CTV staining was used to 

determine lymphocyte proliferation. Lymphocytes were discriminated based on CD3+ positivity. (A) 

Representative flow cytometry histograms of (i) 1:5 and (ii) 1:10 proliferation peaks. (B) Lymphocyte 

proliferation per generation was also used to determine the effect of MSC treatment on T lymphocyte 

generation progression for (i) CD3+ total percentage, (ii) total percentage of total CD3+ proliferation 

and (iii) total percentage of 3> Generations. Data represented as mean Ñ SD, statistical significance was 

assessed via One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, (n=3).  
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Figure 3.19: MSCTNF-ŭ/IL-1ɓ Significantly Inhibit Proliferation of CD3+CD4+ T 

Lymphocytes. Syngeneic Balb/c MSCUTR and allogeneic FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were 

cultured at 1:5 and 1:10 ratios in Balb/c T lymphocyte co-cultures for 96with anti-CD3/CD28 stimulated 

lymphocytes. CTV staining was used to determine lymphocyte proliferation. Lymphocytes were 

discriminated based on CD3+CD4+ positivity. (A) Representative flow cytometry histograms of (i) 1:5 

and (ii) 1:10 proliferation peaks. (B) Lymphocyte proliferation per generation was also used to 

determine the effect of MSC treatment on T lymphocyte generation progression for (i) CD3+CD4+ total 

percentage, (ii) total percentage of total CD3+CD4+ proliferation and (iii) total percentage of 3> 

Generations. Data represented as mean Ñ SD, statistical significance was assessed via One-way 

ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

(n=3). 
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Figure 3.20: MSCTNF-ŭ/IL-1ɓ Significantly Inhibit Proliferation of CD3+C8+ T 

Lymphocytes. Syngeneic Balb/c MSCUTR and allogeneic FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were 

cultured at 1:5 and 1:10 ratios in Balb/c T lymphocyte co-cultures for 96hrs with anti-CD3/CD28 

stimulated lymphocytes. CTV staining was used to determine lymphocyte proliferation. Lymphocytes 

were discriminated based on CD3+CD8+ positivity. (A) Representative flow cytometry histograms of 

(i) 1:5 and (ii) 1:10 proliferation peaks. (B) Lymphocyte proliferation per generation was also used to 

determine the effect of MSC treatment on T lymphocyte generation progression for (i) CD3+ CD8+ total 

percentage, (ii) total percentage of total CD3+CD8+ proliferation and (iii) total percentage of 3> 

Generations. Data represented as mean Ñ SD, statistical significance was assessed via One-way 

ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

(n=3). 
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Following proliferative T lymphocyte cultures, we next investigated the effect of MSCs on 

Treg expansion. The expression of CD4+CD69+ was firstly investigated. CD69 is an important 

early activation marker of T lymphocytes, in addition to granulocytes, macrophages and 

dendritic cells[366], functioning in the regulation of immune responses by suppressing 

production of pro-inflammatory cytokines, and a link to the expression and differentiation of 

FoxP3+ cells[367]. It is also vital for the pathogenesis of inflammatory conditions and could 

possibly be involved in the regulation of lymphocyte retention within lymphatic organs. CD69+ 

is highly expressed on CD8+ T lymphocytes in the tumour microenvironment [366].  

CD4+CD25+CD69+ and CD4+CD25negCD69
+ populations were also investigated. 

CD4+CD25negCD69
+ has been identified as a novel ósubsetô of CD4+ Tregs within a tumour-

bearing mouse model. This population of Tregs do not express FoxP3, due to being negative 

for CD25, however are reported to express TGF-ɓ1 and secrete IL-10 [368]. While this does not 

necessarily classify them as Tregs, a population characterised specifically based on expression 

of CD25+ and FoxP3, the potential of this subset of T lymphocytes could be advantageous for 

immunomodulation and highlighting different pathways involved in immunosuppression. 

Balb/cUTR, FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were cultured under normoxic conditions 

and cultured in T lymphocyte co-culture at 1:5, 1:10 and 1:50 ratios with anti-CD3/CD28 

stimulated lymphocytes isolated from spleens of Balb/c mice and cocultured with MSCs. T 

lymphocyte co-cultures were incubated for 120hrs. Following incubation, the frequency and 

fluorescence intensity of CD4+, CD4+CD69+, CD4+CD25+CD69+, CD4+CD25negCD69
+ and 

CD4+CD25hiFoxp3 populations were analysed via flow cytometry (Figure 3.21).  

It was observed that FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ had significant reductions in the 

frequency of CD4+ cells within 1:5, 1:10 and 1:50 ratios compared to stimulated T lymphocyte 

controls (Figure 3.22) (A)). Further, it was found that FVBTNF-Ŭ/IL-1ɓ had a significant increase 

in (Figure 3.22) (B)) (i) frequency of CD4+CD69+ within 1:10 and 1:50 ratios, however, this 

was not shown for (ii) fluorescent intensity. 

Additionally, (Figure 3.23) (A)) (i) the frequency of CD69+ within CD4+CD25+ populations 

were shown to increase within all three ratio groups of FVB MSCUTR and FVBTNF-Ŭ/IL-1ɓ 

treatment wells, and (Figure 3.23)(A)(ii)) there was an increasing trend in fluorescent intensity, 

significant compared to Balb/c cohorts. In comparison, (Figure 3.23) (B)) (i) only the 1:50 

ratio of FVB MSCTNF-Ŭ/IL-1ɓ had a significant frequency increase within the CD25negCD69
+ 

category which was not shown for (Figure 3.23)(B)) (ii) fluorescent intensity. 
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Finally, the expression of CD4+CD25hiFoxP3 expression was analysed (Figure 3.23). FVB 

MSCTNF-Ŭ/IL-1ɓ was only effective in (i) frequency increase within the 1:50 groups, with no 

effect from the FVBUTR cohort. There were no (ii) fluorescent intensity differences following 

MSC treatments. 
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Figure 3.21: Gating Strategy for Flow Cytometry Analysis of Regulatory T Lymphocyte 

Surface and Intracellular Protein Expression Profile. T lymphocytes were isolated from lymph 

nodes and spleen of Balb/c mice and stimulated with anti-CD3/CD28 activation beads before being 

added to a 96 well plate. Licensed or untreated allogeneic FVB MSCs or syngeneic Balb/c MSCs were 

cultured at 1:5 (1 MSC to 5 lymphocytes) or 1:10 and 1:50 ratios with Balb/c T lymphocytes for 120hrs. 

Lymphocytes were selected via cell size and granularity, single cell gating to disregard doublets and 

live/dead discrimination was conducted on SYTOX negative cells (live). CD4+ was used for 

lymphocyte discrimination and CD69+, CD25+ and FoxP3 were further selected based on respective 

FMOs. 

 

 

 

Figure 3.22: Allogeneic MSCUTR and MSCTNF-a/IL-1B Significantly Inhibit Proliferation of 

CD4+ T Lymphocytes and Significantly Promotes Expansion CD4+CD69+ at Lower MSC 

: Lymphocyte Ratios. Syngeneic Balb/c MSCUTR and allogeneic FVB MSCUTR and FVB MSCTNF-

Ŭ/IL-1ɓ were cultured at 1:5 and 1:10 ratios in T lymphocyte co-cultures for 120hrs with anti-CD3/CD28 

stimulated lymphocytes. Lymphocytes were discriminated based on CD4+ positivity. (A) Total 

percentage of CD4+ for 1:5, 1:10 and 1:50 ratios. (B) (i) Total percentage and (ii) fluorescence intensity 

of CD4+CD69+ for 1:5, 1:10 and 1:50 ratios. Data represented as mean Ñ SD, statistical significance 

was assessed via One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, (n=3). 
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Figure 3.23: Allogeneic MSCUTR and MSCTNF-a/IL-1B Significantly Promotes Expansion of 

CD4+CD25negCD69+ T Lymphocytes at Lower MSC : Lymphocyte Ratios. Syngeneic 

Balb/cUTR and allogeneic FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were cultured at 1:5 and 1:10 ratios in 

T lymphocyte co-cultures for 120hrs with anti-CD3/CD28 stimulated lymphocytes. Lymphocytes were 

discriminated based on CD4+ positivity. (A) (i) total percentage and (ii) MFI of CD4+CD25+CD69+ for 

1:5, 1:10 and 1:50 ratios. (B) (i) total percentage and (ii) fluorescence intensity of CD4+CD25-CD69+ 
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for 1:5, 1:10 and 1:50 ratios. Data represented as mean Ñ SD, statistical significance was assessed via 

One-way ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, (n=3). 

 

 

 

 

 

 

Figure 3.24: Allogeneic MSCTNF-a/IL-1B Promotes Expansion CD4+CD25hiFOXP3+ T 

Lymphocytes at Lower MSC : Lymphocyte ratios. Syngeneic Balb/cUTR and allogeneic FVB 

MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ were cultured at 1:5 and 1:10 ratios in T lymphocyte co-cultures for 

120hrs with anti-CD3/CD28 stimulated lymphocytes. Lymphocytes were discriminated based on CD4+ 

positivity. (A) (i) total percentage and (ii) fluorescence intensity of CD4+CD25++FoxP3 for 1:5, 1:10 

and 1:50 ratios. Data represented as mean Ñ SD, statistical significance was assessed via One-way 
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ANOVA, Tukeyôs multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

(n=3). 
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3.3.11 Cytokine Secretion Profile of Stimulated T Lymphocytes 

To assess the phenotypic characterisation of T lymphocytes following proliferative and 

regulatory co-cultures, we investigated the levels of cytokines secreted from various Th 

subsets. Supernatants from anti-CD3/CD28-stimulated Balb/c T lymphocytes co-cultured with 

Balb/c MSCUTR, FVB MSCUTR and FVB MSCTNF-Ŭ/IL-1ɓ for 120hrs were collected and analysed 

via the Biolegend LEGENDPlexÊ T Helper Cytokine Panel (Table 3.1).  

Table 3.1:  Classification of T helper subset cytokine secretion profiles 

 Th1 Th2 Th9 Th17  

TNF-Ŭ ṉ   ṉ  

IFN-ɔ ṉ     

IL-2 ṉ ṉ    

IL-6  ṉ  ṉ  

IL-4  ṉ    

IL-10  ṉ    

IL-13  ṉ    

IL-5  ṉ    

IL-9   ṉ   

IL-17    ṉ  

 

Th1-associated cytokines (Figure 3.25) (A) TNF-Ŭ, (B) IFN-ɔ and (C) IL-2 were significantly 

inhibited following FVB MSCTNF-Ŭ/IL-1ɓ across 1:5, 1:10 and 1:50 ratios. Interestingly, both 

Balb/cUTR and FVB MSCUTR also had a significant inhibition of IL-2 secretion within 1:5, 1:10 

and 1:50, ratios. Th2-associated cytokines, (E) IL-4, (F) IL-10 and (G) IL-13 were all 

significantly reduced following FVB MSCTNF-Ŭ/IL-1ɓ treatment. However, (D) IL-6 was 

significantly upregulated in all three ratio groups following FVB MSCTNF-Ŭ/IL-1ɓ treatment. 

Alternatively, (H) IL-5 showed no significant difference compared to stimulated T cell control. 

There was a significant difference in Th17-associated cytokine (I) IL-17A in all treatment 

groups. Th9-associated cytokine (J) IL-9 was also significant reduced following FVB MSCTNF-

Ŭ/IL-1ɓ, as well as both Balb/cUTR and FVB MSCUTR. IL-22, a cytokine secreted from both Th1 

and Th17 subsets, was also analysed, however secretion levels were below threshold of 

detection and therefore were not quantified (data not shown).   
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Figure 3.25: Allogeneic MSCTNF-a/IL-1B Induces Significant Alterations in the Secretion of 

Th1, Th2, Th17 and Th9 CD4+ T lymphocyte Cytokines. Supernatants of stimulated Balb/c 

lymphocytes treated with 1:5, 1:10 and 1:50 ratios of  Balb/cUTR, FVB MSCUTR and FVB MSCTNF-a/IL-

1B and incubated for 120 hours were collected and analysed for levels of Th-related cytokines. Secreted 

levels of (A) TNF-Ŭ,, (B) IFN-ɔ, (C) IL-2, (D) IL-6, (E) IL-4, (F) IL-10, (G) IL-13, (H) IL-5, (I) IL-9, 

(J) IL-17A were quantified using the BioLegend LEGENDPlexÊ T Helper Cytokine Panel (12-plex). 

Data represented as mean Ñ SD, statistical significance was assessed via One-way ANOVA, Tukeyôs 

multiple comparison post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, (n=3) 
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Table 3.2: Summary of MSC Modulation on Immune Cells in vitro. ó-ó indicates an insignificant 

result. 

In vitro FVB MSCUTR % (Compared to 

Pro-inflammatory) 

FVB MSCTNF-Ŭ/IL-1ɓ % (Compared 

to Pro-Inflammatory) 

Macrophages 

MHC-I - - 

MHC-II - - 

CD80 - - 

CD86 - - 

CD206 - Upregulated 

Arginase-1 - - 

IRF4 - - 

STAT1 - - 

KC (CXCL1) - Upregulated 

TNF-Ŭ - - 

CCL-17 - Upregulated 

IL-18 - Upregulated 

G-CSF - Upregulated 

IL-6 - Upregulated 

T Lymphocytes 

CD3+ - Downregulated 

CD4+ - Downregulated 

CD8+ - Downregulated 

CD4+CD69+ - Upregulated (1:10, 1:50) 

CD4+CD69+CD25+ Upregulated (1:5, 1:10, 1:50) Upregulated (1:5, 1:10, 1:50) 

CD4+CD69+CD25- - Upregulated (1:50) 

CD4+CD25++FoxP3+ - - 

IFN-ɔ - Downregulated (1:5, 1:10, 1:50) 

TNF-Ŭ Downregulated (1:5, 1:50) Downregulated (1:5, 1:10, 1:50) 

IL-2 Downregulated (1:5, 1:10, 1:50) Downregulated (1:5, 1:10, 1:50) 

IL-6 - Upregulated (1:5, 1:10, 1:50) 

IL-4 Downregulated (1:5, 1:50) Downregulated (1:5, 1:10, 1:50) 

IL-10 Downregulated (1:10, 1:50) Downregulated (1:5, 1:10, 1:50) 

IL-13 Downregulated (1:50) Downregulated (1:5, 1:10, 1:50) 

IL-5 - - 

IL-17A Downregulated (1:10, 1:50) Downregulated (1:5, 1:10, 1:50) 

IL-9 Downregulated (1:5, 1:10, 1:50) Downregulated (1:5, 1:10, 1:50) 
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3.4 Discussion 

 In this chapter, the immunomodulatory potential of TNF-Ŭ/IL-1ɓ licensed allogeneic MSCs 

and therapeutic efficacy in vitro was investigated. We showed that both syngeneic Balb/cUTR 

and allogeneic FVB MSCUTR did not inhibit proliferation of licensed T lymphocytes, however 

allogeneic MSCTNF-Ŭ/IL-1ɓ were shown to promote anti-inflammatory phenotypes, via the 

inhibition of proliferating T lymphocytes and expansion of CD69+CD25+ T lymphocytes and 

Tregs. MSCTNF-Ŭ/IL-1ɓ also significantly reduced the fluorescent intensity of MHC-I and 

upregulated CD206 expression on macrophage surface. MSCTNF-Ŭ/IL-1ɓ were also shown to 

significantly express CD80 on their surface, which may be a strain-specific marker. 

In this chapter it was established that TNF-Ŭ/IL-1ɓ licensing can significantly alter the 

phenotype of MSCs based on flow cytometry analysis. MSCTNF-Ŭ/IL-1ɓ were identified as having 

superior ability to modulate immune cells via co-culture assays compared to their unlicensed 

counterparts MSCUTR and syngeneic Balb/cUTR. 

 

TNF-Ŭ/IL-1ɓ MSC Cell Surface Phenotype 

FVB MSCs were identified as an MHC-mismatched third-party cell type to test the allogeneic 

potential in ocular inflammatory conditions. FVB mice are an homozygous inbred strain that 

express a mutated Pde6b gene that can result in early onset retinal degeneration[369]. Many 

ocular and various other disease models have focused on Balb/c and C57BL/6 mouse strains 

as MSC donors or recipient treatments[102, 103, 370-373]. However, the popularity of both strains 

and being the ógold-standardô go-to mouse strain for research studies can lead to condensed 

results. While both strains are inbred, thereby having little variance between biological 

replicates to ensure reproducibility, the popularity of only using specific strains can prevent 

further investigations into immune therapeutics. Bleul et al[371] disputed how translatable these 

models can mimic immunological mechanisms during corneal allograft rejection in a clinical 

setting. Following a corneal transplant of syngeneic and allogeneic tissue to Balb/c and 

C57BL/6 mice, without any therapeutic intervention, both Balb/c and C57BL/6 rejected the 

allogeneic graft, with 40% of C57BL/6 mice rejecting the syngeneic graft compared to 20% 

Balb/c syngeneic rejection. However, Balb/c had considerably less inflammation and innate 

immune infiltration to a syngeneic graft compared to C57BL/6 mice. C57BL/6 mice had more 

pronounced formation of inflamed anterior synechiae compared to Balb/c mice, attributed to 

the aggressiveness at which C57BL/6 transplanted grafts failed. While only F4/80 and CD38 



Chapter Three: Investigating the in vitro immunomodulatory capacity of murine TNF-Ŭ/IL-1ɓ 

licensed MSCs 

ммт 
 

markers were used to assess the infiltration of macrophages to the grafts, C57BL/6 rejected 

grafts had a higher frequency for both syngeneic and allogeneic grafts, compared to Balb/c 

mice. It is interesting to note that 80% of Balb/c syngeneic grafts survived to project endpoint, 

compared to 60% C57BL/6 syngeneic grafts, as there is no foreign antigen present on 

syngeneic graft tissue. This work highlighted that a C57BL/6 model would be useful for high-

risk transplant model research but acknowledged that both mouse strains have different 

immune responses to rejection. Maruyama et al[374] highlighted that C57Bl/6 mice have a 

higher rejection rate to Balb/c following allogeneic corneal transplant due to the large number 

of infiltrating CD11b+ and F4/80+ to the inflamed cornea. C57BL/6 also undergo a rapid rate 

of lymphangiogenesis compared to Balb/c following MHC-mismatched corneal transplant. The 

Balb/c model is regarded as the gold standard, due to not rejecting syngeneic grafts at the same 

rate as C57BL/6 mice. The Balb/c model is suited to corneal transplantation, yielding more 

positive results compared to C57BL/6. From previous work, C57BL/6 MSC following 

C57BL/6 corneal allograft to a Balb/c recipient also leads to therapeutically efficacious 

results[103, 372]. However, the fact remains that this treatment is a narrow range that can give 

false perceptions on how effective a treatment will be when implemented in human clinical 

studies, perhaps a reason why so many pre-clinical studies do not make it to the clinical 

setting[375]. FVB were elected as a óthird-partyô allogeneic MSC treatment to modulate third-

party conditions in a clinical setting and to possibly elect new strategies in cellular therapeutics 

and highlight strain-dependent mechanisms. While the initial goal was to directly compare this 

third-party mechanism in a corneal allograft setting, the model was required to switch to 

corneal alkali injury, where FVB MSCs served as an allogeneic treatment to C57BL/6 alkali 

injured mice. 

TNF-Ŭ/IL-1ɓ licencing of MSCs induced significant morphological changes compared to 

MSCUTR, a significant reduction in cell counts and increased cell granularity and decreased cell 

size. An inflammatory stimulus can significantly affect the morphology of MSCs, shown by 

the óspindleô and elongated structure. Klinker et al[376] demonstrated that this elongated 

morphology, following IFN-ɔ licencing of hBM-MSCs, corresponded with a more 

immunosuppressive MSC phenotype compared to untreated MSC.  In comparison, Wedzinska 

et al[377] reported Wharton-jelly MSCs licensed with TNF-Ŭ and IL-1ɓ maintained a fibroblastic 

shape and did not undergo morphological changes. This further highlights MSCs isolated from 

different tissues can respond differently to pro-inflammatory stimuli. 
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In this chapter we found that TNF-Ŭ/IL-1ɓ significantly altered the morphology of MSCs, while 

also showing potent inhibitory and immunosuppressive properties. The elongated morphology 

was accompanied by reduced cell number and increased granularity. Klinker et al[376] correlated 

morphological changes following pro-inflammatory stimulus to immunosuppressive capacity 

via suppression of T lymphocytes via PMBC co-cultures. It is interesting to note that, in this 

present study, TNF-Ŭ/IL-1ɓ licensed MSCs demonstrated both morphological changes and 

potent immunosuppressive properties. The increase in granularity and reduced cell count may 

be indicative that this pro-inflammatory stimulus induces cell stress. A limitation to this work 

was that we did not investigate apoptosis via 7-AAD positive or PI/Annexin V. However, 

following MSC culture, we counted dead cells via trypan blue and did not see any significant 

effect on cell death. We hypothesise that this inflammatory stimulus reduces the proliferative 

capacity of MSCs, however, this does not necessarily induce cell death. A future insight would 

be to determine if this licensing stimulates apoptosis quicker in MSCs compared to unlicensed 

counterparts. Recent studies have highlighted that apoptotic MSCs can elicit 

immunosuppression following administration in vivo. Porta et al[378] and Ossina et al[379] 

reported IFN-ɔ can upregulate apoptotic genes, e.g. FasL and interferon-regulatory factor 1 

(IRF1), whereas both TNF-Ŭ and IL-1ɓ influence apoptosis via NF-əB and FasL induction[380]. 

Pro-inflammatory stimulation of MSCs can inhibit proliferation and alter morphology to a 

more stress-like structure, however, this does not seem to impact the therapeutic effectiveness 

of the MSCs. 

MSCTNF-Ŭ/IL-1ɓ were positive for standard MSC characterisation markers, however TNF-Ŭ/IL-

1ɓ licencing was shown to significantly alter the MSC surface phenotype. MHC-I remained 

unchanged, while both CD73 and CD44 were significantly increased. Alternatively, both CD29 

and Sca-1 were significantly decreased. This supports our hypothesis that TNF-Ŭ/IL-1ɓ 

licencing actively inhibits cell proliferation, as both CD29 and Sca-1 are involved in cell 

differentiation and proliferation[381, 382].  

MSCTNF-Ŭ/IL-1ɓ were shown to upregulate PD-L1 on the cell surface. Previous work 

investigating IFN-ɔ-induced upregulation of PD-L1 has reported this activation is via STAT1-

induced IRF-1 signalling[383]. TNF-Ŭ/IL-1ɓ are believed to upregulate PD-L1 via NF-əB, a 

transcription factor, necessary for the regulation and expression of pro-inflammatory 

cytokines[286] [384]. In this chapter, we showed that MSCTNF-Ŭ/IL-1ɓ express both STAT1 and IRF-

4 following co-culture with pro-inflammatory macrophages. The upregulation of STAT1 via 

the JAK/STAT pathway can induce the production of IFN-ɔ, which can further upregulate NF-
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əB expression and PD-L1 overexpression, influencing the expansion of Tregs and limiting the 

expression of Th2 and Th17 responses[385]. Additionally, IRF4 expression has been 

significantly correlated with PD-L1 expression, playing a major role in regulating immune 

responses[386]. IRF4 and NF-əB are also regulated in a feed-forward loop involved in regulating 

genes response for T lymphocyte function[387]. While beyond the scope of this project, it would 

be of interest to highlight the pathway involved in this upregulated expression of PD-L1 

following TNF-Ŭ/IL-1ɓ, potentially implicating additional roles of NF-əɓ.  

MSCTNF-Ŭ/IL-1ɓ displayed an increase in MSC markers which are involved in immunoregulation. 

CD44 is a glycoprotein with a role in cell adhesion and migration[388]. This was found to be 

upregulated on the surface of MSCTNF-Ŭ/IL-1ɓ. CD44 expression has been implicated on the 

surface of memory T lymphocytes, a potential indicator of previous immune responses[389, 390]. 

It has also been correlated with anti-inflammatory macrophage polarization and 

immunosuppression[391, 392]. CD73 is an enzyme involved in the production of ATP via the 

hydrolysis of AMP to adenosine. This mechanism has been implicated in suppressing T 

lymphocyte activity and upregulation of Treg expansion. It also functions in polarising pro-

inflammatory macrophages towards a more anti-inflammatory phenotype[393, 394]. MSCTNF-Ŭ/IL-

1ɓ were shown to significantly inhibit proliferation of stimulated T lymphocytes and 

encouraged anti-inflammatory macrophages via CD206 expression. This may have been 

mediated via the upregulation of CD44 and CD73 on MSC surface, which could indicate 

improved immunomodulation compared to MSCUTR. 

Previous research within our lab, and others, have focused on licensing syngeneic MSCs in 

corneal transplant models[102, 110]. Lohan et al[49] investigated the immunomodulatory potential 

of third-party MSCs in an allogeneic corneal transplant model. The third-party MSCs (not 

related to corneal donor or corneal recipient) significantly increased expansion of CD4+FoxP3+ 

Tregs and polarization of pro-inflammatory CD11b/c+ myeloid cells towards an anti-

inflammatory phenotype. This modulation was attributed to an anti-donor response. Griffin et 

al[243] proposed that direct allo-antigen presentation by allogeneic MSCs (allo-MSCs) likely 

promoted responses such as allo-antigen-specific Th2 deviation, regulatory T cell expansion 

and tolerogenic DC maturation, which could prevent aggressive T lymphocyte-mediated allo-

MSC rejection. In transplantation models, this would largely depend on the direct, indirect and 

semi-direct rejection pathways elicited from donor tissue recognition by the innate and adaptive 

immune systems. We proposed to investigate the effect of TNF-Ŭ and IL-1ɓ stimulation on 

allogeneic MSCs. While allogeneic MSCs may elicit a slight immune response due to foreign 
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MHC-I expression, this marker is inherently responsible for evasion of immune cells[243]. We 

proposed that the licensing of MSCs could mediate the skewing of inflammatory phenotypes 

towards a more anti-inflammatory characterisation. The significant increase we observed in 

PD-L1 expression, upregulated via TNF-Ŭ/IL-1ɓ licensing could promote this immune evasion 

and hide the allogenicity of these MSCs from the immune system[395]. 

Proceeding from the observed upregulation of CD73, we hypothesised that this could lead to 

an increase in ATP production. ATP is produced in the mitochondria via oxidative 

phosphorylation, and CD73 directly promotes mitochondrial respiration[290, 396]. We 

hypothesised that, due to this increase in CD73 expression, mitochondrial respiration 

production would be upregulated. The therapeutic mechanisms by which MSCs can exert on 

damaged tissue has been partially attributed to mitochondrial transfer between MSCs and the 

site of injury. MSCs can transfer óhealthyô mitochondria to neighbouring cells to replace 

damaged or defective mitochondria[397]. The recovery with healthy mitochondria can be 

investigated via the increased oxygen consumption and intracellular ATP levels, with ATP 

capable of dampening and downregulating innate and adaptive immune cells[398]. Despite the 

increase in CD73 expression, mitochondrial respiration was dampened following MSCTNF-Ŭ/IL-

1ɓ treatment compared to MSCUTR respiration  TNF-Ŭ/IL-1ɓ have previously been implicated 

in the depolarization of mitochondria, the combined stimuli potentially downregulating 

mitochondrial function and inhibiting ATP production[399]. The downregulation of 

mitochondria respiration and reduced ATP suggests a glycolytic microenvironment, which has 

been observed to be much less effective in ATP generation and production compared to aerobic 

respiration[400]. However, ATP production has only been highlighted as a problem for cells 

when nutrients and resources are scarce in the microenvironment. Interestingly, glycolytic 

respiration is efficient in maintaining cellular function to the same standard as aerobic 

respiration via production of amino and nucleic acids to maintain MSC function[401], indicating 

that cells have metabolic flexibility[402]. This glycolytic environment can be accelerated via IL-

6[403], which was shown to be upregulated following MSCTNF-Ŭ/IL-1ɓ co-culture with pro-

inflammatory macrophages. Mitochondrial respiration can be directly affected via the secretion 

of NO[404]. Within the microenvironment, TNF-Ŭ/IL-1ɓ can elicit the production of NO from 

various adaptive and innate immune cells. Depending on this environment, NO can function as 

an inducer or suppressor of apoptosis and can be secreted by macrophages to inhibit T 

lymphocyte function and induce FoxP3 Treg expansion[405, 406]. From our research, we have 

shown that TNF-Ŭ/IL-1ɓ licensed MSCs significantly upregulate the secretion of NO compared 
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to unlicensed MSCs. This increase can upregulate the glycolytic pathways and thereby inhibit 

mitochondrial respiration. This inhibition is mediated via nitration of NADH dehydrogenase 

of the electron transport chain[401]. We hypothesise that this upregulated secretion of NO 

directly inhibits mitochondrial respiration following TNF-Ŭ/IL-1ɓ licensing and could be an 

explanation as to why we did not see an anticipated increase in mitochondrial respiration and 

ATP production. Additionally, the production of NO from MSCTNF-Ŭ/IL-1ɓ can be attributed to 

the immunosuppressive properties elicited onto the adaptive and innate immune system. The 

secretion of NO from macrophages can inhibit T lymphocyte proliferation via the inhibition of 

STAT5 phosphorylation[142], while downregulating TCR-induced T lymphocyte proliferation 

and downregulate T lymphocyte cytokine production[141]. The production of NO is directly 

stimulated via the JAK/STAT signalling pathway, which regulates the expression of iNOS and 

production of NO[407]. The significant increase shown in this chapter of NO production may be 

related to the expression of STAT1 found following macrophage MSC co-cultures. While we 

cannot link the increased expression of CD73 with ATP production, we have shown that the 

increase in NO production from MSCTNF-Ŭ/IL-1ɓ has immunomodulatory effects and can mediate 

anti-inflammatory phenotypes on T lymphocytes and macrophages. Further investigations into 

the pathways activated via MSCTNF-Ŭ/IL-1ɓ would further highlight the underlying mechanisms. 

A miRNA profile of MSCTNF-Ŭ/IL-1ɓ could give invaluable insight into the functionality of this 

licensing strategy and provide further characterisation to the effect of licensing on MSC 

secretions. 

Modulation of Macrophage Phenotype and Function 

Macrophages are highly plastic and can actively alter their phenotype depending on the stimuli 

they encounter within the microenvironment. They are broadly classified as resting state, pro-

inflammatory macrophages, and anti-inflammatory macrophages[408]. These subsets can be 

categorised by surface expression and secretome. Pro-inflammatory macrophages mediate 

inflammatory signals and function for tissue repair and wound healing. Depending on the 

signals from the microenvironment and neighbouring cells, macrophages can be influenced to 

alter their phenotype[409].  To dampen inflammatory signals, numerous studies have 

investigated means of inhibiting pro-inflammatory macrophages and stimulating anti-

inflammatory phenotype, mediating restoration of the immune system[410-413]. 

APCs exhibit co-stimulatory molecules CD80 and CD86 on their surface which function to 

regulate/direct the stimulation of CD4+ T lymphocytes. T lymphocytes require three distinct 

signals for activation. TCR binds to MHC-presenting antigen on APC (signal 1)[414], which 
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induces a confirmational change on CD3. This thereby activates intracellular signalling 

pathways via the stimulation of tyrosine kinase and phosphorylation of immunoreceptor 

tyrosine-based activation motif (ITAM)[415]. This intracellular activation results in the binding 

of co-stimulatory molecules CD80 and CD86 on the APC surface to CD28 (for proliferation) 

or CTLA-4 (for downregulation) on the T lymphocyte surface (signal 2). Stimulatory signals 

from activated CD4+ and CD8+ T lymphocytes stimulate the expression of IL-2, via calcineurin 

production[416], and recruit additional innate immune cells and cytokines to migrate to site of 

injury (signal 3)[417].  

While MSCTNF-Ŭ/IL-1ɓ did not affect the frequency of macrophages markers, MHC-I, MHC-II, 

CD80 or CD86, we did find that both MHC-I and MHC-II had decreased trends compared to 

pro-inflammatory macrophage controls. The expression of MHC-I and MHC-II is essential for 

APCs to transfer proteins to T lymphocytes to initiate an adaptive immune response. A decrease 

in this expression can prevent CD4+ (MHC-II) and CD8+ (MHC-I) T lymphocyte activation[418, 

419]. Our finding that CD80 is present on surface of MSCs, and amplified following TNF-Ŭ/IL-

1ɓ, is in agreement with a study conducted by Mittal et al[175]. Mittal found, in a corneal 

transplant model, that CD80 is present on both human and murine MSCs and is upregulated 

following IFN-ɔ licensing. CD80 was further attributed to an increase in FoxP3 Treg 

expansion, which was further supported via the neutralizing of CD80 and finding a significant 

reduction in Treg expansion. This silencing of CD80 in vivo resulted in accelerated corneal 

allograft rejection compared to the óunsilencedô counterparts. Our research, although not 

significant, highlights a significant upregulated trend in FoxP3 expression following MSCTNF-

Ŭ/IL-1ɓ treatment. This may suggest that MSCs can exert their immunosuppressive functions via 

the expression of CD80. Our research has shown that Balb/c MSCs do not possess CD80 

expression, which is also not upregulated following TNF-Ŭ/IL-1ɓ, indicating this may be a 

strain-dependent marker, and potentially could be human donor dependent also. 

The presence of CD80 on the MSC surface of FVB MSCs, and lack on Balb/c MSCs, highlights 

a strain difference that could be important in the efficacy of MSC in different disease models. 

Different murine strains may exhibit different characterisation[176] based on their haplotypes, 

which could accurately replicate human donors. As humans express different haplotypes and 

phenotypes, it could be applicable to investigate other mouse strains to account of these 

differences and why some treatments may not make it past pre-clinical trials, due to 

unanticipated marker expression. As previously stated, C57BL/6 mice reject corneal 

transplants at a more accelerated rate compared to Balb/c mice[371]. C57BL/6 mice have been 
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shown to have a higher genetic propensity to inflammation in cardiac atherogenic stimuli 

compared to C3H/HeJ mice, attributed to differences in genes related to cell cycle control, 

growth, and development[420]. However, it should be noted the understanding of time and 

funding limitations and the reality of investigating multiple strains. There are few studies 

investigating the presence of CD80[175], and, in contrast to CD86, while it is a co-stimulatory 

molecules present on APCs, it is not regarded as a negative marker for MSCs[109]. On the 

surface of APCs, CD80 and CD86 bind to CD28 or CTLA-4, activating cytotoxic or Tregs, 

respectively[421]. We hypothesise that the presence of CD80 on the surface of MSCs, in the 

absence of CD86 or APCs, could bind to CTLA-4 with high affinity, promoting Treg expansion 

and disrupting IL-2 secretion. The presence of CD80 on human MSCs and upregulation 

following pro-inflammatory stimuli creates an exciting unexplored research caveat in how 

MSCs can mediate their immunomodulatory potential. 

Anti-inflammatory macrophages are essential in mediating the immune response and 

promoting wound healing and tissue repair. The overexpression of anti-inflammatory factors 

can lead to accelerated fibrosis and eventual scaring[422], thereby these pathways need to be 

regulated. MSCTNF-Ŭ/IL-1ɓ upregulated the expression of CD206 in pro-inflammatory 

macrophages, indicating pro-inflammatory polarization towards an anti-inflammatory 

phenotype. CD206 is a prime anti-inflammatory macrophage marker, acting as a PRR on the 

cell surface and mediating phagocytosis. CD206 upregulation is believed to be controlled by 

IL-6 secretion[423], which we observed via macrophage secretomes following MSC co-culture. 

This activation is believed to be mediated via STAT3 phosphorylation[424]. Interestingly, CD73 

expression upregulates anti-inflammatory macrophages via adenosine production. CD73 KO 

mice were shown to have reduced levels of CD206 and Arginase-1, compared to an 

upregulation in iNOS expression[425]. CD206 may be mediated in this study both by 

upregulated IL-6 secretion and CD73 expression on the MSC surface. While Xu et al[425] found 

CD73 mediated expression of both CD206 and Arginase-1 via anti-inflammatory 

macrophages, we did not find an upregulation in Arginase-1 expression on macrophages 

following MSCTNF-Ŭ/IL-1ɓ co-cultures. Arginase-1 is an enzyme that significantly mediates the 

metabolism of L-arginine in pro-inflammatory macrophages. Arginine is metabolised by iNOS 

to form NO, and by arginase to form ornithine and urea. It has been investigated the competition 

between Arginase-1 and iNOS for arginine[426].  Arginase-1 can inhibit NO production via 

uncoupling iNOS in competition for L-arginine, resulting in the generation of superoxide and 

peroxynitrite which sensitize iNOS[427]. We have shown that MSCTNF-Ŭ/IL-1ɓ secrete upregulated 
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levels of NO and it is possible this additional NO secretion following co-culture disrupted the 

competition between Arginase-1 and NOS for L-arginine. A limitation to this research is we 

have not investigated the NO secreted following macrophage co-cultures. This could highlight 

the effect iNOS and Arginase-1 have on NO production.                                                                                            

The macrophage secretion profile can indicate their phenotype and downstream effects 

following co-culture with MSCs. MSCTNF-Ŭ/IL-1ɓ enhanced the secretion of G-CSF, a regulator 

of neutrophil function and controls ocular neutrophil infiltration via the modulation of CXCR2 

and CXCR4 expression on peripheral blood neutrophils. An upregulation in G-CSF secretion 

has been linked to the prolonged survival of tissue-resident neutrophils and promoting 

polarization of Th17[428]. The upregulated secretion of pro-inflammatory cytokines CXCL1, 

CCL17 and IL-18 following MSCTNF-Ŭ/IL-1ɓ stimulation does not necessarily indicate that the 

microenvironment is inflamed, rather demonstrates the complexity of the inflamed 

microenvironment and degrees of activation required by signalling pathways to secrete 

mediators. CXCL1 acts as a chemoattractant for neutrophils[429], thereby is linked to G-CSF. 

CCL17 also acts as a chemotactic activator of T lymphocytes and is heavily implicated in 

thymus T lymphocyte production[430]. The function of IL-18 is highly dependent on its 

exposure to other cytokines within the microenvironment. In conjunction with IL-2, IL-18 can 

induce the secretion of IFN-ɔ in cytotoxic T lymphocytes and NK cells, enhancing Th1 

responses, FasL expression and amplifying pro-inflammatory macrophage polarization[431]. 

Additionally, when exposed to IL-10, both cytokines can act synergistically to amplify the 

production of anti-inflammatory macrophages, increasing CD163 expression. IL-18, however, 

can result in accelerated angiogenesis, which can be detrimental[432]. 

As previously stated, IL-6 was significantly upregulated following MSCTNF-Ŭ/IL-1ɓ exposure to 

pro-inflammatory macrophages. Aside from its role in upregulating CD206 expression, IL-6 is 

largely dependent on the cytokines within the microenvironment. In herpetic stromal keratitis 

(HSK), IL-6 has been implicated in acting synergistically with TNF-Ŭ to provoke production 

of VEGF and MMP-9, resulting in increased angiogenesis and lymphangiogenesis[433]. 

Additionally, in the presence of TGF-ɓ1, IL-6 can disrupt immune tolerance via inhibition of 

Treg expansion, upregulated Th17 development, and induce cytotoxic CD8+ T 

lymphocytes[434]. Alternatively, it has been suggested that IL-6 can prime macrophages to IL-

4 mediated activation by inducing STAT3 via IL-4Ra promoter, with IL-6 signalling in 

myeloid cells modulating macrophage phenotype[435]. Kodati et al[436] highlighted the effect of 

systemic IL-6 antibody neutralization following corneal allograft transplantation, finding the 
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expansion in FoxP3+ Tregs and reduction in Th1 frequencies with the dLN compared to 

controls. The role of IL-6 is largely attributed to its exposure to cytokines with the 

microenvironment, which can determine a pro-or-anti-inflammatory response from IL-6[436, 

437]. 

It is important to note that we did not assess the secretion profile of MSC supernatants alone. 

MSCs can naturally secrete cytokines, such as IL-6, TGF-ɓ1, IL-10[262, 438-441].  We included 

pro-inflammatory macrophages as a control for cytokine secretion, to assess the influence of 

MSCs. We did find that MSCTNF-Ŭ/IL-1ɓ cohorts significantly upregulated CXCL1, CCL-17, IL-

18, G-CSF and IL-6. TNF-Ŭ/IL-1ɓ licensing may have upregulated the secretion of these 

cytokines from MSCs, or stimulated pro-inflammatory macrophages to secrete these cytokines 

in the presence of MSCs. We did not find significant increases from our MSCUTR cohort, 

suggesting either this licensing strategy upregulates cytokine secretion from MSCs, or the 

phagocytosis of MSCTNF-Ŭ/IL-1ɓ by pro-inflammatory macrophages stimulates this secretory 

profile. 

The complexity and non-denominational existence of IL-6 showcases the interchangeability of 

macrophage phenotypes, and the influence cytokines and immune cells have in the 

microenvironment. The activation of signalling pathways can also result in downregulation of 

one pro-inflammatory cytokine and not another, indicating different levels and degrees are 

required for some receptors to activate. The immune system requires a fine balance in pro-

inflammatory and anti-inflammatory factors to maintain immune tolerance and ocular integrity. 

Modulation of T Lymphocyte Phenotype and Function 

T lymphocytes are vital for immune tolerance and inducing inflammation. The binding of 

CD80/CD86 on the surface of APCs to CD28/CTLA-4 on T lymphocytes can activate CD4+ T 

helper lymphocytes and CD8+ cytotoxic T lymphocytes and can further activate effector and 

memory CD4+ and CD8+, which can stimulate other immune cells, e.g. macrophages[421]. CD4+ 

T lymphocytes can be crudely defined by Th1, Th2, Th17 and Th9 subsets, however, each 

category can óshareô markers and cytokines and there is no one definitive marker to identify 

each subset[442]. 

In this chapter, we found that TNF-Ŭ/IL-1ɓ licencing significantly inhibited the proliferation 

of CD3+, CD3+CD4+ and CD3+CD8+ T lymphocyte populations in varying cell-cell ratios. The 

release of NO from MSCs can inhibit proliferating T lymphocytes via downregulation of 

STAT5 phosphorylation[142]. STAT5 activation is also dependent on IL-2, which can lead to 
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increases in FasL. The decrease of IL-2 shown in T lymphocytes treated with MSCTNF-Ŭ/IL-1ɓ 

can be linked to this inhibition of STAT5, which can downregulate T lymphocyte 

proliferation[443]. In vivo, Th1 cells secrete IFN-ɔ, which can stimulate pro-inflammatory 

macrophages to increase iNOS and NO production[444]. Alternatively, Th2 cells produce both 

IL-4 and IL-5, which can inhibit iNOS production via IFN-ɔ[445]. The secretion of NO from 

MSCTNF-Ŭ/IL-1ɓ potentially attracts proliferating T lymphocytes to the MSC location via 

chemotaxis, where they are exposed to NO and STAT5 is directly inhibited, downregulating 

CD4+ and CD8+ lymphocytes[143]. The secretion of NO from MSCs potentially attract 

proliferating T lymphocytes to MSC location via chemotaxis, where they are exposed to NO 

and STAT5 is directly inhibited and upregulates MSC cytokine secretions, resulting in the 

downregulation of CD4+ and CD8+ lymphocytes[446].  

The expression of CD69+ on T lymphocyte surface is regarded as an early activation marker 

and believed to be activated via the NF-əɓ pathway. BM-MSCs can promote the sustained 

expression of CD69 following T lymphocyte stimulation and activation[447]. A limitation to this 

research is that we did not timepoint the expression of CD69. It would be of interest to conduct 

multiple timepoint T lymphocyte co-cultures and assess when CD69 is expressed following 

MSCTNF-Ŭ/IL-1ɓ treatment. CD25+ T lymphocytes are vital for immune tolerance and can mediate 

the surface of Tregs while suppressing effector T lymphocytes via altering secretions of IL-

2[448]. We gated CD69+ expression based on CD25+ to assess an alternative function to CD69+ 

and found that this subset significantly increased following MSCTNF-Ŭ/IL-1ɓ treatment. 

Alternatively, Han et al[368] hypothesised a ónew typeô of Treg, CD4+ Tregs expressing CD69+ 

but were CD25neg. While Tregs are required to express CD25+ to accurately gate FoxP3, the 

prime indicator of Tregs, some subsets apparently do not express CD25[449]. Han et al claimed 

that CD4+CD25negCD69
+ T lymphocytes had negative expression of FoxP3 and incapable of 

secreting IL-19, IL-2 or TGF-ɓ1, however, found that this subset could inhibit T lymphocyte 

proliferation via surface expression TGF-ɓ1 and thereby could be elected as a new subset of 

Tregs. While they may be a potential new cell population treatment for tumour models, the 

lack of expression of FoxP3 would indicate these cells are not Tregs but perhaps could be 

labelled a subset of Th2 or Th17 delineations. Degauque et al[450] also analysed this subset of 

CD25neg and hypothesised that, in contrast to Han et al, that CD25neg lymphocytes secrete both 

IL-10 and FoxP3, however not IL-2, but that these cells are involved in immune tolerance and 

allo-sensitivity. Further investigation of this lymphocyte population needs consistent gating 

and reproducible experiments to clearly dictate the characterisation of CD25neg lymphocytes. 
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Tregs are a key regulator of the immune system, a pivotal component for regulating 

inflammatory responses and dampening pro-inflammatory signals[25]. Previous research 

conducted in our lab, and others, have shown that both intravenous and subconjunctival 

administration of MSCs following corneal allograft transplantation can significantly expand 

FoxP3+ Tregs[49, 102, 103, 110, 209]. Additionally, Yan et al [451] found that subconjunctival injection 

of Tregs following a corneal alkali burn significantly suppressed the inflammatory response. 

We hypothesised that allogeneic MSCTNF-Ŭ/IL-1ɓ could induce Treg expansion. While there was 

an increasing frequency trend, MSCTNF-Ŭ/IL-1ɓ were not capable of inducing FoxP3 frequency 

or fluorescent intensity expansion. As Tregs are critical cells for immune regulation and 

maintenance of inflammatory processes[452], it is possible that there were insufficient levels of 

IL-2, IL-10 and TGF-ɓ1 present to accelerate Treg proliferation. While we showed previously 

that proliferative CD4+ and CD8+ T lymphocytes were inhibited, and CD4+CD25+CD69+ 

lymphocyte expansion, it is possible that the inhibitory effect was not mediated by Tregs in 

this assay.  

Tregs secrete TGF-ɓ1, which is directly linked to the secretion of IL-2 and IL-10 and IL-9[453]. 

However, TGF-ɓ1 was below the level of detection to be quantified from our T lymphocyte 

supernatants. As a result, we found that MSCTNF-Ŭ/IL-1ɓ had significant downregulation of IL-2, 

IL-10, IL-5 and IL-9 compared to stimulated T lymphocytes. This may relate to the low 

expression of Tregs we found following MSCTNF-Ŭ/IL-1ɓ co-culture. Interestingly, both Th1 IFN-

ɔ and TNF-Ŭ were significantly downregulated following MSCTNF-Ŭ/IL-1ɓ treatment, however 

anti-inflammatory markers IL-4 and IL-13 were also downregulated. Additionally, IL-17A was 

also significantly downregulated, which can mediate inflammation by promoting the 

production of TNF-Ŭ and IL-6. 

As we saw in our macrophage supernatants, T lymphocyte supernatants also had a significant 

increase in IL-6 production following MSCTNF-Ŭ/IL-1ɓ treatment. While IL-6 is known to 

generate Th17 cell production, it can directly inhibit TGF-ɓ1 Treg differentiation and 

expansion[454]. The downregulation of IL-2, IL-10 and undetectable readings of TGF-ɓ1 

suggests alternative signalling pathways may be triggered, due to low expansion of Tregs, 

despite upregulation of CD4+CD25+CD69+ and inhibition of CD4+ and CD8+ proliferative T 

lymphocytes. Unfortunately, this is beyond the scope of this research, but further analysis of a 

larger group of cytokines and chemokines could highlight the exact signalling pathways 

involved. 
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It is again important to note that we did not investigate MSC supernatants alone for the 

expression of these cytokines. MSCs can secrete these cytokines when stimulated, so we cannot 

accurately depict whether these secretions are solely from MSCs or from T lymphocytes 

following MSC exposure. Interestingly, MSCs are known to secrete IL-4, IL-13 and TGF-ɓ1 

when stimulated. From our results, we show that IL-4 and IL-13 were significantly reduced 

following MSC co-culture with stimulated T lymphocytes compared to stimulated T 

lymphocytes alone. MSCs are known to secrete TGF-ɓ1 when stimulated, a key cytokine 

responsible for skewing pro-inflammatory immune cells towards an anti-inflammatory 

phenotype. TGF-ɓ1 was below levels of detection in this experiment, which we could use as 

evidence that these cytokines are secreted from T lymphocytes following co-culture with MSCs 

rather than solely secreted from MSCs. 

 

Conclusion 

Overall, allogeneic MSCTNF-Ŭ/IL-1ɓ are functionally superior to syngeneic and allogeneic 

MSCUTR cell therapies in terms of immunomodulatory efficacy in vitro. Due to MSCTNF-Ŭ/IL-1ɓ 

ability to suppress pro-inflammatory phenotypes and, to enhance anti-inflammatory 

phenotypes, we next sought to evaluate MSCTNF-Ŭ/IL-1ɓ in a murine model of corneal alkali 

injury to determine whether the in vitro efficacy was translatable in vivo. 
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Figure 3.25: Summary of results discussed in chapter 3.  Graphics designed using Biorender.
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4.0 Chapter Experimental Design 

 

 

 

 

 

Table 4.0 Schematic overview of chapter experimental designΦ A schematic presenting the 

sequence and progression of experiments described in this chapter. 
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4.1 Introduction 

The cornea is a transparent, avascular tissue that forms the anterior segment of the outer eye. 

This transparency and lack of blood vessels is vital for accurate vision[2]. The cornea is regarded 

as an immune privileged organ, consisting of its own unique immunity separate from the rest 

of the bodyôs immune system[3]. This privilege can block the induction of an immune response, 

deviating towards a more tolerant immunity and eliminate effector cells at the host-graft 

interface[3, 8]. Ocular injuries, e.g. mechanical/chemical, can disrupt this immune privilege and 

result in an infiltration of immune cells to the ocular chamber[12].  Alkaline reagents are 

lipophilic, meaning they can penetrate through tissues more rapidly than acids, and can 

permeate through to the anterior and posterior chambers of the eye, causing damage to the 

ciliary body, lens, and trabecular network[54]. The damaged tissue can release proteolytic 

enzymes in conjunction with the inflammatory response, which can further degrade the 

surrounding tissue, creating an inflamed cornea bed[57, 455]. Alkali burns must be treated as an 

ophthalmic emergency to prevent the further destruction of the corneal tissues and treat before 

vision acuity is completely lost[57]. As the immune privilege of the eye is compromised from 

the breakdown of the blood-aqueous and blood-retinal barriers, and breakdown of extracellular 

matrix, immune cells infiltrate the eye via vessels formed via neovascularisation. This 

maintains an inflamed microenvironment and prolongs destruction of ocular epithelium[92]. The 

initial ófirst-aidô procedures entail protecting and maintaining intact epithelium and prevent the 

progression of tissue damage via irrigation of the eye. Presently, treatment includes topical 

corticosteroids to promote tissue regeneration while dampening any immune responses to 

prevent further inflammatory destruction[456]. Corticosteroid treatment, however, does not 

encourage re-epithelialization and can disrupt epithelial migration[57, 457].  The prolonged usage 

of corticosteroids can lead to other corneal complications, e.g. cataract formation, glaucoma, 

susceptibility to infection[458].  A possible intervention would be to perform a partial or full-

thickness keratoplasty; however, this correlates with a high failure rate within the first 5-years 

[459].  

Following the initiation of an alkali burn, the innate resident APCs within the cornea ï 

neutrophils, macrophages, dendritic cells ï converge on the area of inflammation via 

chemotactic mechanisms[92]. These cells secrete pro-inflammatory chemokines and cytokines 

(TNF-Ŭ, IFN-ɔ, IL-1ɓ, MMP-9) as well as pro-angiogenetic and pro-lymphangiogenic 

molecules (VEGF-A, VEGF-C) to stimulate endothelial proliferation and encourage 

infiltration of immune cells from the lymph nodes to the ocular chamber and can cause 
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extrusion of the anterior chamber[460]. Growth factors, i.e. HGF, platelet-derived growth factor 

(PDGF), encourage the proliferation and migration of epithelium and activate downstream 

pathways that can trigger JAK/STAT and NF-əB[461]. 

To be applicable in the clinical setting, a patient-friendly approach for ocular treatment would 

be through topical therapeutics; easy-to-administer regimes that are óoff-the-shelfô and that 

could be administered by the patients themselves. Topical ophthalmic treatments have been 

assessed for the treatment of posterior chamber conditions, e.g. age-related macular 

degeneration, diabetic retinopathy. However, it has been reported that <4% of topical treatment 

can reach the intended area[462]. This would be a high concern as alkali burns can penetrate 

deep into the posterior chamber, causing significant damage to the ciliary body, trabecular 

meshwork, and lens[57]. Lacrimal secretions can rapidly drain the drug from the ocular surface 

and the reflexive blinking can increase lacrimation and wash away from the ocular surface[463]. 

Additionally, some treatments may require time to allow the drug to adhere, potentially 

restraining the eyelids to ensure treatment which can be uncomfortable and impractical[462, 464]. 

While topical administration has its benefits, i.e. ease of administration, it has therapeutic 

drawbacks and may not be therapeutically efficient to minimise inflammation following an 

invasive ocular chemical burn. 

The potential treatment with MSCs has been a promising application in ocular ailments. 

Previous research from our group has shown great success in the implementation of licensed 

MSCs in corneal allograft transplantations, reporting polarization of pro-inflammatory 

macrophages towards an anti-inflammatory phenotype and expansion of FoxP3+ Tregs[49, 102, 

103, 110]. Allogeneic MSC treatment could be used as an óoff-the-shelfô, óready-to-useô treatment 

due to the ease of application and storage[118]. Subconjunctival MSC administration has 

previously been shown by Chen et al[183] and Yao et al[180] to be successful in promoting wound 

healing in a rat alkali burn model, inhibiting inflammatory cell infiltration and promoting anti-

inflammatory cell expansion.  

Different routes of administration have also been investigated in vivo, such as systemic 

administration through the tail vein in murine and rat models. While studies have shown that 

this systemic administration had promising results in terms of anti-inflammatory phenotype 

and expansion of Tregs[102, 110], MSCs were found to become trapped within the lungs and 

disappear within 72hrs, and injections required large numbers of cells e.g.1x106 MSCs, to 

ensure a therapeutic concentration could modulate the immune system [110]. Interestingly, 
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Byrnes et al[465] found that multiple dosages of licensed 1x107 MSCs/kg in 1ml PBS, 

administered intratracheally, resolved lung injury and restored lung function in a murine 

pneumonia model, increasing neutrophil apoptosis and reducing circulating inflammatory 

cytokines. While this is a considerable concentration of MSCs, this study highlighted the 

efficacy in multiple doses via a local injection. It must also be noted that this can be dependent 

on the severity and type of disease model. 

Subconjunctival injection has been used for drug delivery previously to avoid the corneal 

epithelium barrier. Due to the subconjunctival space being adjacent to the sclera, this allows 

drugs to permeate and penetrate the eye[466]. While the cornea is devoid of blood and lymphatic 

vessels, the conjunctiva is rich in these vessels which mediates the blood supply and immune 

cell infiltration to the anterior chamber of the eye[3]. The conjunctiva is also rich in tissue-

resident ɔŭ T lymphocytes[467], important for corneal immune privilege and ACAID[468], and a 

population of lymphatic endothelium hyaluronan receptor (LYVE-1) macrophages [469], which 

are vital for tissue homeostasis, collagen deposition and restrain tissue fibrosis by modulating 

extracellular matrix turnover[470-472] The conjunctival vessels function in draining the anterior 

chamber and subconjunctival space to the cervical and submandibular lymph nodes[473]. 

Following inflammation, APCs activated within the ocular space travel via the lymph vessels 

in the conjunctiva to the submandibular and cervical lymph nodes and stimulate naµve T 

lymphocytes into effector and memory CD4+ and CD8+ T lymphocytes. These cells then 

migrate to the ocular surface and secrete pro-inflammatory chemokines and cytokines[467, 469]. 

Shukla et al[209] conducted a study comparing the efficacy of various routes of MSC 

administration in suppressing the inflammatory response within the ocular space following 

corneal injury. 5x105 MSCs were resuspended in 10Õl PBS and delivered topically, 

subconjunctivally, intraperitoneally, or intravenously following a scratch injury. Mice 

receiving topical application were given 10Õl of MSC-containing PBS and kept in position for 

45 minutes to allow MSCs to adhere. Both subconjunctival and intravenous administration of 

MSCs were shown to be effective in suppressing corneal inflammation via Ŭ-Sma and TGF-

ɓ1, thereby reducing opacity following injury, while in comparison, topical administration was 

the least effective method in reducing corneal opacity, decreasing fibrosis, and promoting re-

epithelization.  TGF-ɓ1 is upregulated following corneal injury, which promotes the 

conversion of keratocytes to myofibroblasts. However, the excessive accumulation of 

myofibroblasts can result in corneal opacity and scarring due to the formation of a disorganised 

extracellular matrix[209]...  




