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Abstract 

The immunomodulatory capacity of mesenchymal stromal cells (MSCs) is well 

established, and is being explored as a cellular therapy for the treatment of various 

inflammatory-based conditions. In recent years, the role of the MSC secretome in 

mediating the observed efficacy of MSC has come to light, with their secreted small 

extracellular vesicles (sEV) receiving particular attention. MSC potency can be 

enhanced by cytokine licensing, a strategy in which MSCs are exposed to cytokines 

prior to administration to promote their secretion of various immunoregulatory 

factors. However, the effects of cytokine licensing on the characteristics and 

biomolecular cargo of MSC-sEV have not yet been well established. Given that 

cytokine licensing elevates the immunomodulatory status of the parent cell, it 

should also be explored whether this also impart superior functionality to their 

secreted sEV. The aim of this project was to investigate the effects of two different 

cytokine licensing strategies on MSC-sEV, based on alterations in their cargo and 

therapeutic potency in vitro and in vivo in a murine model of corneal chemical burn.  

In order to generate cytokine licensed cells, BALB/c MSCs were cultured with no 

supplement, recombinant IFNɔ, or recombinant TGFɓ1 for 72h to generate MSC, 

MSCIFNɔ, and MSCTGFɓ, respectively. sEV, sEVIFNɔ, and sEVTGFɓ were then isolated 

from the conditioned medium of the parental cells by a combination of 

ultrafiltration and size exclusion chromatography. MSCTGFɓ, but not MSCIFNɔ, 

yielded increased secretion of sEV compared to unlicensed MSC. Relative to 

unlicensed sEV, sEVIFNɔ exhibited increased expression of MHC I and PD-L1 on 

their surface, whereas sEVTGFɓ expressed higher levels of CD44, CD29, and CD73. 

Furthermore, cytokine licensing resulted in enrichment of specific miRNAs in the 

secreted sEV, and the different licensing strategies each induced unique therapeutic 

potentials based on functional enrichment analysis of overexpressed miRNA 

transcripts. 

In order to assess the immunomodulatory capacity of the isolates, sEV, sEVIFNɔ, 

and sEVTGFɓ were cultured with stimulated allogeneic macrophages and T cells in 

various in vitro assays. Only sEVTGFɓ was found to reduce macrophage expression 

of antigen presentation machinery MHC II and CD80, and induced the secretion of 

M2-like cytokines to a higher degree than sEV and sEVIFNɔ. sEVTGFɓ were also 
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found to increase Treg expansion and FOXP3 expression, indicative of enhanced 

Treg suppressive activity. In contrast, neither sEV nor sEVIFNɔ elicited any 

significant induction of Treg activity.  In a 2D scratch assay, sEVTGFɓ, but not sEV 

or sEVIFNɔ, accelerated wound healing in corneal epithelial cells and corneal 

endothelial cells.  

Given the superior efficacy observed of sEVTGFɓ in vitro, this product was brought 

forward for in vivo testing in a mouse model of corneal chemical burn. Corneal 

injury was induced by placing a 1.5mm2 filter paper soaked with 1M NaOH on the 

central cornea for 30 seconds, following which the eye was irrigated with PBS. 

sEVTGFɓ were applied either topically (day 0, 1, and 3) or subconjunctivally (day 0, 

and 3), and mice were monitored for 14 days. sEVTGFɓ, particularly when delivered 

subconjunctivally, ameliorated burn-induced structural damage and accelerated 

restoration of normal corneal thickness, compared to PBS-treated controls. sEVTGFɓ 

by either administration route also resulted in reduced inflammatory mediators (IL -

1ɓ, iNOS) and minimised levels of fibrosis-associated collagen in the cornea at day 

14. Immune cells of the draining lymph nodes in mice that received 

subconjunctival, but not topical, administration of sEVTGFɓ exhibited regulatory 

profiles with reduced M1-like macrophages, increased M2-like macrophages, and 

restored Treg function and balance of the Treg/Th17 axis.  

Overall, different cytokine licensing strategies were found to yield unique MSC-

sEV phenotypes with differing potencies in the context of immunomodulation. 

Cytokine licensing with TGFɓ1 was found to enhance the therapeutic efficacy of 

MSC-sEV, with sEVTGFɓ representing an immunomodulatory therapy with 

significant potential as an off-the-shelf clinical product.  
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1.1  Extracellular Vesicles 

1.1.1 Introduction 

Extracellular vesicles (EV) are a heterogeneous population of nanosized 

membrane-enclosed structures secreted by the parental cell. First described by Pan 

and Johnstone in 1983 and described as having a role in cellular waste disposal, EV 

were originally found to be secreted by reticulocytes and released into the 

extracellular space1,2. Their work investigated the mechanism by which 

reticulocytes recycle the transferrin receptor, a protein which is lost during 

maturation. They found the transferrin receptor to be packaged into small vesicles 

inside the cell, which were then secreted out of the maturing reticulocyte into the 

extracellular space1ï3. The term óexosomeô was first used in 1987 by Johnstone to 

describe these nanovesicles4.  Since these seminal studies, EV have been found to 

be secreted by virtually all cell types, and EV populations have been isolated from 

body fluids such as synovial fluid, saliva, blood, urine, bronchoalveolar lavage 

fluid, amniotic fluid, and breast milk5ï7. In addition, EV can be isolated from cell 

culture supernatant harvested through in vitro cell culture. The rapid growth of the 

EV field has demonstrated that EV play important physiological roles in mediating 

various biological processes such as haemostasis, inflammation, immune 

interactions and angiogenesis, by transferring bioactive molecules and conveying 

signals, thereby establishing a new paradigm in intercellular communication8ï10.  

EV were originally grouped into 3 major subtypes ï exosomes, microvesicles, and 

apoptotic bodies ï categorised based on their method of biogenesis8,11,12. However, 

as the field has grown, additional subtypes of EV have been identified, adding 

further complexity to the isolation of pure EV subtypes10ï13. Due to overlapping 

size, density, and compositions, in addition to the absence of specific marker 

expression in any one subtype, isolation techniques likely result in mixed 

populations of these EV subtypes14. Unless the subcellular origins of each 

individual vesicle have been identified and confirmed by a method such as pH-

sensing reporter assays, the isolates cannot be definitively categorised as one EV 

subtype15,16. The small EV fraction which is 40-200nm in size and released via 

endocytic pathways is generally described as óexosomesô, and this subtype will be 

the focus of this thesis8,10,14. However, ISEV committees have encouraged 
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researchers to use the term ósmall EV (sEV)ô for isolates enriched in this size range 

to reflect the heterogeneity, as opposed to exosomes, and will be referred to as sEV 

in this body of work17,18.  

1.1.2 sEV biogenesis, composition, and characteristics 

1.1.2.1 Mode of biogenesis 

sEV biogenesis begins with invagination of the plasma membrane and formation of 

the early endosome9,10,19. Endosomes mature into late endosomal multivesicular 

bodies (MVBs) by further budding. The MVB undergoes successive budding events 

to create intraluminal vesicles (ILVs) in the lumen of organelles, which then fuses 

with the plasma membrane, allowing for the release of their contents (i.e. sEV) into 

the extracellular space via exocytosis. However, loss-of-function and gain-of-

function experiments as well as imaging techniques have established the roles of 

several proteins and lipids in sEV biogenesis and secretion, which are summarised 

in Table 1.1. 

The first sEV biogenesis pathway discovered was the ESCRT-dependent pathway, 

which involves the four ESCRT complexes (ESCRT-0, -I, -II, and -III) being 

sequentially recruited to the maturing endosome. ESCRT-0, -I, and -II recruit and 

sequester transmembrane receptors to ILVs20,21. However, this is not the only 

pathway yielding sEV biogenesis. Indeed, knockdown or silencing of ESCRT 

machinery does not result in complete inhibition of sEV. ESCRT-independent 

biogenesis of sEV mediated by the syndecan-syntenin-ALIX pathway, and the 

role of lipids in controlling endosome biology have recently come to light22ï27.  

Ceramides have also been found to induce spontaneous invagination and 

endosomal formation due to their cone-shaped structure and potential to induce 

negative membrane curvature25. This highlights the complexity of sEV 

biogenesis, and it is clear there is much yet to be discovered in this field28. 

It is important to note that the formation of the MVB does not necessarily result in 

the release of sEV, as MVBs can also fuse with the lysosome or autophagosome 

resulting in their degradation and release into the cytoplasm. Only the MVBs which 

are trafficked to and fuse with the plasma membrane result in sEV formation10,12.  
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Process Biomolecules involved Ref 

Early endosome 

formation 

ESCRT complexes, Vps4, Clathrin, 

tetraspanins, RAB GTPases, cholesterol 

10,20,28ï31 

ILV budding and MVB 

formation 

ESCRT complexes, RAB GTPases, 

Syntenin, ALIX, Syndecan, 

Tetraspanins, SMase, heatshock 

proteins, ceramide 

21,23,25,26,32 

Trafficking to and fusion 

with the plasma 

membrane 

RAB GTPases, SNAREs, actin 33ï35 

Table 1.1 Proteins involved in the biogenesis of sEV. Loss-of-function and gain-of-

function experiments have identified the role of various proteins and their involvement in 

the multi-step process of sEV biogenesis. 

However, the processes and signalling pathways which govern the fate of the MVB 

are poorly understood.  

1.1.2.2 Characteristics, composition, and cargo sorting 

sEV exhibit a rounded morphology, typically 50-200nm in size, and have a floating 

density of 1.11-1.19g/mL8,18. Although there are no specific markers, sEV are 

known to contain protein families associated with their biogenesis (see Figure 1.1). 

Proteins involved in formation of the early endosome such as ESCRT-0 subunit 

TSG101 have been identified in sEV. Inward budding of the endosomal limiting 

membrane to create ILVs also results in transmembrane proteins present on the 

plasma membrane (such as CD9 and CD81) being sorted into the newly formed 

vesicles31. The tetraspanin CD63 is often localised to intracellular endolysosomal 

compartments and is incorporated into ILVs during budding. 
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Figure 1.1 Cargo and composition of sEV. The processes in which sEV are generated 

result in several biogenesis-associated proteins and lipids being incorporated into the 

secreted vesicles. Adapted from Kalluri et al.19. 

sEV are also rich in lipids such as cholesterol, phosphatidylserine, sphingomyelin, 

and ceramide which play varied roles in sEV biogenesis, and are important in 

maintaining sEV structure and integrity24,26,27,30. Membrane fusion proteins 

including annexins and flotillins are also highly enriched in sEV36.  

The early studies on reticulocyte recycling of the transferrin receptor highlights the 

notion that sEV cargo can also be dependent on the cell from which they are 

derived1,2. All sEV share some commonality in their cargo due to their mode of 

biogenesis, but their functions and activity are highly heterogenous due to the 

specific cargoes loaded in different cell types. Furthermore, sEV cargo will also 

differ based on factors such as physiological state, disease status, and ageing12. For 

this reason, sEV hold great promise as biomarkers for several disease states as they 

can provide information on the physiological state of the cell from which it was 

secreted based on the protein and RNA cargo37ï40. The first invagination of the 

plasma membrane results in cell-surface proteins and soluble proteins in the 

immediate vicinity being included in the early endosome. Therefore, sEV often 

express surface markers unique to the parental cell41.  
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It has long been debated whether cargoes are sorted into sEV selectively through 

specific processes, or if by passive loading12,42,43. It is currently unknown whether 

cells package sEV with particular contents in order to convey messages in a specific 

and regulated manner, or are the sEV contents non-selective samples of parental 

cell cytoplasm and membranes. There are several studies supporting the argument 

for active cargo sorting in sEV12,44. ESCRT machinery specifically sequesters 

transmembrane proteins to ILVs, creating sites of concentrated cargo which are 

incorporated into budding ILVs. This action in itself suggests ESCRT complexes 

are involved in specific cargo selection. Also, responses to stimuli and post-

translational modifications alter interactions between chaperone proteins cell states 

and responses to external stimuli can have an impact on cargo sorting43,45,46.  

The level to which passive cargo loading occurs, whereby random inclusion of local 

cytosolic proteins upon ILV budding takes place, is difficult to measure. In theory, 

passively loaded cargo would increase or decrease based on cellular expression and 

proximity to the MVBs. Overexpression of specific miRNAs has been found to 

result in higher levels of that miRNA being present in secreted sEV. It is not known 

whether the higher cytoplasmic levels of miRNA lead to more being available for 

active transport, or if there is simply more available to be passively loaded. 

Interestingly, there have also been a handful of studies showing sEV can acquire 

soluble proteins in the extracellular microenvironment onto their surface, post-

secretion47,48. The exact mechanisms of protein adsorption into/onto the sEV 

membrane and whether these proteins are still functional requires further 

investigation.  

Multi -omics technologies and sequencing analyses have now revealed sEV carry a 

wide range of bioactive molecules, including proteins, small RNAs and lipids which 

can be delivered into the recipient cell cytoplasm, inducing functional changes 30,49ï

51. The mechanisms of sEV-mediated intercellular communication will be discussed 

in the following section.  

1.1.3 sEV-mediated intercellular communication 

We now know that there are two major mechanisms through which sEV transfer 

signals and messages to recipient cells (see Figure 1.2). The first is through cargoes 
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present on the face of the sEV, which can be presented to the recipient cell allowing 

10,42,53ï55. 

  

Figure 1.2 The fate of sEV upon release from the parent cell. sEV can interact with 

recipient cells through various mechanisms. Intravesicular cargo can be delivered directly 

into the cell cytoplasm or can induce signalling pathways by ligand-receptor binding at the 

cell surface. Adapted from Van Niel et al.11. 

for receptor-ligand interactions and activation of intracellular signalling 

cascades9,41,52ï54. The second major mechanism is through internalisation of the 

sEV into the recipient cell, trafficking to the lysosome for degradation and release 

of the intravesicular cargoes into the recipient cell cytoplasm which alter cell 

signalling pathways, transcriptional regulation, and overall cell behaviour and 

functionality55. The roles of sEV secreted from virtually all cell types in maintaining 

physiological states as well as pathophysiological process has become increasingly 

evident, with established roles in cancer, immunomodulation, neurodegeneration 

and neuroregeneration, and cardiovascular diseases56ï61.  

In a 1996 study by Raposo and colleagues, B cells were found to secrete MHC II-

containing sEV 41. These vesicles were then shown to induce antigen-specific MHC 

II -restricted T cell responses, indicating that these B cell sEV play a role in antigen 

presentation and, for the first time, that sEV were biologically functional41. This 

work in particular captured the attention of many, and ultimately led to the 

explosion of interest in sEV as mediators of intercellular communication. Further 
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studies on immune cell-derived sEV have established the role of these vesicles in 

playing key roles in regulating the immune system62ï66.  

Functional transfer of the intravesicular cargo of sEV was first confirmed by Valadi 

et al. in 200750. In this study, they confirmed the presence of small RNA (mRNA 

and miRNA) in sEV isolated from murine MC/9 mast cell line, which was resistant 

to degradation by RNase and trypsin, thereby confirming the small RNA was 

encapsulated within the sEV. Functionality of the MC/9-sEV mRNA was evidenced 

through translation of mouse proteins in recipient rabbit cells, suggesting a 

previously undescribed intercellular communication paradigm for which sEV are 

responsible. Furthermore, dendritic cell sEV loaded with exogenous siRNA by 

electroporation and delivered to neurons, microglia, and oligodendrocytes in the 

brain resulted in a specific gene knockdown, and efficacy of the sEV-mediated 

siRNA delivery was demonstrated by strong mRNA (60%) and protein (62%) 

knockdown of the target protein67. The importance of sEV internalisation by 

recipient cells, leading to the release of sEV luminal content and delivery of cargo 

into the recipient cell cytosol in order to enact their mechanisms of communication 

has been highlighted68,69. 

sEV can enter the recipient cell by various routes, including endocytosis (clathrin-

dependent, caveolin-dependant, or lipid raft-mediated), membrane fusion, 

macropinocytosis, and phagocytosis (see Figure 1.2). 12The uptake mechanism 

used by any given sEV to gain entry into a target cell may depend on the specific 

proteins and lipids expressed on the surface of the vesicle and target cell 

membrane69. Tetraspanins, integrins, lectins, glycans, and lipid-binding proteins 

such as annexins have been identified on the sEV surface which play major roles in 

their uptake by target cells70. 

A heterogeneous sEV population is likely to be internalised by several routes. Use 

of blocking antibodies to test the role of specific ligands or receptors, and use of 

chemical inhibitors to block specific uptake pathways can be used to tease out 

molecular mechanisms70,71. This has allowed for a growing list of specific proteinï

protein interactions that mediate sEV attachment and uptake into cells. However, 

some inhibitors have known (or potentially unknown) cross-reactivity with multiple 

pathways. The pleiotropic nature of these compounds means that interpretation of 
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such data must be tempered with extreme caution. Furthermore, frequent failure to 

completely abrogate internalisation following treatment with any given inhibitor 

indicates sEV uptake occurs through more than one mechanism. sEV origin is 

thought to play a role in determining cell targets or the secreted sEV72. The 

particular sEV surface corona is dependent on the parental cell and also indicates 

that sEV may possess selective tropism for uptake by specific cells71,73,74. For 

example, a recent study showed that cancer stem cell-derived sEV preferentially 

target MHC II-negative macrophage over MHC II expressing macrophage73.  

Furthermore, the potential organotropism of sEV upon in vivo administration may 

be predicted based on the surface profile of sEV and can be enhanced by 

engineering techniques75ï77. This should allow for highly specific uptake of sEV by 

target cells and minimise uptake by other cell types, ensuring maximal response.  

The sEV membrane is enriched in cholesterol, sphingomyelin, ceramide and lipid 

raft proteins enabling membrane fusion with target cells and trafficking of sEV 

through the body, regardless of biological barriers16.Tetraspanins regulate 

numerous biological functions such as cell adhesion, motility, activation, 

proliferation, and vesicular and cellular fusion. Several viruses and parasites depend 

on tetraspanins for cell entry and spread78ï80. As discussed in the previous section, 

these molecules are highly abundant on the sEV surface, and several studies have 

shown antibodies blocking tetraspanins reduced uptake of sEV by target cells81,82. 

Formation of tetraspanin-enriched microdomains comprised of clusters of 

tetraspanins, adhesion proteins and transmembrane receptors at the plasma 

membrane mediates vesicular fusions and plays a role in sEV docking and uptake. 

Rana et al. have also reported that selective sEV uptake by cells and tissues is 

critically dependent on the tetraspanin web composition83. Therefore, changes in 

the expression of specific tetraspanins may modulate selective targeting and uptake 

of sEV, thereby affecting the cellular response. Integrins have established roles in 

cell-to-cell adhesion, cell signalling, and antigen presentation, and play critical roles 

in sEV docking at cell membranes and subsequent internalisation. The role of 

integrin avɓ3 in the adhesion and uptake of sEV by breast cancer cells was 

demonstrated when sEV uptake was significantly inhibited upon its blockade with 

a disintegrin inhibitor. Integrin beta 3 (ITGB3) has also been reported to facilitate 

sEV uptake by focal adhesion kinase-mediated endocytosis in breast cancer cells84. 
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Targeting of Ŭ6ɓ4 and Ŭvɓ5 integrins located on the sEV surface by blocking 

peptides has also been shown to decrease sEV uptake and played major roles in 

tissue-specific targeting and metastasis to the lungs and liver74. Glycans and lectins 

have also been identified as regulators of sEV uptake85,86. 

1.1.4 Challenges associated with sEV research  

Despite substantial progress in the sEV field, there are considerable challenges 

associated with sEV research87ï89. sEV released from different cell types, species, 

and strains are highly heterogeneous in size and composition. The separation of 

sEV from other EV populations is further complicated by the complexity of the 

extracellular milieu. The presence of other extracellular structures such as LDLs 

and chylomicrons, extracellular proteins and RNA, is difficult. There are several 

methods to isolate EV populations, such as ultracentrifugation, ultrafiltration, size 

exclusion chromatography, FPLC, density gradient. However, obtaining a totally 

pure sEV population is technically challenging and no one method allows for 

complete separation of sEV from all other components of the samples87,90. This 

results in different separation techniques enriching for sEV with variable purity, 

resulting in variable content and function. It is often a balancing act between 

optimising sEV yield and purity. For these reasons, potency and functionality of 

sEV isolated from the same cell types can be highly variable across research groups, 

given that one product is likely to be highly heterogeneous compared to another90,91. 

Meaningful interpretation of results will rely on transparency in reporting of 

parameters employed to isolate and characterise the sEV17,91. 

Although it is possible that an isolate that contains non-sEV structures and other 

components of cell secretome, in fact, be more functionally potent than a pure 

population of sEV, we cannot definitively associate sEV functionality and efficacy 

unless a high level of purity is achieved. Misattribution of sEV function is highly 

common where low purity products are used, and major conclusions in several 

articles on sEV biology are not sufficiently supported by the information provided. 

There is a need to determine the sole contribution of sEV to the experimental 

outcome, and not the ócontaminatingô components. It is also important to consider 

the specification of function and level of characterisation a regulatory body might 

require when bringing a sEV product toward clinical translation92,93.  
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1.1.4.1 Standardisation of sEV reporting 

Due to the high level of variation of sEV isolation and storage techniques between 

research groups, as well as inconsistencies in EV vernacular and nomenclature, 

comparisons between studies is a major challenge in the sEV field and has 

hampered the progression of the field94,95. For these reasons, in 2014 the 

International Society for Extracellular Vesicles (ISEV) board members introduced 

the first guidelines on the minimal experimental requirements required to define EV 

(MISEV guidelines) and their functions, in order to provide guidance on the 

standardisation of protocols and reporting in the EV field96. A major goal of the 

recommendations was to improve the reliability and reproducibility of EV research, 

further promoting the advancement of the field. An update to the criteria was 

released in 2018 to revise the recommendations based on discoveries and advances 

in the EV field, and a 2023 update is pending17. 

EV-TRACK (Transparent Reporting And Centralising Knowledge in EV research), 

established in 2017, is a database which allows the recording of various parameters 

of any given study on EV97. The goal of this consortium is to facilitate the 

standardisation of EV research by increasing systematic reporting on EV biology 

and methodology. The EV-METRIC is a scoring paradigm which was created as 

part of this consortium as a measure of the level of transparency in reporting of 

experimental parameters. It is presented as a percentage of fulfilled components 

form a list of nine, which were identified as indispensable for unambiguous 

interpretation and independent reproduction of EV experiments97. Researchers in 

the EV field are encouraged to obtain the EV-METRIC of their work prior to 

submitting a manuscript for peer review, which will then be uploaded and an EV-

TRACK ID assigned. Data repositories such as Vesiclepedia and Exocarta have 

also been established to allow researchers worldwide to upload published data on 

EV composition and cargo98,99.  

Despite initiatives such as EV-TRACK, MISEV, and EV databases, transparency 

in reporting and standardisation of methodology remain two of the greatest 

challenges for the sEV field89. Successful translation of sEV for therapeutic 

purposes will rely on the establishment of rigorous standards for sEV isolation and 

characterisation.  
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1.2 Mesenchymal stromal cell-derived sEV 

1.2.1 Mesenchymal Stromal Cells and the role of their secreted sEV 

Mesenchymal stromal cells (MSCs) are a heterogenous population of multipotent 

progenitor cells that play a critical role in tissue repair and regeneration in vivo. 

First identified by Friedenstein and colleagues in a series of studies in the 1960s 

and 1970s, MSCs were originally described as a subpopulation of non-

hematopoietic cells present in bone marrow distinguishable by their adherence to 

tissue culture plastic, fibroblastic-like morphology, and tendency to form colonies 

during ex vivo expansion100,101. Under specific conditions, these cells were capable 

of differentiating into several cell types of the mesenchymal lineage, namely 

osteocytes, adipocytes, and chondrocytes102.  Upon further investigation, the cells 

were found to have a high proliferative capacity while still maintaining their 

multipotent differentiation potential. Given their stem-like characteristics of self-

renewal and multipotency, the term mesenchymal stem/stromal cell was coined by 

Arnold Caplan, circa 1991103. 

While originally isolated from bone marrow, MSCs have since been identified in 

most tissues and have been isolated from adipose tissue, umbilical cord blood, 

skeletal muscle, lung, and dental pulp, among several others104. MSCs reside in 

perivascular spaces surrounding almost every tissue105.  Physiologically, MSCs are 

thought to play an important role in maintaining tissue homeostasis by sensing 

tissue damage and promoting repair105,106. 

Despite the extensive research into MSC biology following their initial discovery, 

a putative MSC marker has not yet been identified. This led to purity issues when 

sorting MSCs from heterogenous populations in early studies, causing variable 

outcomes in potency assessments. In 2006, the Mesenchymal and Tissue Stem Cell 

Committee of the International Society for Cellular Therapy (ISCT) established a 

set of criteria to define an MSC, in an attempt to standardise and refine research in 

the field107. Firstly, the cells must adhere to tissue culture plastic. Secondly, the cells 

must express cell surface markers CD90, CD73, CD105, and CD29, and must lack 

the expression of CD45, CD34, CD14, CD11b, CD19, and MHC class II. Finally, 

the cells must demonstrate a capacity for trilineage differentiation ï adipogenesis, 
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osteogenesis, and chondrogenesis. Standardisation of MSC characterisation by the 

ISCT has significantly accelerated progress in the field.    

Given their established multipotent differentiation potential, ease of isolation and 

expansion ex vivo, MSCs were identified as a promising cell therapy candidate in 

the regenerative medicine field. The reparative and immunomodulatory functions 

of MSCs have been demonstrated in several pre-clinical models including 

osteoarthritis, myocardial infarction, cutaneous wound healing, renal failure, and 

retinal degeneration108ï110. MSCs were originally hypothesised to engraft directly 

at the site of damaged or diseased tissues and reduce the extent of injury via direct 

cell replacement based on their capacity for multilineage differentiation. It has since 

come to light that MSC-mediated effects occur independent of cell differentiation 

and engraftment. Rather, only a small fraction of administered cells remains at the 

site of injury, with high levels of MSC apoptosis and clearance rapidly following 

administration111,112. The extensive research into understanding MSC-mediated 

therapeutic functionality has revealed the importance of their trophic factors, and, 

in particular, the role of their secreted sEV in mediating the observed therapeutic 

effects113ï117. 

1.2.2 MSCs, MSC-sEV, and immunomodulation 

As is the case with most cell types, sEV are constitutively secreted from MSCs to 

mediate intercellular communication. MSC-sEV have pleiotropic effects on 

recipient cells given the large number of different nucleic acids (mRNAs, miRNAs, 

tRNAs, DNA), proteins, growth factors, cytokines, lipids, and various other 

biomolecules they carry50,118. The cargo transported in MSC-sEV have been shown 

to be involved in cell-cell signalling, cell adhesion, angiogenesis, apoptosis, and 

immune responses. As discussed in section 1.1.2, while there are commonalities in 

cargo across all sEV in terms of composition, sEV are often thought of as a 

fingerprint of the parental cell and the exact cargo of an sEV is dependent on the 

cell from which it is derived119. Proteins natively present on MSCs such as CD73, 

CD44, and CD29 are also expressed on their secreted sEV92,120,121. These adhesion 

proteins are also involved in MSC-sEV homing to injured and inflamed tissues121. 

Given the established roles of integrins and glycoproteins, CD29 (integrin ɓ1) and 

CD44 likely play a role in MSC-sEV uptake by target cells 84,122. Blockade of the 
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glycoprotein CD44 on MSC-sEV has also been shown to downregulate their 

internalisation by tubular cells119. The enzyme CD73 promotes immunological 

tolerance by inducing regulatory T cell phenotypes, and promotes M2-like 

macrophages through regulation of adenosine production123,124. Functionality of 

CD73 expressed on MSC-sEV has been established, a study by Grignano et al., 

found the protective effects of MSC-sEV on ischemic renal damage in a pre-clinical 

rat model to be dependent on CD73 expression on the MSC-sEV120,125. The 

immunomodulatory and regenerative capacity of MSC-sEV has now been 

extensively investigated in various disease models. Application of MSC-sEV was 

shown to inhibit osteoarthritis progression by promoting the induction of M2-like 

anti-inflammatory macrophages and suppression of inflammatory cytokines IL-6, 

IL -1ɓ, and TNFŬ126. Rong et al. showed MSC-sEV suppression of the Wnt/ɓ-

catenin pathway by inhibiting, Ŭ-SMA and type I collagen prevented stellate cell 

activation, thereby reducing liver fibrosis and increasing hepatocyte 

regeneration127. A study by Shigemoto-Kuroda et al. directly compared the 

immunomodulatory effects of MSCs and their secreted sEV in a pre-clinical model 

of type 1 diabetes and uveoretinitis and found sEV treatment to be as effective as 

the parental cells in suppression inflammatory signalling128. The specific 

mechanism of action of MSC-sEV-induced immunomodulation is not well 

understood and likely depends on several factors, and also may depend on the 

disease state. However, mounting data strongly support the notion that MSC-sEV 

exert immunosuppressive effects on immune cells.  

miRNAs are small, single stranded RNAs which regulate gene expression at post-

transcriptional level through interaction with 3ǋUTRs to cause translational 

repression or degradation. miRNAs constitute an important fraction of MSC-sEV 

and have been widely studied due to their ease of identification and mechanism of 

action. miRNAs are also of great interest in biomedical applications both as 

biomarkers of disease and in terms of use as a therapy, and the miRNA content of 

MSC-sEV are thought to be major contributors to their observed therapeutic 

efficacy. miRNA cargo is also protected inside the EV membrane50. If it is released 

in a soluble form, it can be degraded very quickly. This is a major advantage of sEV 

delivery of miRNA for intercellular communication. However, there are 

contradictory reports on whether the miRNA content is stoichiometrically relevant 
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and if their copy numbers are biologically relevant129. One study found there to be 

less than 1 copy of a given miRNA per sEV130. Determining the relevant copy 

number which needs to be delivered into a given cell to induce functional change is 

hard to quantify, as a lower miRNA copy numbers would be required for a miRNA 

already close to the threshold in the receiving cell131. Functionally, MSC-sEV 

miRNAs have been implicated in many cellular activities such as angiogenesis and 

anti-angiogenesis, immunomodulation, anti-apoptosis and anti-fibrosis. miR-181c 

in umbilical cord-derived MSC-sEV was found to attenuate burn-induced 

inflammation by suppressing the TLR4 signalling pathway, and miR-146a was 

found to be responsible for macrophage polarization to óM2-likeô anti-inflammatory 

states which attenuated inflammatory signatures and improved survival in septic 

mice132,133. miR-223 in bone marrow-derived MSC-sEV has also been highlighted 

as a mediator of cardioprotection in sepsis models132,134. MSC-sEV-delivered miR-

155, miR-146a and miR-21 have been identified in promoting regulatory T cell 

(Treg) maturation and function. MSC-sEV expressing miRNA-181-5p and miR-

122 have been found to contribute to their observed anti-fibrotic effects and the 

amelioration of liver fibrosis135,136. Similarly, umbilical cord-derived MSC-sEV 

were found to reduce scar formation during wound healing of skin defects in mouse, 

and this was attributed to roles of sEV-delivered miR-21, miR-23a, miR-125b and 

miR-145 in suppressing myofibroblast formation by inhibiting TGF-ɓ2/Smad2 

signaling137. 

Given that sEV carry a wide range of bioactive cargo and have the potential to 

regulate several biological processes, they represent a dynamic therapeutic 

treatment modality that supports various arms of the tissue repair response. 

1.2.3 Employing MSC-sEV as therapeutics 

1.2.3.1 Advantages of a cell-free product 

Although MSCs have been proved to be safe in various clinical trials, there are still 

concerns surrounding the many potential adverse effects associated with whole cell 

therapy, and numerous advantages of cell-free derivates have been highlighted138ï

142. The malignant potential of MSCs has been highlighted, and while it remains a 

low probability event, the risk is substantial and may have serious consequences143ï

145. The unpredictability of living cells and the potential for malignant cell 
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transformation cannot be nullified, and current technologies for definitive testing 

for the presence of small numbers of tumorigenic cells are inadequate143. Studies 

have also suggested the role of MSCs in progression of tumorigenesis and 

contribute to the immunosuppressive microenvironment146. Given their 

multipotency, another adverse event associated with MSCs is the potential for 

spontaneous differentiation145. In contrast, MSC-sEV are non-replicating.  

The ópulmonary first pass effectô has been extensively documented in studies with 

intravenous MSC delivery, in which the cells become trapped in the alveolar sacs 

of the lung and do not reach the intended site of injury147,148. Furthermore, 

embolization of lung vessels by MSC can be fatal, as evidenced in mouse 

models149,150. Given the nanoscale size of sEV however, they are much less likely 

to succumb to this fate.  Aside from the safety benefits, ease of storage and handling 

of MSC-sEV compared to MSCs themselves are significant. Furthermore, MSC-

sEV can be mass produced.  

The use of MSC-sEV as a cell-free therapy circumvents many of the issues 

highlighted with whole-cell therapy. For these reasons, MSC-sEV represent a 

highly desirable treatment modality for a wide range of diseases, and the promising 

safety profile of MSC-sEV should accelerate translational efforts89,151. 

1.2.3.2 Autologous versus allogeneic MSC-sEV sources 

Diseased patients may have altered cellular activity, renewal, proliferative capacity, 

immunoregulatory capacity, phenotype, epigenetic changes, and senescence. MSCs 

derived from elderly patients are not as efficacious152. Further, in terms of 

feasibility autologous sEV approaches are unrealistic. Time taken to harvest the 

cells, expand in vitro to sufficient numbers, isolate sEV, and characterise is a very 

lengthy process. Some diseases can progress very rapidly and could be significantly 

advanced at the point of treatment. Many patients presenting at the clinic require 

immediate intervention to minimise the risk of long-term complications, such as is 

the case with severe burns and stroke153. An off-the-shelf therapy which is readily 

available is crucial in these settings. For this reason, autologous MSC-sEV therapy 

would not be suitable, considering the extensive time required for MSC isolation, 

expansion, and sEV isolation of sufficient quantities.   



Chapter One: Introduction 

 

17 

 

MSCs express MHC I and there is a potential to elicit strong allogeneic immune 

response in MHC-mismatched recipients. However, MHC I expression is low and 

MHC II expression is absent, and several pre-clinical and clinical trials have 

confirmed the safety profile of using MSCs in an allogeneic setting indicating their 

low immunogenicity. As a result, it has been assumed that MSC-sEV also possess 

low immunogenic profiles and should be suitable for allogeneic therapy. MSC-sEV 

safety profiles have also been confirmed in several preclinical disease models, and 

also in early phase clinical trials which will be discussed in the following section154. 

1.2.3.3 MSC-sEV in clinical trials 

MSC-sEV are an exciting novel cell-free therapeutic strategy and have entered 

clinical trials for the treatment of various diseases, including GvHD, chronic kidney 

disease, osteoarthritis, COVID-19, type 1 diabetes mellitus, acute respiratory 

distress syndrome, and macular degeneration 115,155,156. Studies to date have been 

centred on the feasibility, safety, and tolerability of MSC-sEV in patients, with 

some detailing efficacy of the therapy156. 

Clinical efficacy and safety of allogeneic adipose-derived MSC-sEV was evaluated 

as an adjuvant therapy after application of fractional CO2 laser for acne scars in a 

12-week prospective, double-blind, randomized, split-face trial. 25 patients 

received three sessions of laser treatment, following which one side of the face was 

treated with the sEV-containing gel and the other side was treated with control gel. 

sEV treatment was associated with milder erythema and reduced scarring scores, 

reduced pore volume and reduced skin surface roughness compared to controls157. 

A case report on the potential benefit of allogeneic MSC-sEV for preventing GvHD 

was described in one patient, in 2014, where bone marrow-derived MSC-sEV were 

administered daily for two days, followed by an increased dose every 2-3 days158. 

Blood sampling revealed a reduction in pro-inflammatory cytokines IL-1ɓ, TNFŬ, 

and IFNὛ, and GvHD-associated symptoms such as diarrhoea quantity were 

decreased. Unfortunately, the patient died from pneumonia 7 months after therapy. 

However, the promising therapeutic potential of MSC-sEV in treating GvHD 

warrants further, more comprehensive studies.  
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The safety and feasibility of umbilical cord-derived MSC-sEV were evaluated in a 

first-in-human application for the prevention of inflammation-associated with 

cochlear implantation, described by Warnecke et al. in 2021156. Delivery was found 

to be safe, with no signs of acute systemic or local toxicity during a 5-day 

observation period post-surgery. Furthermore, the patient showed stability of 

speech intelligibility during the 24-month follow-up. This study confirmed that 

safety and feasibility of intraoperative application of allogeneic umbilical cord-

derived MSC-sEV. 

The safety of nebulised adipose-derived MSC-sEV was also established in healthy 

volunteers, in which 24 individuals received a single dose ranging from 2 × 108 

particles to 16 × 108 particles (NCT04313647)154. All volunteers tolerated the sEV 

nebulization well, and no serious adverse events were observed from starting 

nebulization to the 7th day after nebulization. Nebulised delivery of MSC-sEV is 

of high relevance for diseases of the lung and would allow direct delivery of the 

therapy to the site of injury.  

Early phase trials evaluating the therapeutic effectiveness of MSC-sEV in treating 

dry eye disease (NCT04213248, NCT05738629), retinitis pigmentosa and 

correction of visual acuity (NCT05413148), macular degeneration 

(NCT03437759), COVID-19 (NCT05787288, NCT04969172, NCT04313647), 

ADRS (NCT05127122), anal fistulas (NCT05499156, NCT05402748) and bone 

tissue defects (NCT05520125), are currently ongoing. However, MSC-sEV face 

numerous challenges for their translation as an effective therapeutic product151. As 

discussed in section 1.1.4, extensive heterogeneity, inconsistent sEV isolation and 

characterisation methodology leading to variations in sEV size, composition, 

function and potency, as well as variable dosing strategies compromises inter-study 

comparisons. Optimal route of administration and MSC source also requires further 

investigation in order to accelerate MSC-sEV therapies. Nevertheless, the 

promising safety profiles of these early clinical trials is a promising indicator for 

the future of MSC-sEV products. 
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1.2.4 Cytokine licensing as a strategy to improve MSC-sEV potency 

1.2.4.1 Rationale for MSC licensing 

The phenotype and function of MSCs is not fixed. MSCs present high 

immunoplasticity, with mechanical and biochemical cues in the environment 

having a significant impact on MSC activity159.  Furthermore, MSCs in their naïve, 

resting state are not typically highly immunosuppressive105,160. These cells acquire 

this phenotype through activation by stimuli such as inflammatory cytokines in the 

inflamed injury site or by the production of inflammatory mediators in anti-donor 

immune response161. Microenvironmental cues induce the expression and secretion 

of various immune-modulating factors, allowing them to exert their powerful 

immunoregulatory effects159,162ï164. It should be noted that licensing can be induced 

by various methods, such as incubation in hypoxic conditions and mechanical cues 

via topographical changes75,161,165ï167. This body of work will focus specifically on 

MSC licensing via exposure to cytokines. 

Enhanced MSC immunomodulatory functions through pre-activation was first 

described by Krampera et al. in 2005, in which they assessed the mechanisms 

behind MSC suppression of allogeneic lymphocyte proliferation163. They found that 

this effect was not contact dependent and required the presence of T cell-derived 

IFNɔ, which was secreted by the allogeneic T cells as part of the anti-donor 

response. This secreted IFNɔ stimulated MSC production of IDO, a potent 

suppressor of proliferation. Moreover, MSCs could suppress B cell proliferation, 

which do not secrete IFNɔ, only when exogenous IFNɔ was added to the culture. 

This further solidified that MSCs only have suppressive effects on immune cell 

proliferation when activated with IFNɔ. In a study by Polchert and colleagues, IFNɔ 

was found to induce MSC-mediated T cell suppression in a dose-dependent manner 

in a rat model of GvHD168. This anti-donor immune response producing pro-

inflammatory cytokines induced by the administration of allogeneic MSCs and the 

subsequent priming effect on MSC has now been described in detail. This prompted 

our group and others to investigate pre-activation or licensing of MSCs with 

cytokines prior to administration, as a means enhancing potential therapeutic 

efficacy by inducing high levels of secretion and expression of various 

immunomodulatory molecules before they reach the site of injury147,159,164,169. 
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Given its abundance in the early phase of inflammatory responses, IFNɔ was 

highlighted early on as a potential cytokine for MSC licensing163,168,170. IFNɔ-

licensed MSCs have been shown to reduce levels of pro-inflammatory cytokines in 

tissues, enhance cellular migration to injured tissues, and improved attenuation of 

pathogenic inflammatory responses compared to untreated MSCs both in vitro and 

in vivo163,170.  

Unfortunately, in addition to their enhanced immunosuppressive capacity, the use 

of pro-inflammatory cytokines for licensing has been found to elevate the 

immunogenic profile of the MSCs. As described in section 1.2.4.2, there is 

extensive evidence to suggest the low immunogenicity of naïve MSCs, as the cells 

express low levels of MHC I and do not express MHC II. However, studies 

investigating the expression levels of immunogenic markers on MSCs following 

cytokine treatment has elucidated significantly upregulated expression of MHC I 

and II on the surface of MSCs, making the cells more evident to host CD4+and 

CD8+ T cells. This is particularly problematic when considering allogeneic MSC 

therapy, as this heightened capacity for host immune cell recognition is likely to 

culminate in allo-MSC rejection and failure of therapeutic efficacy and potential for 

harmful adverse effects171ï173. 

There is also a small body of work investigating the pleiotropic cytokine TGFɓ1 

for MSC licensing164,174,175. It is not a conventional candidate, given that the original 

rationale for cytokine licensing was utilising factors highly present in early stages 

of inflammatory microenvironments. However, TGFɓ1 has well established roles 

in homeostatic regulation of several cellular processes including proliferation, 

migration, apoptosis and wound healing174. Previous work carried out by our group 

has established the highly potent phenotype of TGFɓ1-licensed MSCs as evidenced 

through their suppression of T cell proliferation, induction of regulatory T cells and 

prevention of corneal allograft rejection in vivo164. In addition, a study by Ghosh 

and colleagues found TGFɓ1-licensed MSCs to accelerate epithelial cell wound 

closure by enhancing migration and engraftment of cells in a pre-clinical biopsy 

punch model174. Interestingly, there is no upregulation of MHC I or II molecules on 

MSCs subjected to licensing with TGFɓ1160,164. This is in contrast with MSCs 

licensed with pro-inflammatory cytokines which typically exhibit elevated levels 
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of immunogenic antigens on their cell surface. Given that TGFɓ1 licensing allows 

for enhanced wound healing compared to unlicensed, but does not induce 

immunogenic antigen expression, this licensing strategy is potentially highly 

attractive for clinical settings. 

Interestingly, allogeneic MSC have been found to have superior efficacy compared 

to syngeneic MSC in in vivo models176,177. Our group and others have hypothesised 

that the recognition of allogeneic antigen by MHC-mismatched MSCs induces 

immune responses, providing an in vivo priming stimulus, allowing the MSC to 

acquire immunosuppressive status, which would not occur with syngeneic MSCs 

with the same MHC haplotypes147,176,177.  

It is well established that different licensing strategies induce unique MSC 

phenotypes164,174,178,179. This gives rise to the potential for specific MSC therapies 

depending on the desired mechanism of action and outcome, which is highly 

variable depending on disease state and patient presentation. Therefore, the optimal 

choice of cytokine(s) for MSC licensing should depend on mechanism of disease, 

phenotype of MSC following cytokine licensing, mechanism of MSC-mediated 

effects, and the desired therapeutic outcome.  

1.2.4.2 Impact of MSC licensing on secreted sEV 

Secreted sEV do not possess a nucleus and cannot respond to cytokine licensing in 

the same way as the parental MSC, which elevate their secretion and expression of 

various immunomodulatory factors in response to licensing164,180,181. Considering 

sEV cargo is dependent on the cell from which they are derived, and that licensed 

MSC have shown enhanced immunomodulatory potential compared to their 

unlicensed counterparts, one would expect sEV derived from licensed MSC to have 

superior immunomodulatory capacity compared to those derived from unlicensed 

MSC.  

Differential sEV cargo has been identified in various cell types depending on their 

activation state. sEV secreted from macrophages polarised toward óM1-likeô pro-

inflammatory versus óM2-likeô anti-inflammatory states have significantly altered 

cargo profiles182. TDO2-activated skin fibroblasts secrete sEV with a functionally 

distinct cargo compared to their quiescent counterparts183. The sEV from these 
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activated fibroblasts potently suppressed the secretion of pro-inflammatory 

cytokines from macrophage, an effect which was found to be dependent on the 

altered sEV small RNA cargo 183,184. These studies demonstrate that one cell under 

specific conditions can secrete sEV with differential cargo and based on the 

hypothesis that sEV cargo is a fingerprint of the cell from which they are derived 

and recapitulate the parental cell properties, one would expect the cargo of sEV 

isolated from licensed MSC to yield enhanced efficacy compared to naïve 

MSC150,162,185.  

Given that IFNɔ is one of the most widely used stimuli for MSC licensing, it is 

unsurprising that much of the work investigating MSC-sEV licensing also utilises 

IFNɔ186. However, results have been conflicting and inconsistent, with some 

observing that IFNɔ has no meaningful effect on MSC-sEV functions187. Serejo et 

al. found IFNɔ licensing induced the expression of IDO mRNA in adipose-derived 

MSC-sEV which was not found in naïve MSC-sEV186. However, IFNɔ licensing 

yielded no benefit over unlicensed MSC-sEV with respect to their ability to 

suppress T cell proliferation, and neither group were able to promote adipose-

derived MSC migration in a 2D scratch wound assay. A 2020 study by Peltzer et 

al. found IFNɔ-licensing to have limited impact on the miRNA landscape of MSC-

sEV187. Kilpinen et al. found IFNɔ-licensing resulted in unique proteome profiles 

in MSC-sEV compared to unlicensed. However, these IFNɔ-licensed sEV were less 

efficacious than naïve sEV in promoting protection from renal reperfusion injury in 

a rat model188. Takeuchi et al. also found IFNɔ-licensing to significantly alter the 

MSC-sEV proteome compared to unlicensed MSC-sEV, but in contrast to the 

studies above, IFNɔ licensing here significantly improved the functional properties 

of MSC-sEV189. Licensed sEV potently suppressed pro-inflammatory cytokine 

secretion from M1-polarised macrophages, and improved inflammation and 

fibrosis scores in a model of cirrhosis. A study by Hackel et al. recently investigated 

the priming potential of a cocktail of cytokines (IFNɔ, TNFŬ, and IL-1ɓ) on human 

nasal mucosa MSC-sEV, and found mice treated with these sEV to have 

significantly decreased clinical scores and improved survival rates in a mouse 

GvHD model, compared to PBS control150. Unlicensed MSC-sEV yielded no 

significant benefit in this model.  
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Aside from cytokine licensing, the effect of hypoxic culture conditions on MSC 

phenotype and functionality has been widely studied190,191. As well as inducing 

MSC secretion of various factors such as PGE2, IDO and BDNF, hypoxia has been 

found to alter the cargo of sEV192,193. Functionally, hypoxia-induced upregulation 

of miR-21 expression has been found to increase ɔŭ T cell exhaustion and promote 

polarisation of macrophage toward an M2-like phenotype194,195. In another recent 

study, hypoxia induced the expression of miR-21 in neuronal cells40,196. There are 

reports of hypoxia inducing the secretion of sEV from MSC and also from neck 

squamous cell carcinoma cells197. However, there have also been several reports of 

hypoxia having no effect on MSC-sEV secretion198,199. Furthermore, Kay et al. 

found hypoxic conditioning to have no effect on sEV protein cargo compared to 

controls166.  The conflicting data regarding the effects of licensing may be due to 

cell type-specific responses, varying cell sources, as well as inconsistent sEV 

isolation and characterisation methods between research groups. This further 

highlights the importance for standardisation in the field, as progress in 

understanding the effects of licensing on secreted sEV is severely impacted by 

incomparable studies. 

Based on work to date, it is clear that culture conditions and MSC state effects the 

phenotype of secreted sEV. However, the specific effects of licensing on MSC-sEV 

have yet to be understood. Whether licensing specifically alters cargo packaging 

into the developing vesicles and the extent to which licensing may potentiate MSC-

sEV therapeutic potential warrants further investigation162. 

1.3 The Cornea 

1.3.1 Anatomy and function of the cornea 

The cornea is a transparent, highly organised tissue structure located at the anterior 

portion of the eye. The role of the cornea is two-fold, the first being that it acts as a 

physical barrier to the outside environment, protecting the eye from foreign 

particles and pathogens200. The second function of the cornea is to allow light to 

enter the eye and focus onto the retina at the posterior part of the eye, which is 

crucial for normal vision and sharp visual acuity.  
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Figure 1.3 Anatomy of the eye and cornea. Image adapted from Santra et al.201.  

As shown in Figure 1.3 the cornea is comprised of five layers; three cellular layers 

(the epithelium, stroma, and endothelium) as well as two acellular basement 

membrane layers (Bowmanôs layer, and Descemetôs membrane)200,202.  

As it is the first line of defence against injury, cells of the epithelial layer are 

constantly being sloughed off and replenished by division and migration of limbal 

stem cells toward the central cornea200,203. A tear film containing both IgA and 

lysozyme is present in the epithelium to protect the cells from microbes, but also to 

provide factors which are known to aid the proliferation and repair of the epithelial 

layer200. The tight junctions here provide a barrier function, preventing entry of 

pathogenic material into the cornea. The stroma is the thickest layer of the cornea 

and contributes to the majority of the cornea's structural framework. It is comprised 

of highly organised collagen fibrils bundled into highly interwoven lamellae 

creating a lattice arrangement and are positioned in parallel to the corneal surface204. 

The arrangement and uniformity of the lamellae is maintained by a proteoglycan-

rich matrix. The stromal layer is mostly acellular, however one keratocyte may be 

found every 50,000 cubic microns205. Finally, the endothelium is a monolayer of 

cells at the posterior most position of the cornea and plays a vital role in moving 

water from the stroma to the anterior chamber206.  
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1.3.2 Maint enance of corneal transparency 

The unique microscopic ultrastructure of the cornea allows the passage and 

focusing of light to the retina which is necessary for image production and normal 

vision200. There are several complex anatomical and physiological factors which 

regulate and maintain corneal transparency, such as uniformity and regular 

arrangement of the epithelial layer, tight intercellular junctions, and preservation of 

refractive index207,208. Stromal organisation is also crucial for maintaining 

transparency of the cornea and facilitating the passage of light, as disorganisation 

of the lamellae alters the scattering of light200,202.  

Maintenance of corneal transparency is also dependant on the relatively dehydrated 

state of the stromal layer. If water is allowed to accumulate it leads to increased 

distance between collagen fibres, stromal oedema and clouding, thereby impairing 

vision206. This highlights the key role of the endothelium pump to extrude water 

from the stroma and ultimately vision clarity. Given that corneal endothelial cells 

have limited proliferative ability in vivo, pathological processes which cause 

dysfunction of the corneal endothelium can have devastating and permanent effects 

on visual acuity209,210. The mechanical barrier function of the epithelium and 

endothelium prevent excessive flow of fluid into the cornea.  

Keratocytes are relatively quiescent in the healthy adult cornea. However, upon 

insult to the cornea, inflammatory signalling in the stroma induces the secretion of 

several growth factors, cytokines and chemokines which activate keratocytes in the 

microenvironment. Following injury to the cornea, production of TGFɓ1 and PDGF 

induces keratocyte differentiation to myofibroblasts, which is associated with 

corneal haze and disorganised ECM production202. Activated keratocytes are also 

thought to have a different refractive index than normal keratocytes which are 

thought to be relatively quiescent in the adult cornea. Changes in refractive indices 

increases light scattering and can alter the path of light traveling to the retina, 

resulting in blurred vision.  

The cornea is an avascular structure, and there appears to be a balance between the 

secretion of pro- and anti-angiogenic factors which regulates the absence of 

neovascularistion211. The lack of vascularisation prevents trafficking of antigen 

presenting cells and immune effector cells to and from the cornea, allowing it to 



Chapter One: Introduction 

 

26 

 

remain in state of immune privilege.  In pathophysiological states the balance may 

tip in favour of pro-angiogenesis, resulting in neovascularisation and corneal haze 

as a result of alterations in the spacing of stromal collagen between blood vessels, 

fluid leakage, oedema, and immune cell infiltration into the tissue211,212.  

1.3.3 Corneal chemical burn injury  

1.3.3.1 Overview 

Chemical burns of the eye account for up to 18% of ocular injuries presenting in 

emergency departments, and patients frequently face chronic complications and 

life-long disability. Severe vision loss due to significant damage to the cornea, 

ocular surface epithelium, limbal stem cells, and anterior segment lead to long-term 

unilateral or bilateral vision loss213. In severe cases, the retina and optic nerve can 

be damaged, and patients can be predisposed to corneal infection and keratitis214. 

Widespread use of alkaline chemicals at home and in the workplace which can 

readily penetrate the anterior ocular surface and compromise intraocular structures 

such as the ciliary body, lens, and limbus allows for high risk of chemical injury to 

the eye214,215. The long-term complications of ocular chemical burns include 

reduced or complete loss of vision, corneal scarring, dry eyes, symblepharon, 

glaucoma, uveitis, and cataract formation213. Furthermore, loss of vision can 

negatively impact quality of life, job prospects and lifestyle.  

1.3.3.2 Mediators of corneal injury  

The major issue affecting recovery of ocular chemical burns is excessive 

inflammation216. Ocular injury caused by chemical agents initiate inflammatory 

signalling followed by a wound-healing process that can cause scar formation and 

opacification when uncontrolled217. Alkaline chemicals deeply penetrate the 

cornea, reaching the corneal stroma and destroy proteoglycans and collagen 

bundles214,218. Damaged tissues then secrete proteolytic enzymes which lead to 

further damage. Strong alkaline agents penetrate into the anterior chamber and 

cause widespread inflammation of iris, lens, and ciliary body214,215. 

The cornea is home to several immune cell populations that reside in both the 

central and peripheral corneal regions, including Langerhans cells, mast cells, 

macrophages, T lymphocytes, and innate lymphoid cells219ï221. These 
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heterogeneous immune cell populations form a complex immune network which is 

crucial for maintaining the immune privileged status of the eye211,222,223. CD11b+ 

macrophages in the cornea are the main resident immune cells in the cornea, and 

are mainly distributed throughout the cornea, including the centre of the cornea and 

the corneal limbus219,221. Immune cells are highly regulated in the cornea to prevent 

inflammation and maintain corneal structure and transparency222,223. However, 

upon serious insult such as is the case with chemical burns, secretion of 

inflammatory cytokines, prostaglandins, leukotrienes, and interleukins from injured 

cells results in the initiation of severe tissue inflammation214,224,225. This results in 

the recruitment of immune cells either locally and/or mobilized from the bone 

marrow to produce more local inflammatory cytokines. However, mechanisms 

underlying stromal cell activation and induction of inflammatory signalling in the 

cornea are not clear, although several factors have been identified for playing a 

potential role in exacerbation of injury and scar formation such as Nox4, ZEB1, 

MK2, and MMPs226ï230. Aggressive inflammatory responses following ocular 

injuries often tend to impair corneal re-epithelization which results in loss of 

corneal transparency and impairment of vision229. One of the most recognized 

immune signalling pathways is the inflammasome pathway which is activated in 

the wound healing response231. Bian et al. described the NLRP3 inflammasome 

signalling pathway which is activated in damaged corneal epithelial cells and 

suggested that blocking this pathway could result in a reduced inflammation which 

would improve the wound healing and the corneal transparency 225.  

Wound healing processes can turn pathological whereby myofibroblasts do not 

undergo apoptosis232. Instead, these cells undergo trans-differentiation to form 

myofibroblasts and secrete excessive ECM proteins, leading to fibrosis and corneal 

scarring217. A delay in regeneration of the epithelial basement membrane (EBM), 

due to damage, dystrophy or elevated levels of MMP-2 and MMP-9 can allow TGF-

ɓ and PDGF to continue entering the corneal stroma from the epithelium, which 

perpetuates the generation of myofibroblasts202,232. Release of TGFɓ1 after injury 

also induces the production of extracellular proteins such as collagen, and excessive 

production of collagen can compromise normal tissue function through fibrosis and 

scar formation233,234. Ongoing myofibroblast presence can lead to an abundantly 

disorganized ECM, which contributes to corneal opacity and scarring137. 
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Myofibroblasts can also hinder the appropriate restoration of the anterior stromal 

keratocyte population, which is critical to full recovery of the EBM205. Only when 

the EBM is appropriately re-established do proper stromal levels of TGF-ɓ and 

PDGF settle, causing myofibroblast apoptosis, keratocyte repopulation, clearing of 

abnormal ECM and the restoration of corneal transparency232.  

The cytokine IL-1Ŭ is stored in corneal epithelial cells and keratocytes, and is 

passively released when the cell membrane is ruptured by infectious agents or 

trauma217. However, chronic IL -1Ŭ secretion in cases such as chemical injury 

whereby a large amount of cells undergo apoptosis at once, leads to leukocyte 

infiltration and neovascularization, resulting in damage to the surrounding 

tissues235,236. Chronic inflammation resulting from corneal chemical burns can also 

drive endothelial cell apoptosis217,232. Given that the endothelium has limited 

proliferative and regenerative potential in vivo, it is vital that immune-mediated 

inflammation at the ocular surface does not cause excessive collateral damage, 

which may be irreparable210.  

Several cytokines regulate the molecular mechanism at the basis of fibrosis, and 

Epithelial-to-Mesenchymal Transition (EMT) occurs in the context of the healing 

process after injury234,237. If the injury is mild and acute, the healing process is 

regarded as reparative fibrosis. In contrast, in ongoing chronic inflammation 

conditions, the abnormal formation of myofibroblasts causes progressive 

fibrosis234. In EMT, epithelial cells slowly gain myofibroblasts markers as they lose 

their epithelial elements, resulting in cellular dysfunction137,234. This results in 

weakening of the ocular barrier and integrity of the structure, allowing for immune 

cell infiltration222.  

1.3.3.3 Factors governing corneal wound healing 

Corneal wound healing is a complex and dynamic process involving several cell 

types and a series of events culminating in replacement of injured tissue and 

structures216. There are several unique characteristics of the cornea which require 

special consideration when choosing a treatment modality for promoting corneal 

wound healing. Namely, the immune privilege of the cornea and absence of blood 

vessels which describes the natural lack of inflammation in the cornea223.  
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Figure 1.4 Schematic of signalling pathways induced by corneal chemical burn. 

Signalling cascades induced by corneal injury induce myofibroblast differentiation, leading 

to corneal opacity in prolonged pathological states. Adapted from Kamil et al.232. 

When wound healing is taking place, the immune response needs to be modulated 

and limited. Moderate inflammation facilitates wound recovery, while excessive 

and continuous inflammation may delay wound healing processes and lead to 

fibrosis and scarring208,217. A tenuous balance of pro-inflammatory/pro-angiogenic 

and anti-inflammatory/anti-angiogenic factors is required in order to restore 

homeostasis. Targeting pathogenic pro-inflammatory signalling allows for 

suppression of neovascularisation and modulation of cell signalling, and current 

treatment options for promoting corneal wound healing will be discussed in the 

following section215,218,238. 

1.3.4 Current treatment options 

Chemical burns of the eye are an ophthalmic emergency and require immediate 

intervention153,238. Conventional therapies typically aim to promote corneal re-

epithelialisation, minimise inflammation and prevent scar formation153.  First-line 

treatment has traditionally been topical corticosteroids, which prevent tissue 

damage associated with acute or chronic inflammation153. However, there are 
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several pitfalls associated with topical corticosteroid use. Corticosteroids are often 

inadequate due to the barrier function of the corneal epithelium which leads to low 

penetrance of topical drugs, necessitating high drug concentrations with frequent 

application208. Severe injuries often require long-term treatment courses, and 

prolonged use of steroids is associated with ocular hypertension, glaucoma, 

impaired re-epithelialisation, and cataract formation153,239ï241. Adverse effects 

associated with corticosteroid use also contributes to low patient compliance208. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are also used clinically to reduce 

inflammation associated with ocular injury. 

Umbilical cord serum and platelet-rich plasma have been used clinically to promote 

re-epithelialisation and accelerate wound healing153,242ï244. These biological fluids 

are enriched with growth factors such as epidermal growth factor, basic fibroblast 

growth factor, PDGF, hepatocyte growth factor, TGF-ɓ and nerve growth factor242ï

244. While these therapies do promote corneal re-epithelialisation, PDGF and TGFɓ 

are known to contribute to excessive myofibroblast differentiation and corneal 

opacity, as described in section 1.3.3.2 202,207. Furthermore, umbilical cord serum is 

not widely available and is unlikely to be present at most centres upon presentation 

with an ophthalmic emergency such as ocular chemical burn.  

More recently, regenerative medicine approaches, such as limbal stem cell and 

corneal stromal cell transplantation, have been evaluated as novel therapeutic 

strategies to achieve long-term clinical success245. Despite the promising potential 

of cell therapies, post-transplantation complications have limited their clinical 

success. Poor viability and integration of administered cells at the target site has 

been observed in several studies148,246. Investigational approaches such as drug 

release via contact lens and gene therapy techniques are also being evaluated for 

several ocular disorders.  Chronic injuries may require corneal transplantation as a 

final resort to restore visual acuity. However, whilst it is the most common 

transplant surgery performed worldwide and can offer significant improvement to 

patientsô vision and quality of life, shortage of donor tissues and high rejection rate 

in patients with ocular inflammation limits the success and feasibility of 

keratoplasty as a long-term option for ocular chemical injury176.  
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Given the limited range of viable treatment options, development of alternative 

treatment strategies is urgently required to improve management of corneal 

chemical burns153,208,238. The optimal treatment modality would allow for 

concomitant inhibition of inflammation, fibrosis and angiogenesis, as well as 

acceleration of wound healing by aiding in cell migration and differentiation238.  

1.3.5 MSC-sEV: A cell-free therapeutic strategy for treating ocular 

inflammation 

The two main strategies for managing ocular chemical burn centre on promoting 

epithelial healing and suppressing inflammation during the acute phase153,213,238. 

Given the diverse nature of MSC-sEV cargo, they have the potential to target both 

of these strategies, as well regulation of fibrosis and angiogenesis247,248. As 

discussed in section 1.2.3, MSC-sEV have been found to modulate inflammatory 

immune cell populations to promote restoration of tissue integrity and promote 

wound healing in various models, including autoimmune uveoretinitis, GvHD, 

myocardial ischemia/reperfusion injury, and cutaneous injury114,128,249,250. 

Importantly, MSC-sEV have an excellent safety profile, lack the potential to 

replicate, and can be easily stored for long periods of time. MSC-sEV in an 

allogeneic setting could be used as an off-the-shelf therapy for immediate 

intervention. This is of critical importance in the context of corneal chemical burns 

where treatment must be applied as soon as possible following injury to reduce the 

potential for long-term damage and loss of vision153,238. Cytokine licensing, as 

discussed in section 1.2.4, enhances the immunomodulatory capacity of 

MSCs150,164,180. However, the impact of licensing on their secreted sEV are not well 

understood. Moreover, different licensing strategies elicit unique MSC phenotypes, 

and the particular cytokine(s) which induces the optimal product for corneal wound 

healing has not been identified. This project sought to license MSCs with two 

different cytokines, in order to compare the differential effects on MSC-sEV cargo. 

The immunomodulatory effects of unlicensed and licensed sEV were compared by 

culturing with allogeneic immune cells to determine whether cytokine licensing 

imparted any benefit to the functional efficacy of MSC-sEV. Following this, the 

optimal MSC-sEV product was brought forward for in vivo assessment in order to 

evaluate its therapeutic potential and feasibility as a treatment for corneal chemical 

burns.  
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1.7 Hypothesis and aims of the thesis 

1.7.1 Hypotheses 

¶ sEV can be isolated from MSC conditioned medium in a reproducible 

manner. 

¶ Different cytokine licensing strategies induce unique phenotypes of the 

MSC-sEV cargo. 

¶ MSC-sEV suppress inflammatory immune cell activity, and these properties 

can be enhanced through cytokine licensing of the parent cells. 

¶ Cytokine licensed MSC-sEV represent a therapeutic strategy for the 

treatment of ocular chemical injuries. 

1.7.2 Aims 

¶ Establish a method for efficient and reproducible isolation of sEV derived 

from (i) naïve MSC (sEV), (ii) a pro-inflammatory cytokine licensing 

strategy i.e. IFNɔ (sEVIFNɔ), and (iii) an anti-inflammatory cytokine 

licensing strategy i.e. TGFɓ1 (sEVTGFɓ).  

¶ Perform comprehensive characterisation of the surface and intravesicular 

cargo of MSC-derived sEV, sEVIFNɔ, and sEVTGFɓ.  

¶ Assess the immunomodulatory capacity of MSC-derived sEV, sEVIFNɔ, and 

sEVTGFɓ on allogeneic immune cells in vitro. 

¶ Identify the optimal licensing strategy for potentiation of MSC-sEV efficacy 

and assess the therapeutic potential of the product in a murine model of 

corneal chemical injury.
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2.1 Animal strains and ethical approval 

All procedures performed on mice were approved by the Animals Care Research 

Ethics Committee of the University of Galway, and conducted under individual 

authorisation licenses from the Health Products Regulatory Authority (HPRA) of 

Ireland. All animals were housed in a specific pathogen-free facility, fed a standard 

chow diet, and cared for under standard operating procedures of the Animal Facility 

at the Biomedical Sciences Biological Resources Unit, University of Galway. All 

mice were purchased from Charles River Laboratories.  

2.2 Isolation and culture of primary cells from mouse 

tissues 

2.2.1 BALB/c MSC isolation and culture 

6-10 week old female BALB/c mice were euthanised by CO2 asphyxiation, and the 

femurs and tibiae were harvested by surgical removal. Following confirmation of 

death, the fur was sprayed liberally with 70% ethanol and then removed with a 

sterile scissors. An incision was made to expose the base of the abdomen and along 

the length of the hindlimb. Muscle and connective tissue were removed to expose 

the pelvic-hip joint, and a cut was made to remove the entire hindlimb. The tibia 

was then separated from the femur, and another incision made at the ankle joint to 

remove the foot pad. Remaining muscle and tissue surrounding the femurs and 

tibiae was then removed with sterile forceps and scissors before being placed in ice-

cold PBS. In a sterile laminar flow hood, the epiphyses of all bones were cut, and 

the bone marrow flushed out using a 10mL syringe fitted with a 25G needle and 

filled with ice-cold MSC growth medium (see Table 2.1). Collected marrow was 

passed through a 40ɛm strainer and clumps were gently dissociated using the 

plunger of a 1mL syringe. Cells were centrifuged at 400 x g for 5 min, resuspended 

in fresh culture medium, and seeded at a density of 5,700 cells/cm2. Cells were 

incubated at 37°C, in normoxic conditions with 5% CO2. Medium was changed 

every 3 days until confluency was reached, upon which the cells were subculture. 

Full characterisation of the cells was carried out between passages 4-9, and the cells 

were not used beyond passage 13. 
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The BALB/c MSCs used in this thesis were derived from bone marrow pooled from 

10 donors to make one batch of BALB/c MSCs. All experiments listed involving 

MSCs were derived from this one batch of MSCs (n=1). 

Sub-culture 

MSCs were passaged once 80-90% confluency was reached. Medium was removed 

from the flask and cells were washed with PBS. Cells were detached from the flask 

by incubating with 5mL 0.25% trypsin-EDTA (Gibco) for 3 minutes at 37°C. 

Trypsin was neutralised by adding 10mL growth medium and cells were collected 

by washing the suspension over the flask several times. The cell suspension was 

then transferred to a conical tube and centrifuged at 400 x g for 5 minutes to pellet 

the cells. Supernatant was removed and the cells were resuspended in an appropriate 

volume of fresh growth medium and counted using a haemocytometer. MSC were 

re-seeded at a density of 1x106 per T175 flask in 20mL growth medium and 

incubated at 37°C, in normoxic conditions with 5% CO2. 

2.2.2 Bone Marrow-derived Macrophage (BMDM) generation 

6-10 week old female C57BL/6 mice were euthanised by CO2 asphyxiation, and the 

femurs and tibiae were harvested by surgical removal. Following confirmation of 

death, the fur was sprayed liberally with 70% ethanol and then removed with a 

sterile scissors. An incision was made to expose the base of the abdomen and along 

the length of the hindlimb. Muscle and connective tissue were removed to expose 

the pelvic-hip joint, and a cut was made to remove the entire hindlimb. The tibia 

was then separated from the femur, and another incision made at the ankle joint to 

remove the foot pad. Remaining muscle and tissue surrounding the femurs and 

tibiae was then removed with sterile forceps and scissors before being placed in ice-

cold PBS. In a sterile laminar flow hood, the epiphyses of all bones were cut, and 

the bone marrow flushed into a petri dish using a 10mL syringe fitted with a 25G 

needle and filled with ice-cold macrophage growth medium (see Table 2.1). 

Collected marrow was passed through a 40ɛm strainer and clumps were gently 

dissociated using the plunger of a 1mL syringe. A small aliquot of the cell 

suspension was transferred to an Eppendorf tube, and centrifuged at 600 x g to pellet 

the cells. Supernatant was removed and the cells were resuspended in ACK buffer 

(Gibco) to lyse red blood cells. Following red blood cell lysis, progenitor cells were 
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counted using a haemocytometer.  The total cells isolated (without red blood cell 

lysis) were then centrifuged at 600 x g for 5 min, resuspended in fresh culture 

medium, and seeded at a density of 4.5x106 cells per well of a 6 well plate, in a final 

volume of 3mL per well.  Cells were incubated at 37°C, in normoxic conditions 

with 5% CO2 for 6 days to allow macrophage differentiation, with medium changed 

every 2 days to remove non-adherent cells. Following the 6-day differentiation 

period, medium was removed, and the cells washed twice with PBS. 0.25% trypsin-

EDTA (Gibco) was added to the wells for 6 minutes at 37°C, and cells were 

detached from the plate by flushing with a p1000 pipette. Macrophage medium was 

added for trypsin neutralisation and the collected cells were transferred to a 50mL 

tube. Differentiated macrophages were centrifuged at 600 x g for 5 min, 

resuspended in fresh macrophage medium and used immediately in experiments 

outlined in subsequent sections. Macrophage differentiation was confirmed by 

expression of CD11b and F4/80 by flow cytometry. 

2.2.3 Lymphocyte Isolation 

6-10 week old female C57BL/6 mice were euthanised by CO2 asphyxiation, and 

lymph nodes and spleens were harvested and placed in ice-cold PBS. Single cell 

suspensions of the lymph nodes were obtained by dissociation with the plunger of 

a 1mL syringe in a petri dish in a sterile laminar flow hood. Cells were passed 

through a 40ɛm strainer, then pelleted by centrifugation at 800 x g for 5 min. Cells 

were resuspended in T cell medium (see Table 2.1) and counted using a 

haemocytometer before use in experiments outlined below. Single cell suspensions 

of splenocytes were prepared by gentle dissociation of the spleen using the plunger 

of a 1mL syringe in a petri dish in a sterile laminar flow hood. The cells were passed 

through a 40ɛm strainer and pelleted by centrifugation at 800 x g for 5 minutes. The 

supernatant was removed and the cells were resuspended in 2mL ACK buffer 

(Gibco) for 5 minutes on ice in order to lyse red blood cells. The reaction was 

neutralised by adding 10mL T cell medium. The suspension was then pelleted by 

centrifuging at 800 x g for 5 minutes and the cells were resuspended in fresh T cell 

medium. A 90% lymphocyte:10% splenocyte suspension was used for all T cell 

assays outlined in the subsequent sections.   
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2.3 Culture of cell lines 

2.3.1 L929 cells 

Mouse L-929 cells were obtained from Prof Afshin Samali, Apoptosis Research 

Cluster, University of Galway. This cell line produces macrophage colony 

stimulating factor (M-CSF), a protein necessary for differentiation of macrophages 

from bone marrow progenitors. L-929 cells were seeded at a density of 5,700 

cells/cm2 in 25mL L-929 growth medium, and incubated at 37°C, in normoxic 

conditions, with 5% CO2. After 72h, the conditioned medium was collected, 

transferred to 50mL falcon tubes and centrifuged at 400 x g to remove floating cells. 

The aliquots were then frozen at -20°C until BMDM medium was prepared. 

Thawed vials of L929 were sub-cultured at least once before collecting conditioned 

medium for BMDM medium. 

2.3.2 Human Corneal Epithelial cells  

Immortalised human corneal epithelial cells (HCEpi) were a gift from Prof. 

Friedrich Paulsen, University of Erlangen-Nuremberg. The isolation and 

characterisation details of this cell line are detailed in a publication from Araki-

Sasaki and colleagues251. HCEpi were seeded at a density of 2x106 per T175 in 

20mL HCEpi growth medium (see Table 2.1), with medium changed every 3 days. 

Once 80-90% confluency was reached the cells were passage. Medium was 

removed and cells were washed with PBS before adding 5mL 0.25% trypsin-EDTA 

(Gibco) for 3 minutes at 37°C. Detached cells were collected and trypsin was 

neutralised with HCEpi medium. Cells were re-seeded at the above density into a 

fresh T175 to maintain culture.  

2.3.3 Human Corneal Endothelial cells  

Human corneal epithelial cells (HCEndo) were a gift from Bednarz and 

colleagues252. HCEndo were seeded at a density of 1x106 per T175 in 20mL 

HCEndo growth medium (see Table 2.1), with medium changed every 3 days. Once 

80-90% confluency was reached the cells were passage. Medium was removed and 

cells were washed with PBS before adding 5mL 0.25% trypsin-EDTA (Gibco) for 

3 minutes at 37°C. Detached cells were collected and trypsin was neutralised with 
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HCEndo medium. Cells were re-seeded at the above density into a fresh T175 to 

maintain culture.  
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Mouse MSC medium 

Reagent Volume (for 500mL) Final Concentration 

MEM-Ŭ  445mL - 

FBS 50mL 10% 

Penicillin/Streptomycin 5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

BMDM medium 

Reagent Volume (for 500mL) Final Concentration 

RPMI 1640 355mL - 

FBS 50mL 10% 

L929 conditioned medium 75mL 15% 

Sodium Pyruvate 100mM 5mL 1mM 

Non-essential amino acids 

100X 

5mL 1X 

L-Glutamine 200mM 5mL 2mM 

ɓ-mercaptoethanol 50mM 500ɛL 50ɛM 

Penicillin/Streptomycin 

100X 

5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

T cell medium 

Reagent Volume (for 500mL) Final Concentration 

RPMI 1640 430mL - 

FBS 50mL 10% 

Sodium Pyruvate 100mM 5mL 1mM 

Non-essential amino acids 

100X 

5mL 1X 

L-Glutamine 200mM 5mL 2mM 

ɓ-mercaptoethanol 50mM 500ɛL 50ɛM 
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Penicillin/Streptomycin 

100X 

5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

L-929 medium 

DMEM (4.5g/L glucose) 445mL - 

FBS 50mL 10% 

Penicillin/Streptomycin 

100X 

5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

HCEpi  medium 

DMEM (1g/L glucose) 470mL - 

FBS 25mL 5% 

Hydrocortisone (2.5mg/ml) 20ɛL 0.5µg/ml 

Insulin (1mg/ml) 100ɛL 40 ng/ml 

Penicillin/Streptomycin 

100X 

5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

HCEndo medium 

DMEM (1g/L glucose) 445mL - 

FBS 50mL 10% 

Penicillin/Streptomycin 

100X 

5mL 100U/ml penicillin 

100ɛg/ml streptomycin 

Table 2.1 List of media recipes used for general cell culture. 
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2.4 Cytokine licensing of BALB/c MSC 

BALB/c MSCs were seeded at a density of 5x104 cells per well of a 6 well plate in 

2mL MSC growth medium and incubated at 37°C, in normoxic conditions, with 5% 

CO2. After 24h, the medium was removed and replaced with 2mL fresh MSC 

medium, MSC medium containing 50ng/mL recombinant murine IFNɔ 

(Peprotech), or MSC medium containing 25ng/mL recombinant murine TGFɓ1 

(Bio-techne) and cultured for a further 72h at to generate MSC, MSCIFNɔ, and 

MSCTGFɓ, respectively. After 72h, control and licensed MSCs were characterised 

by the methods described below. 

2.5 Characterisation of BALB/c MSC 

2.5.1 Adipogenic Differentiation 

 MSC, MSCIFNɔ, and MSCTGFɓ were seeded at a density of 2x105 cells per well of a 

6 well plate in 2ml of MSC growth medium and incubated at 37°C, in normoxic 

conditions with 5% CO2. Once confluency was reached, medium was removed and 

replaced with 2ml Adipogenic induction medium (see Table 2.2). Control wells 

received MSC growth medium. Medium was removed from all wells after 3 days, 

and replaced with Adipogenic maintenance medium (see Table 2.2), with control 

wells receiving MSC growth medium. Medium was changed every 3 days, allowing 

a total of 3 cycles of induction and maintenance media. On the last cycle, test wells 

were incubated with maintenance medium for 5 days. Following this, medium was 

removed, and the cells were washed twice with PBS. The cells were then fixed in 

10% neutral buffered formalin (Sigma) for 30 minutes at room temperature. 

Fixative was removed and the cells washed with distilled water until it ran smoothly 

off the plate. Oil Red O working solution was prepared by mixing 6 parts Oil Red 

O (Sigma) with 4 parts distilled water. The working solution was allowed to stand 

for 10 minutes before filtering with a 0.22ɛm filter. The working solution was then 

added to all wells for 5 minutes at room temperature, rotating the dish to ensure 

complete coverage of the monolayer. The stain was then removed, and the excess 

cleared by adding 60% isopropanol (Sigma) to the wells. The cells were rinsed with 

tap water until it ran off the plate smoothly. A 1:5 hematoxylin:water solution was 

added to the wells for 1 min. The stain was then removed, and the cells washed with 
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tap water. Cells were covered with a small volume of water before imaging on an 

Olympus inverted light microscope.  

For quantitation of Oil Red O staining, the dye was extracted by pipetting 99% 

isopropanol over the surface of the well several times, until all dye was extracted. 

The solution was then transferred to an Eppendorf tube, and debris was removed by 

pelleting at 500 x g for 3 min. 200ɛL of the extracted stain from each well was 

added in triplicate to a flat-bottom 96 well plate, and absorbance was measured at 

520nm on a Victor X plate reader (Perkin Elmer).  

2.5.2 Osteogenic Differentiation 

MSC, MSCIFNɔ, and MSCTGFɓ were seeded at a density of 2x105 cells per well of a 

6 well plate in 2ml of MSC growth medium and incubated at 37°C, in normoxic 

conditions with 5% CO2. Once confluency was reached, medium was removed and 

replaced with 2ml Osteogenic medium (see Table 2.3). Control wells received 

MSC growth medium. Medium was changed every 2 days. The condition of the 

monolayer was observed for 10 to 17 days, with media changed every 2 days, and 

osteogenic differentiation was assessed before cells became detached from the 

plate.  

Osteogenic differentiation of the MSCs was determined first through Alizarin Red 

Staining as follows. 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). Medium was removed from all 

wells and the cells washed twice with PBS for 5 min. Cells were then fixed in ice-

cold 95% methanol (Sigma) for 10 min. After fixation, cells were rinsed with 

distilled water and stained for osteogenesis with the alizarin red working solution 

for 5 minutes at room temperature. The stain was removed, and the cells washed 

with distilled water until all the excess was removed. The cells were allowed to dry, 

and a small volume of water was added to the wells prior to imaging on an Olympus 

inverted light microscope.  

Calcium content of test and control wells not stained with Alizarin Red was 

measured using StanBio Calcium Liquicolour Kit (Fisher Scientific), following 
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manufacturerôs instructions. Medium was removed from the wells and rinsed twice 

with DPBS.   
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Adipogenic Induction Medium 

Reagent Volume (for 50mL) Final Concentration 

DMEM (high glucose) 43.8mL - 

FBS 5mL 10% 

Dexamethasone 1mM 50µL 1µM 

Insulin 1mg/mL 500µL 10 µg/mL 

Indomethacin 100mM 100µL 200 µM 

3-Isobutyl-1-Methyl-

Xanthine 500mM 

50µL 500 µM 

Penicillin/Streptomycin 

100X 

500µL 100U/mL penicillin 

100ɛg/mL streptomycin 

Adipogenic Maintenance Medium 

Reagent Volume (for 50mL) Final Concentration 

DMEM (high glucose) 43.8mL - 

FBS 5mL 10% 

Insulin 1mg/mL 500µL 10 µg/mL 

Penicillin/Streptomycin 

100X 

500µL 100U/mL penicillin 

100µg/mL streptomycin 

Table 2.2 Recipes for Adipogenic Induction and Maintenance Media. 

The cells were collected by adding 0.5M HCl (Sigma) and using a cell scraper the 

cells were detached from the plate. Cells were transferred to an Eppendorf tube and 

placed in a shaker overnight at 4°C. Serial dilutions of the supplied 10mg/dL 

standard were prepared in 0.5M HCl to generate a standard curve ranging from 0.05 

to 1ɛg/mL. 10µL of each standard and sample were added in triplicate to the wells 

of a 96 well flat bottom plate, and 200µL of the working solution (1:1 ratio of the 

StanBio Binding Reagent and Working Dye) was then added to all wells. The plate 

was incubated for 10 minutes at room temperature, protected from light.  
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Reagent Volume (for 50mL) Final Concentration 

Iscoves MEM 43.8mL - 

FBS 5mL 10% 

Dexamethasone 1mM 5µL 100nM 

Ascorbic Acid 2-P 10mM 250µL 50µM 

Beta-glycerophosphate 1M 1mL 20mM 

L-thyroxine 25µL 50ng/mL 

L-glutamine 500µL 2mM 

Penicillin/Streptomycin 

100X 

500µL 100U/mL penicillin 

100µg/mL streptomycin 

Table 2.3 Recipe for Osteogenic Differentiation Medium. 

Absorbance was read at 595nm on a Victor X plate reader (Perkin Elmer). A 

standard curve was then generated based on absorbance and the calcium content of 

the samples interpolated. 

2.5.3 Surface Marker Characterisation 

MSC, MSCIFNɔ, and MSCTGFɓ were characterised by flow cytometry for the 

expression of positive MSC markers (CD73, CD105, CD44, CD29, SCA-1) and 

absence of negative MSC marker (CD45, CD11b, F4/80, MHC II, CD86) as 

reported by the International Society for Cellular Therapy107. Cells were cultured to 

90% confluency, detached from the plate with 0.25% trypsin-EDTA (Gibco) for 3 

minutes at 37°C and resuspended in FACS buffer. Cells were counted using a 

haemocytometer. 100,000 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 (see Table 2.4) diluted in FACS buffer in a 

final volume of 50ɛl, for 15 minutes at 4ÁC and protected from light. Following 

staining, the cells were washed twice more with FACS buffer and then resuspended 

in 150ɛL FACS buffer containing SYTOX-AADvanced viability dye.  
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Target  Fluorochrome Volume Manufacturer  Cat. No. 

Anti-mouse H-

2Kb 

PE-Cy7 1:400 Biolegend 116520 

Anti-mouse I-

Ab 

Biotin 

Strep-APC 

1:80 

1:800 

Biolegend 

eBiosciences 

116404 

17-4317-82 

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 

CD45.2 

APC 1:80 Biolegend 109814 

Anti-mouse 

CD86 

PE 1:80 Biolegend 105106 

Anti-mouse 

F4/80 

FITC 1:250 Biolegend 123108 

Anti-mouse 

CD11b 

FITC 1:250 Biolegend 101206 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Table 2.4 List of antibodies used for flow cytometric characterisation analysis of 

BALB/c MSCs. 

Samples were acquired on a FACS Canto II (Becton Dickinson) flow cytometer and 

analysed using FlowJo_V10 software (TreeStar Inc.). Positivity gates were created 

based on fluorescence minus one (FMO) negative controls. Cell size and granularity 

was determined by FSC-A and SSC-A, respectively. Dead cells were gated based 

on SYTOX-positive staining.   
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2.5.4 RNA Sequencing 

RNA sequencing analysis of MSC and TGFɓ1-MSC was carried out by Dr Kevin 

Lynch, as outlined in Lynch et al. 2020164. In brief, BALB/c MSCs were cultured 

in MSC growth medium alone or with 50ng/mL recombinant murine TGFɓ1 for 

72hrs. After 72h, the cells were scraped from the bottom of the plates and RNA was 

extracted using the Bioline Isolate II RNA mini kit (Meridian) following 

manufacturerôs instructions. Isolated RNA was stored at -80°C until shipped for 

RNA sequencing. Sequencing was carried out by ArrayStarTM. In brief, RNA 

samples were quantified using a Nanodrop and qualified by agarose gel 

electrophoresis. mRNA was enriched by oligo(dT) magnetic beads. Illumina kits 

were used for the RNA-seq library, which was prepared using the Agilent 2100 

Bioanalyzer and samples were quantified by the qPCR absolute quantification 

method. Samples were sequenced using the Illumina Hiseq 4000. Fragments per 

kilobase of transcript per million mapped reads (FPKM) values were calculated and 

differential expression (DE) analysis was performed with the R/Bioconductor 

package Ballgown v2.8.4.109.  

2.6 Isolation of control and licensed MSC-sEV 

The MSCs used in this thesis to generate sEV, sEVIFNɔ, and sEVTGFɓ were grown 

from the same original batch of isolated BALB/c MSCs, i.e. 1 biological replicate. 

This ensured the changes observed in the composition and functionality of sEV, 

sEVIFNɔ, and sEVTGFɓ was due to the licensing process and not from donor 

variability. MSC passages between 7-9 were used for sEV isolation, in which one 

sEV, sEVIFNɔ, and sEVTGFɓ isolation was performed at passage 7, one at passage 8, 

and two at passage 9. 

2.6.1 Preparation of EV-depleted Medium 

Small and large EV were depleted from MSC growth medium by 

ultracentrifugation as follows. 32mL MSC growth medium was transferred to each 

sterilised polyallomer ultracentrifuge tube (Sorvall) and spun at 120,000 x g for 18h 

at 4°C in a Sorvall 100SE Ultracentrifuge with a SureSpin 630 rotor. Supernatant 

was removed slowly, ensuring not to disturb the pellet. The final 4mL 

(approximately) of medium was left in the tube to avoid potential contamination of 
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FBS-derived EV and large protein aggregates in the pellet. Collected EV-depleted 

medium was pooled, passed through a 0.22ɛm filter and stored at 4ÁC for up to 4 

weeks. 

2.6.2 Generation of Cytokine-Licensed MSC Conditioned Medium 

BALB/c MSC were seeded at a density of 1x106 cells per T175 flask and allowed 

to adhere. After 24h, medium was removed, and cells were washed twice with PBS 

to remove all traces of growth medium.  

18mL EV-depleted medium was then added to each flask, containing (i) no 

supplement, (ii) 50ng/mL recombinant murine IFNɔ (Peprotech), or (iii) 25ng/mL 

recombinant murine TGFɓ1 (Bio-techne) to generate MSC-sEV, MSC-sEVIFNɔ, 

and MSC-sEVTGFɓ, respectively. MSCs were cultured for a further 72h in the 

presence of the supplements in an incubator at 37°C, in normoxic conditions with 

5% CO2. MSC, MSCIFNɔ, and MSCTGFɓ conditioned medium (CM) was collected 

into 50mL falcon tubes and sEV isolated as detailed in the sections below. Licensed 

MSCs were detached from the flask by incubating with 0.25% trypsin-EDTA 

(Gibco) for 3 minutes at 37°C and counted using a haemocytometer to confirm the 

number of cells in culture at the point of CM collection. Cell death was determined 

using trypan blue (Sigma) to confirm cell viability of at least 95%. CM was 

immediately processed for sEV isolation using the protocols below. 

2.6.3 Isolation of MSC-sEV by Ultracentrifugation  

Collected CM was centrifuged at 400 x g for 10 min, and then 2000 x g for 30 mins 

to remove dead cells and cellular debris. The CM was then passed through a 0.22ɛm 

filter to remove large particles. 32mL CM was transferred to each sterilised 

polyallomar ultracentrifuge tube (Sorvall) and placed into a Sorvall 100SE 

Ultracentrifuge with a SureSpin 630 rotor and spun at 120,000 x g for 90 minutes 

at 4°C. Supernatant was removed slowly using a 10mL serological pipette until 

approximately 4mL remained, ensuring not to disturb the sEV pellet. The remaining 

supernatant was removed using a p1000, and the sEV pellet was resuspended with 

1mL 0.22ɛm-filtered ice-cold PBS. All PBS-resuspended pellets were then pooled 

into one conical ultracentrifuge (Sorvall), and purified sEV were pelleted by 

ultracentrifuging at 120,000 x g for 90 minutes at 4°C. Supernatant was removed 

slowly using a 10mL serological pipette until approx. 4mL remained, ensuring not 
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to disturb the pellet. The remaining supernatant was removed using a p1000, and 

the final pellet was resuspended in PBS to a final volume of 200ɛL. sEV were 

aliquoted and stored at -80°C until further analysis.  

2.6.4 Isolation of MSC-sEV by Size Exclusion Chromatography 

Collected CM was centrifuged at 400 x g for 10 min, and then 2000 x g for 30 mins 

to remove dead cells and cellular debris. The CM was then passed through a 0.22ɛm 

filter to remove large particles. Amicon Ultra-15 centrifugal filter units with 

100kDa molecular weight cut-off (Merck) were then used to concentrate the CM 

by centrifuging at 3,000 x g for 30 minutes in a centrifuge equipped with a swinging 

bucket rotor. Total concentrated CM was pooled, and the filter units washed with a 

small volume of 0.2um filtered PBS (Gibco) to ensure high yield. To elute sEV and 

remove free proteins, qEV Original columns (Izon) were used following 

manufacturerôs instructions. Columns were allowed to reach room temperature and 

then washed with 15mL 0.2ɛm-filtered PBS. 500ɛL of concentrated CM was added 

to the column and, after a 3mL void volume, 8x 500ɛL fractions were collected. 

The column was washed with at least 15mL 0.2ɛm-filtered PBS and another 500ɛL 

of concentrated CM was added to the loading frit. Fractions were collected as 

previous. Each column was used 5 times before discarding (as recommended by 

manufacturer). sEV-containing fractions (F1-3 post-void volume) were pooled, 

concentrated using an Amicon Ultra-4 centrifugal filter unit with 100kDa molecular 

weight cut-off (Merck) and resuspended in PBS to a final volume of 500ɛL. The 

sEV were then aliquoted and stored at -80°C until further analysis.  

2.7 Characterisation of MSC-sEV 

2.7.1 Nanoparticle Tracking Analysis (NTA) 

NTA (NanoSight NS300) was employed to measure particle size and concentration. 

The system was calibrated before use with 100nm polystyrene latex particles. sEV, 

sEVIFNɔ, and sEVTGFɓ were diluted in 0.2ɛm filtered water to allow a concentration 

appropriate for detection on NanoSight (20-60 particles per frame). Samples were 

loaded using a 1mL syringe, on a continuous syringe pump flow of 100. Five videos 

each of 60 seconds in length, were acquired for each sample with a camera level of 

13 and a detection threshold of 6. Data were analysed using NTA software. 
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Nanoparticle concentrations were provided as total nanoparticles per mL. Average 

number of nanoparticles secreted per MSC was calculated based on total number of 

sEV isolated divided by final number of MSCs in culture at the point of CM 

collection. sEV samples were originally sent to Prof Adriele Prina-Melloôs group 

at Trinity College Dublin in order to perform NTA measurements, where a NS500 

instrument was used.  Following acquisition of a NanoSight NS300 instrument by 

Dr Róisín Dwyer at the Lambe Institute for Translational Research, University of 

Galway and her kind collaboration, the remaining NTA was performed by the 

author using this instrument. Previously measured samples by the Trinity group 

were re-validated on the NS300 to ensure consistent readings were made. 

2.7.2 Transmission Electron Microscopy (TEM) 

TEM was performed to assess sEV morphology. 1x109 sEV, sEVIFNɔ, and sEVTGFɓ 

were fixed in 2% PFA and incubated on 200 mesh gold formvar carbon-coated 

electron microscopy grids (Aquilent) for 20 mins to allow attachment. Samples 

were incubated with 1% glutaraldehyde (Sigma) followed by negative staining with 

2% phosphotungstic acid (Sigma) for 15 seconds. Samples were analysed using a 

Hitachi 7500 electron microscope, at a magnification of 50,000X for wide-field 

view, 100,000X for morphological assessment, at an accelerating voltage of 75kV. 
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2.7.3 Flow Cytometry ï Surface marker expression 

2x109 sEV, sEVIFNɔ, and sEVTGFɓ in a final volume of 40ɛL PBS were attached to 

10ɛL of aldehyde/sulphate latex beads (Invitrogen) in a 1.5mL screw-top 

Eppendorf for 15 minutes at room temperature. The suspension was made to 1mL 

with PBS and incubated overnight on rotation at 4°C. Samples were taken off 

rotation and 110ɛL 1M glycine (Sigma) was added to each tube for 30 minutes at 

room temperature to minimise non-specific antibody binding. Samples were then 

centrifuged at 2,000 x g for 5 minutes to pellet the beads. Supernatant was carefully 

removed, and the bead pellet resuspended with 1mL 0.5% BSA/PBS. Samples were 

washed 3 more times with 0.5% BSA/PBS and resuspended in a final volume of 

1mL 0.5% BSA/PBS. For surface staining of the sEV, 10ɛL of sample were 

transferred per well of a 96-well V-bottom plate and 40ɛL antibody in 0.5% 

BSA/PBS for 30 minutes at 4°C in the dark. List of antibodies used for sEV analysis 

are shown in Table 2.5. Samples were pelleted by centrifuging at 2,000 x g for 5 

minutes, and washed twice before resuspending in 150ɛL 0.5% BSA/PBS and 

transferring to FACS tubes. All analyses were performed as single stains. Unstained 

beads alone, unstained beads+sEV, beads stained with antibody, and beads+sEV 

stained with antibody isotype were all used for negative controls. Data was acquired 

on a FACSCanto II (Becton Dickinson) and analysed using FlowJo software V_10 

(TreeStar Inc.). 
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Antibody Fluorochrome Volume Manufacturer  Cat no. 

Anti-mouse 

CD9 

PE 1:80 BD Pharmingen 564234 

Anti-mouse 

CD63 

PE 1:80 BD Pharmingen 564222 

Anti-mouse 

CD73 

APC 1:20 Biolegend 127210 

Anti-mouse 

CD44 

PE-Cy7 1:20 Biolegend 103029 

Anti-mouse 

CD29 

PE 1:20 Biolegend 102207 

Anti-mouse 

H-2kD 

PE-Cy7 1:20 Biolegend 116520 

Anti-mouse 

SCA-1 

FITC 1:20 Biolegend 108106 

Anti-mouse 

PD-L1 

APC 1:20 Biolegend 124312 

Table 2.5 List of antibodies used for flow cytometric characterisation of MSC-sEV 

surface antigen expression. 

2.7.4 Protein quantification  

Protein concentration in SEC fractions was measured using the PierceÊ BCA 

Protein Assay Kit (Thermo Scientific).  Protein standards ranging from 25-

2000ug/mL were prepared as described in the manufacturerôs protocol. 25ɛL of 

each SEC fraction or protein standard was added per well of a flat bottom 96 well 

plate. 200ɛL of working reagent was added to all wells and the plate was incubated 

at 37C for 30 minutes, protected from light. Absorbance was measured at 555nm 

on a Victor X plate reader (Perkin Elmer), and unknowns were interpolated from 

the standard curve in GraphPad Prism 8.0 software.  
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2.7.5 Next Generation Sequencing of MSC-EV miRNA 

Small RNA sequencing of isolated MSC-sEV was carried out by TAmiRNA 

GmBH. Overall quality of the next-generation sequencing data was evaluated 

automatically and manually with fastQC v0.11.9 (Andrews 2010) and multiQC 

v1.10 (Ewels et al. 2016). Reads from all passing samples were adapter trimmed 

and quality filtered using cutadapt v3.3 (Martin 2011) and filtered for a minimum 

length of 17nt. Mapping steps were performed with bowtie v1.3.0 (Langmead et al. 

2009) and miRDeep2 v2.0.1.2 (Friedländer et al. 2012), whereas reads were 

mapped first against the genomic reference GRCm38.p6 provided by Ensembl 

(Zerbino et al. 2018) allowing for two mismatches and subsequently miRBase 

v22.1 (Griffiths-Jones 2004), filtered for miRNAs of mmu only, allowing for one 

mismatch. For a general RNA composition overview, non-miRNA mapped reads 

were mapped against RNAcentral (Sweeney et al. 2019) and then assigned to 

various RNA species of interest. Statistical analysis of preprocessed NGS data was 

done with R v4.0 and the packages heatmap vNA, pcaMethods v1.82 and genefilter 

v1.72. Differential expression analysis with edgeR v3.32 (Robinson, McCarthy, 

and Smyth 2009) used the quasi-likelihood negative binomial generalized log-linear 

model functions provided by the package. The independent filtering method of 

DESeq2 (Love, Huber, and Anders 2014) was adapted for use with edgeR to 

remove low abundant miRNAs and thus optimize the false discovery rate (FDR) 

correction. 

2.7.5.1 Pathway enrichment analysis 

Pathway enrichment analysis was performed based on miRNAs enriched more than 

2-fold in sEVIFNɔ or sEVTGFɓ compared to sEV. Validated gene targets of enriched 

miRNAs were identified using the MIENTURNET web tool based on the 

miRTarBase database. Only targets with strong evidence for miRNA regulation 

were included in pathway analysis. Protein-protein interaction networks of 

validated targets were generated in Cytoscape using a STRING plug-in, where a 

0.95 confidence interval cut-off was applied. Functional enrichment was performed 

using STRING and exported results were plotted in GraphPad 8.0.  
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2.8 Fluorescent labelling of MSC-EV 

2.8.1 CFSE labelling 

2x109 sEV, sEVIFNɔ, or sEVTGFɓ were resuspended in a final volume of 30ɛL PBS 

and added to 30ɛL 40ɛM CFDA-SE in PBS (CellTrace CFSE cell proliferation kit; 

Invitrogen) in a 1.5mL screw-top Eppendorf. Samples were then incubated at 37°C 

for 2h, protected from light. After staining, the sample was made to 500ɛL with 

PBS and, in order to remove free CFDA-SE, sEV were eluted using SEC columns 

as described in section 2.4.4. sEV-containing fractions (F1-3 post-void volume) 

were pooled and stored at 4°C until ready for use (up to 24h). If needed, sEV were 

concentrated using an Amicon Ultra-4 centrifugal filter device and resuspended in 

a small volume of medium.  For negative controls, CFDA-SE-stained PBS was used 

prepared in the same way as the sEV, and also passed through the SEC column. 

Unstained sEV were used as a second negative control. 

2.8.2 Confirmation of sEV fluorescence 

2.8.2.1 Single sEV analysis on CYTEK NL3000 

Five 2-fold serial dilutions of CFSE-labelled sEV were prepared in 0.2ɛm-filtered 

PBS and placed into FACS tubes such that there were 5 samples of concentrations 

ranging from 0.03x109 to 1x109 CFSE+ sEV/mL, and five samples of the same 

concentrations of unlabelled sEV. FSC and SSC voltages were set using Apogee 

size calibration beads, to ensure size ranges from 100nm-1300nm were resolved on 

the acquisition screen. B2 voltage was set based on the fluorescent polystyrene 

calibration beads in the Apogee Mix. Threshold was set off the SSC-H and SSC-B-

H to keep event rate below 3,000/second and abort rate less than 10% of events, in 

order to not swarm the detector. 0.2ɛm-filtered PBS was run to determine 

background noise in the buffer and machine. CFSE-stained PBS was acquired to 

determine levels of non-specific fluorescence, and unlabelled sEV run to assess 

levels of sEV autofluorescence. Unlabelled sEV were acquired from lowest to 

highest concentration, ensuring increasing event rate was proportional to increasing 

sEV number. Number of CFSE negative events in the CFSE-labelled sEV samples 

was compared to background levels in the PBS and CFSE-stained PBS, such that 

an increase in numbers indicates the proportion of sEV that were not CFSE-
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positive, allowing determination of CFSE staining efficiency. All samples were 

acquired on low flow rate for 45 seconds, and absence of swarm detection was 

confirmed by consistent CFSE MFI with sample dilution. Samples were acquired 

on a Cytek NL3000, and analysed using FlowJo software V_10 (TreeStar Inc.).  

2.9 Effects of MSC-EV on allogeneic macrophage in vitro 

A range of assays were carried out to assess the effects of sEV, sEVIFNɔ, and 

sEVTGFɓ on C57BL/6 macrophage functionality and phenotype.  C57BL/6 BMDM 

were isolated and differentiated as described in section 2.2.2 and used immediately 

in the experiments outlined below. 

2.9.1 Uptake of MSC-sEV by BMDM  

2.9.1.1 Visualisation by microscopy 

100,000 BMDM were seeded onto a coverslip in 100ɛL of medium and allowed to 

adhere for 3h, following which the coverslips were carefully placed in a 6 well plate 

and covered with 2mL of medium and incubated overnight at 37°C, 20% O2, 5% 

CO2. sEV were labelled with CFSE as outlined in section 2.6.2. Medium was 

removed from all BMDM wells and 5x108 CFSE-labelled sEV or unlabelled sEV 

in 200ɛL medium were added directly onto the coverslips and incubated for 3h at 

37°C. Medium was removed and the coverslips washed twice with PBS. BMDM 

were fixed with 4% PFA (Sigma) in PBS for 20 minutes at room temperature. 

Fixative was removed and the cells washed three times with PBS. Cells were 

permeabilised by incubating with 0.1% Triton X-100 (Sigma) for 10 minutes at 

room temperature. Cells were then washed three times with PBS and blocking 

buffer (1% BSA in PBS) was added for 1h at room temperature. Actin was stained 

with 200ɛL 1X Phalloidin-555 (Abcam) diluted in blocking buffer at room 

temperature for 1h in the dark. The cells were washed 3 times with PBS and 

mounted using Fluoroshield with DAPI (Sigma) to visualise nuclei. Samples were 

analysed using an Olympus CKX53 inverted fluorescent microscope and images 

merged in Image J. 
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2.9.1.2 Analysis of sEV uptake by flow cytometry 

BMDM were seeded onto 96-well round bottom plates at a density of 50,000 cells 

per well in 100ɛL medium and allowed to adhere for 6h. To induce M1-like pro-

inflammatory polarisation, 50ɛL of recombinant murine IFNɔ (Peprotech) at a final 

concentration 100U/mL in was added to the BMDM overnight. The next morning, 

medium was removed and the cells washed gently with PBS. 10ng/mL LPS (Sigma) 

in a final volume of 100ɛL BMDM medium was then added to the BMDM for 4h. 

After 4h, medium was removed from all wells and the cells washed four times with 

PBS. 5x108 CFSE-labelled sEV, sEVIFNɔ, or sEVTGFɓ or unstained sEV were added 

to M1-polarised wells. PBS and CFSE-labelled PBS were added to wells as further 

controls. Cells were incubated at 37°C, 20% O2, 5% CO2 for 1h, 3h, 6h, 8h and 24h 

to assess sEV uptake over a time course. sEV were then incubated for 4h in 

subsequent uptake experiments after optimal uptake time-point had been 

determined. In order to evaluate uptake by flow cytometry, BMDM were detached 

from the plates by incubating with 0.25% trypsin-EDTA (Gibco) for 6 minutes at 

37°C, then flushed from the wells by pipetting up and down several times with a 

multichannel pipette. Samples were then directly transferred to a 96-well V-bottom 

plate and centrifuged at 600 x g for 5 minutes to pellet the cells. Supernatant was 

removed and the cells washed twice with FACS buffer before staining with anti-

mouse APC-conjugated antibodies against CD11b for 15 minutes at 4°C in the dark. 

Cells were then washed twice with FACS buffer to remove excess antibody, and 

resuspended in 150ɛL FACS buffer containing SYTOX AADvanced dead cell stain 

(Invitrogen). Samples were acquired on a FACSCanto II cytometer (Becton 

Dickinson), with at least 10,000 events acquired per sample. Positive sEV uptake 

was gated based on fluorescence of BMDM incubated with PBS, CFSE-stained 

PBS, and unlabelled sEV as negative controls.  

2.9.1.3 Inhibition of sEV uptake with wortmannin 

Wortmannin (Sigma) stock solutions were prepared in DMSO, as per 

manufacturerôs instruction, and stored at -20°C. Wortmannin was diluted in 

appropriate cell growth medium to desired concentrations, and optimal 

concentration was determined depending on the point at which viability was not 

significantly reduced and sEV uptake was significantly reduced. Control wells were 
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incubated in 0.1% DMSO in growth medium. In order to block sEV uptake by target 

cells, inhibitors were added to the cells for 30 minutes, at indicated concentrations, 

prior to sEV addition. After treatment, the inhibitor was removed, and the cells 

washed twice with PBS before adding the sEV. 

2.9.2 Macrophage surface antigen profile 

Differentiated BMDM were seeded at a density of 50,000 cells per well of a 96-

well round bottom plate in 100ɛL of BMDM medium and allowed to adhere for 6h. 

To induce M1-like pro-inflammatory polarisation, 50ɛL of recombinant murine 

IFNɔ (Peprotech) at a final concentration 100U/mL in was added to the BMDM 

overnight. The next morning, the medium was removed, and the cells washed gently 

with PBS. 10ng/mL LPS (Sigma) in a final volume of 100ɛL BMDM medium was 

then added to the BMDM for 4h, following which the stimulus was removed and 

the cells washed four times with PBS. 100ɛL fresh BMDM medium was then added 

to the wells. 1x108 sEV, sEVIFNɔ, or sEVTGFɓ (or PBS) were added to the wells in 

50ɛL macrophage medium. The BMDM were cultured for 48h at 37°C, in normoxic 

conditions with 5% CO2. Changes in surface antigen expression was assessed by 

flow cytometry as described in section 2.5.3. Antibodies used for analysis of 

macrophage surface profile are listed in Table 2.6. Where sEV uptake was 

inhibited, wortmannin (Sigma) was added to the wells at a final concentration of 

1ɛM for 30 minutes prior to sEV. Wortmannin was removed and the wells washed 

twice with PBS before adding sEV, sEVIFNɔ, or sEVTGFɓ. 
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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 

 H-2Kb 

PE-Cy7 1:400 Biolegend 116520 

Anti-mouse 

 I-Ab 

Biotin 

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 

Anti-mouse 

PD-L1 

APC 1:80 Biolegend 124312 

Anti-mouse 

PD-L2 

PE 1:80 Biolegend 107206 

OVA257-264 

(SIINFEKL) 

peptide bound 

to H-2Kb 

Monoclonal 

Antibody 

PE 1:20 eBiosciences 12-5743-82 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Table 2.6 List of antibodies used for analysis of BMDMs by flow cytometry. 

2.9.3 Quantification of cytokine secretion in BMDM  cell culture 

supernatants  

Supernatants from experiments outlined in section 2.9.2 were analysed for levels of 

various pro-inflammatory cytokines (CXCL1, IL-18, IL-23, IL-12p70, IL-6, TNF-

Ŭ, IL-12p40, and IL-1ɓ) and anti-inflammatory/tissue-repair cytokines (Free Active 

TGFɓ1, CCL22, IL-10, IL-6, G-CSF, and CCL17) using the LEGENDplexÊ 

multi-analyte flow assay kit (Mouse Macrophage/Microglia Panel; Biolegend), as 

per manufacturerôs instructions. Samples were acquired on a FACSCanto II (Becton 
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Dickson) and analysed in the LEGENDplexÊ Data Analysis Software Suite 

(Biolegend). 

2.9.4 Macrophage antigen processing and presentation 

Differentiated BMDM were seeded at a density of 50,000 cells per well of a 96-

well round bottom plate in 100ɛL of BMDM medium and allowed to adhere for 6h. 

To induce M1-like pro-inflammatory polarisation, 50ɛL of recombinant murine 

IFNɔ (Peprotech) at a final concentration 100U/mL in was added to the BMDM 

overnight. The next morning, the medium was removed and the cells washed gently 

with PBS. 10ng/mL LPS (Sigma) in a final volume of 100ɛL BMDM medium was 

then added to the BMDM for 4h, following which the stimulus was removed and 

the cells washed four times with PBS. 100ɛL fresh BMDM medium was then added 

to the wells. 1x108 sEV, sEVIFNɔ, or sEVTGFɓ (or PBS) were added to the wells in 

BMDM medium. The BMDM were cultured for 24h at 37°C, in normoxic 

conditions with 5% CO2, following which 50ɛL DQ-OVA (Invitrogen) was added 

at a final concentration of 1ug/mL. The cells were then cultured for 24h at 37°C, in 

normoxic conditions with 5% CO2, protected from light. To assess levels of 

presented antigen, the cells were prepared for flow cytometry analysis, as described 

in section 2.5.3. The cells were incubated with fluorescently conjugated anti-mouse 

monoclonal antibodies against CD11b for 15 minutes at 4°C, protected from light. 

The cells were washed twice and then incubated with a fluorescently conjugated 

monoclonal antibody targeting H-2Kb-bound SIINFEKL (Invitrogen) for 40 

minutes at room temperature, protected from light. Details of the antibodies used 

are listed in Table 2.6. The cells were then washed twice and resuspended in 120ɛL 

FACS buffer containing SYTOX AADvanced dead cell stain, transferred to FACS 

tubes and acquired on a BD FACSCanto II flow cytometer (Becton Dickinson). 

Results were analysed using FlowJo V_10 software (TreeStar Inc.). 

2.10 Effects of MSC-EV on allogeneic T cells in vitro 

A number of assays were carried out to assess the effects of sEV, sEVIFNɔ, or 

sEVTGFɓ on C57BL/6 T cell functionality and phenotype. C57BL/6 T cells were 

isolated as described in section 2.2.3 and immediately used in the experiments 

outlined below.  
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2.10.1 Uptake of MSC-EV  

2.10.1.1 Analysis of sEV uptake by flow cytometry  

T cells seeded onto 96-well round bottom plates at a density of 100,000 cells per 

well in 100ɛL medium and stimulated with anti-CD3/anti-CD28 dynabeads 

(Gibco). 5x108 CFSE-labelled sEV, sEVIFNɔ, or sEVTGFɓ or unstained sEV were 

added to the wells. PBS and CFSE-labelled PBS were added to wells as further 

controls. Cells were incubated at 37°C, 20% O2, 5% CO2 for 18h, 24h, or 36h to 

assess EV uptake over a time course. sEV were then incubated for 36h in 

subsequent uptake experiments after optimal uptake time-point had been 

determined. In order to evaluate uptake by flow cytometry, T cells were detached 

from the plates by carefully removing the supernatant and resuspending the cells 

with 150ɛL 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. Supernatant 

was removed and the cells washed twice with FACS buffer before staining CD3, 

CD4, and CD8 with fluorochrome-conjugated antibodies (see Table 2.7) for 15 

minutes at 4°C in the dark. Cells were then washed twice with FACS buffer to 

remove excess antibody, and resuspended in 150ɛL FACS buffer containing 

SYTOX AADvanced dead cell stain (Invitrogen). Samples were acquired on a 

FACSCanto II cytometer (Becton Dickinson), with at least 50,000 events acquired 

per sample. Positive sEV uptake was gated based on fluorescence of T cells 

incubated with PBS, CFSE-stained PBS, and unlabelled sEV as negative controls.  

2.10.2 Proliferation Assay 

T cell proliferation was evaluated by staining the cells with CellTrace Violet (CTV) 

(Invitrogen). 1x107 T cells were resuspended in 1mL PBS and stained with 1ɛL 

CTV for 20 minutes at 37°C, with gentle mixing every 5 minutes. The staining was 

ceased by adding 6mL T cell medium to quench free CTV. The cells were then 

pelleted by centrifuging at 800 x g for 5 minutes, the supernatant was removed and 

the cells washed with PBS. T cells were activated by adding anti-CD3/anti-CD28 

mouse T-activator Dynabeads (Gibco) at a concentration of 0.625ɛL beads per 

100,000 T cells. 100,000 CTV-stained T cells were seeded per well of a 96-well 

round bottom plate, and 5x108 sEV, sEVIFNɔ, or sEVTGFɓ (or PBS) in 50ɛL T cell 

medium was added to the wells. Control wells received medium alone. Stimulated 
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T cells alone served as positive controls, and unstimulated T cells served as negative 

controls. The cells were incubated for 96h at 37°C, 20% O2, 5% CO2, following 

which levels of proliferation was evaluated by flow cytometry. Medium was 

removed from all wells and stored at -20°C for further analysis. 150ɛL FACS buffer 

was added to each well and the cells detached by pipetting up and down 5-10 times. 

The cell suspension was transferred to 96-well V-bottom plates and cells pelleted 

by centrifuging at 800 x g for 5 minutes. Supernatant was removed and the cells 

washed twice with FACS buffer. Surface staining was performed by preparing a 

multicolour cocktail of fluorescently-conjugated antibodies against CD3, CD4, and 

CD8 (see Table 2.7). Cells were stained in a final volume of 50ɛL per well for 15 

minutes at 4°C, protected from light. Following antigen staining, the cells were 

washed twice with FACS buffer and resuspended in 150ɛL FACS buffer containing 

SYTOX AADvanced dead cell stain. Cells were transferred to FACS tubes and 

acquired on a FACS CANTO II (Becton Dickinson). At least 100,000 events were 

acquired per tube, and data was analysed using FlowJo software V_10 (TreeStar 

Inc.). 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.  

2.10.3 Regulatory T cell induction assay 

T cells were resuspended in T cell medium and activated by adding anti-CD3/anti-

CD28 mouse T-activator Dynabeads (Gibco) at a concentration of 0.625ɛL beads 

per 100,000 T cells. T cells were seeded onto 96-well round bottom plates at a 

density of 200,000 cells per well. 5x108 sEV, sEVIFNɔ, or sEVTGFɓ (or PBS) in 50ɛL 

T cell medium was added to the wells. Control wells received medium alone. 

Stimulated T cells alone served as positive controls, and unstimulated T cells served 

as negative controls. The cells were incubated for 120h at 37°C, 20% O2, 5% CO2, 

following which levels of Tregs induction were evaluated by flow cytometry. 

Medium was removed from all wells and stored at -20°C for further analysis. 150ɛL 

FACS buffer was added to each well and the cells detached by pipetting up and 

down 5-10 times. The cell suspension was transferred to 96-well V-bottom plates 

and cells pelleted by centrifuging at 800 x g for 5 minutes. Supernatant was 

removed and the cells washed twice with FACS buffer. Dead cell staining was 

performed by incubating the cells with fixable LIVE/DEAD violet stain 
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(Invitrogen) for 30 minutes at 4°C, in the dark. The cells were then washed twice 

with FACS buffer. Surface antigen staining was performed by preparing a 

multicolour cocktail of fluorescently-conjugated antibodies against CD3, CD4, and 

CD25 (see Table 2.7). Cells were stained in a final volume of 50ɛL per well for 15 

minutes at 4°C, protected from light. Following surface antigen staining, the cells 

were prepared for intracellular staining using the eBioscienceÊ FOXP3 / 

Transcription Factor Staining Buffer kit (Invitrogen), following manufacturerôs 

guidelines. The cells were incubated in 100ɛL fixation/permeabilisation buffer 

overnight at 4°C, following which fixation buffer was removed and the cells washed 

twice with permeabilisation buffer. Cells were incubated with anti-FoxP3 antibody 

diluted in permeabilisation buffer in a final volume of 50ɛL per well for 60 minutes 

at room temperature, in the dark. Non-specific staining was controlled for by using 

isotype antibody in control stimulated T cell wells. Cells were washed twice with 

permeabilisation buffer, resuspended in 150ɛL FACS buffer and transferred to 

FACS tubes. Samples were acquired on a FACSCanto II (Becton Dickinson), with 

100,000 events acquired per sample. Data was analysed in FlowJo software V_10 

(TreeStar Inc.). 

2.10.4 Quantification of cytokines in supernatants  

Supernatants from experiments outlined in section 2.8.3 were analysed for levels of 

12 Mouse cytokines (IL-2, 4, 5, 6, 9, 10, 13, 17A, 17F, 22, IFN-ɔ and TNF-Ŭ) which 

are collectively secreted by Th1, Th2, Th9 AND Th17 cells using the 

LEGENDplexÊ multi-analyte flow assay kite (Mouse T Helper Cytokine Panel; 

Biolegend), as per manufacturerôs instructions. Samples were acquired on a 

FACSCanto II (Becton Dickson) and analysed in the LEGENDplexÊ Data 

Analysis Software Suite (Biolegend). 
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Target  Fluorochrome Volume Manufacturer  Cat. no. 

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 

Table 2.7 List of antibodies used for flow cytometric analysis of T cells. 

2.11 Effects of MSC-sEV on corneal cell wound closure 

2.11.1 Scratch assay 

HCEpi or HCEndo were seeded at a density of 1x105 per well of a 12 well plate and 

cultured to confluency, with medium changed every 3 days. Once 100% confluency 

was achieved, medium was removed and a linear scratch was made from the top to 

the bottom of the well using a sterile 200ɛL pipette tip. Cells were washed gently 

twice with PBS to remove cell debris. 1mL scratch medium (DMEM low glucose, 

0.1% FBS, 1% penicillin/streptomycin) containing 1x108 control sEV, sEVIFNɔ, or 

sEVTGFɓ was added to each well (950ɛL medium + 50ɛL sEV in PBS). Control 
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wells received PBS in place of sEV. Cells were incubated at 37°C, in normoxic 

conditions with 5% CO2. Brightfield images were taken at 0h (directly following 

scratch), 18h, 24h, and 48h post-scratch using an Olympus CKX53 inverted 

fluorescent microscope. Area of the wound was measured using ImageJ software, 

and % wound closure was calculated using the equation below: 

Ϸ ύέόὲὨ ὧὰέίόὶὩρ ὼρππ% 

Where A(t) is wound area at time t, and A(0) is wound area at 0h i.e. directly 

following scratch. To ensure cells were imaged in the same location at each time 

point, a straight line was drawn across the bottom of a 12 well plate, bisecting each 

well, using an ethanol-resistant marker and a ruler (Figure 2.1).  

 

Figure 2.1 Plate set-up for 2D scratch assays  

  

Direction of scratch

Area to 

image
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2.12 In vivo mouse model of corneal chemical burn 

2.12.1 Ethics 

All procedures involving live animals were approved by the Animal Research and 

Ethics Committee in the University of Galway, and conducted under individual and 

project licenses granted by Health Products Regulatory Authority (HPRA) of 

Ireland. All animal experiments conformed to the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in 

Ophthalmic and Vision Research. Mice were fed a standard chow diet with water 

ad lib, housed and cared for under standard operating procedures of the Biological 

Resource Unit, University of Galway. Female C57BL/6 mice were purchased from 

Charles River Laboratories and were 8-12 weeks old during the time of study. All 

procedures were performed by the author following full training and authorisation.  

2.12.2 Corneal chemical burn induction and interventions 

Mice were placed in a clean anaesthetic chamber, which was then filled with 5% 

isoflurane in 2L/minute oxygen for 2 minutes to induce anaesthesia. The mouse was 

then transferred to a face mask with a mixture of isoflurane and oxygen flowing. 

Surgical anaesthesia was reached once pedal reflex was lost, and dose of isoflurane 

was adjusted between 1-2% depending on respiratory rate and depth of anaesthesia. 

A round piece of Grade I filter paper was cut using a 1.5mm2 trephine, and the paper 

was then soaked in 10ɛL of a 1M NaOH solution for 20 seconds. Excess NaOH 

was removed by gently touching the perimeter of the disk onto sterile filter paper. 

Under a surgical microscope and using sterile forceps, the soaked filter paper was 

placed onto the central cornea of the left eye for 30 seconds to generate the burn. 

The filter paper was then removed, and the eye was washed gently with 5mL PBS 

for irrigation and to remove residual NaOH. A single investigator performed all of 

the described procedures to ensure reproducibility. A pain management protocol 

was implemented by administering 0.02-0.05mg/kg buprenorphine subcutaneously 

30 minutes before ocular burn and every 8 hours for 72h following the surgery.  

Subconjunctival administration of treatments was performed on Day 0 (directly 

before burn induction), and again on Day 3. In brief, the conjunctiva was gripped 

gently using a sterile forceps, and a 500ɛL insulin syringe with a 29G needle 
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attached and loaded with 30ɛL PBS or 1x109 sEVTGFɓ was injected laterally into 

the space between the conjunctiva and the sclera until the bevel was completely 

inserted. The fluid was then slowly administered, and the needle carefully removed. 

Topical administration of treatments was performed on Day 0 (directly following 

burn induction), Day 1 and Day 3 by dropping 10ɛL of 1x109 sEVTGFɓ or PBS 

directly onto the central cornea.  

Animal group sizes were as follows: Topical PBS n=6; Topical sEVTGFɓ n=6; 

Subconj PBS =5; Subconj sEVTGFɓ n=7. 

2.12.3 Injury  monitoring and assessment 

2.12.3.1 OCT imaging and damage assessment  

Optical Coherence Tomography (OCT) imaging was performed on Day 1, 3, 7, and 

14. The uninjured contralateral eye served as the healthy control for each mouse. 

Mice were placed in a clean anaesthetic chamber, which was then filled with 5% 

isoflurane in 2L/minute oxygen for 2 minutes to induce anaesthesia. The mouse was 

then transferred to a face mask with a mixture of isoflurane and oxygen flowing. 

Surgical anaesthesia was reached once pedal reflex was lost, and dose of isoflurane 

was adjusted between 1-2% depending on respiratory rate and depth of anaesthesia. 

OCT imaging was performed with the assistance of Éanna Johnston, a PhD student 

at 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 = 13ɛm) operating at the central wavelength of 1300 

nm with sensitivity 96 dB @ 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 image acquisition were 500 A lines per B-frame scan, with 

a pixel size of 1um, and a field-of-view of 2.5mm in X direction. 

Corneal thickness measurement was performed using Image J, as described by Luisi 

et al 2021253. Ten locations were drawn perpendicular from the base of the cornea 

to the surface of the cornea, and were measured and averaged. Anterior chamber 

depth was measured in the same fashion, whereby ten locations were drawn 

perpendicular from the lens to the corneal endothelium, measurements and 

averaged. Damage index of the corneas was based on four parameters: corneal 
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oedema, deformation of the iris, detachment of the endothelium, and levels of 

inflammatory material or debris in the anterior chamber. A semi-quantitative 

scoring chart was constructed, and OCT images were designated a score of 0-3 

based on levels of damage to each structure (see Table 5.1). Total score over the 

four parameters was averaged, giving a final damage index of 0-3.  
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2.12.4 Isolation of mouse tissues for ex vivo analysis 

On Day 14, mice were humanely sacrificed by anesthetising with isoflurane 

followed by cervical dislocation. Corneas and cervical lymph nodes were excised 

in order to perform further analysis on molecular changes in control versus EVTGFɓ-

treated mice.  

2.12.4.1 Pro-inflammatory and fibrotic markers in the cornea 

qRT-PCR was employed to determine levels of inflammatory mediators in the 

corneas of mice. Following sacrifice and under a surgical microscope, a 2mm 

trephine was used to mark the corneal perimeter and vanas scissors were used to 

extract the tissue. The corneas were placed into individual 1.5mL RNase-free 

eppendorfs with RNAlater (Sigma) and stored at 4°C for up to 5 days. The tissue 

was homogenised in 350ɛL 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 40ɛL RNase-free water and RNA content was quantified using a 

Nanodrop 2000 (Thermo Scientific). 330ng of RNA was used for cDNA synthesis 

using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), 

following manufacturerôs instructions, with a final volume of 20ɛL. 1ɛL cDNA was 

used per well to quantify mRNA levels of IL-1ɓ, iNOS, ARG-1, and COL3A1 (see 

Table 2.8) All qRT-PCR was performed according to the standard program using 

a real-time PCR system (StepOne Plus, Applied Biosystems; ThermoFisher 

Scientific). Gene expression was made relative to the housekeeping gene GAPDH, 

and fold change was relative to the average of the healthy control corneas.  
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Gene Source Assay ID Catalogue # 

GAPDH ThermoFisher 

Scientific 

Mm99999915_g1 4331182 

IL1b ThermoFisher 

Scientific 

Mm00434228_m1 4331182 

Nos2 ThermoFisher 

Scientific 

Mm00440502_m1 4331182 

ARG-1 ThermoFisher 

Scientific 

Mm00475988_m1 4331182 

COL3A1 ThermoFisher 

Scientific 

Mm00802300_m1 4331182 

Table 2.8 List of qPCR primer probes used for analysis of mouse corneas. 

2.12.4.2 Analysis of immune cell frequencies and levels of inflammatory mediators 

in the draining lymph nodes 

Following euthanasia, cervical lymph nodes were harvested from the mice and 

prepared into a single cell as described in Section 2.2.3. 500,000 cells were added 

to each well of a 96-well V-bottom plate and stained with the monoclonal antibody 

panels shown in Table 2.9. Staining was performed as described in Section 2.5.3. 

All surface stains were incubated for 15 minutes at 4°C. For intracellular staining, 

the samples were incubated with Fixable LIVE/DEAD viability dye (ThermoFisher 

Scientific) for 30 minutes at room temperature, washed twice with FACS buffer 

and then stained for surface antigens for 15 minutes at 4C. The samples were 

washed twice and then incubated in fixation buffer (eBioscience) overnight 

followed by washing in permeabilisation buffer (eBioscience). The samples were 

incubated with anti-mouse CD206 and FOXP3 at room temperature for 1h, washed 

twice with permeabilization buffer, resuspended in 200ɛL buffer and transferred to 

FACS tubes. All samples were acquired on a FACSCanto II (Beckton Dickinson), 

and analysis was done using FlowJo V_10 software (TreeStar Inc.). Healthy control 

age-matched mice were included as a baseline for immune cells in the draining 

lymph nodes.   
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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 

    

CD11b APC 1:250 Biolegend 101212 

CD19 FITC 1:250 Biolegend 152404 

GR-1 PE 1:80 Biolegend 108408 

Ly6G BV510 1:80 Biolegend 127633 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 4 

    

CD11b FITC 1:250 Biolegend 101206 

H-2Kb PE-Cy7 1:500 Biolegend 116520 

I-Ab Biotin 

Strep-APC 

1:80 Biolegend 

eBiosciences 

116404 

17-4317-82 
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CD80 BV421 1:80 Biolegend 104726 

CD86 PE 1:80; 

1:800 

Biolegend 105106 

SYTOX-AAD PerCP 1:100 Invitrogen S10349 

Panel 5 

    

CD11c FITC 1:250 Biolegend 117306 

H-2Kb PE-Cy7 1:500 Biolegend 116520 

I-Ab Biotin 

Strep-APC 

1:80 Biolegend 116404 

17-4317-82 

CD80 BV421 1:80 Biolegend 104726 

CD86 PE 1:80; 

1:800 

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 

Table 2.9 Flow cytometry panels used for analysis of draining lymph nodes at day 14. 
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2.13 Statistical Analysis 

All in vitro experiments were performed 3-7 times. sEV characterisation data is 

presented as 3-4 individual sEV isolations per group. All data are presented as mean 

± SD, unless otherwise stated. Comparisons between two groups were analysed by 

Studentôs T test. Comparisons between three or more groups were analysed by One-

Way ANOVA, followed by Tukeyôs or Dunnettôs post-hoc test to correct for 

multiple comparisons, as appropriate. In vivo experiments were performed in 

groups of n=5-7, to which mice were randomly assigned. All data are presented as 

mean ± SD, unless otherwise stated. Two-way ANOVA with Sidakôs correction 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 that * 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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3.1 Introduction 

MSCs have well established immunoregulatory functions and are being evaluated 

in clinical trials for the treatment of various inflammatory-based disorders254,255. In 

recent years, the role of MSC-sEV in mediating the effects observed by the parental 

cells has come to light and have been found to play significant roles in the 

modulation of metabolism, immune cell signalling, and neurodegeneration, among 

many others256ï259. Therefore, MSC-sEV have been proposed as a cell-free 

alternative to MSC, and present numerous advantages over MSC therapy including 

ease of storage and handling, improved safety profile, low immunogenicity, and 

reduced potential for lung entrapment and immune rejection260,261.  

The phenotype and function of MSCs is not fixed. Upon reaching a site of injury, 

microenvironmental cues such as pro-inflammatory stimuli influence MSCs to 

acquire an immunosuppressive phenotype, resulting in their expression and 

secretion of various immunomodulatory factors159,161,262. Another hypothesis is that 

MSCs can be primed by pro-inflammatory cytokines released during anti-donor 

immune response to allogeneic MSC therapy. In fact, allogeneic MSC have shown 

superior therapeutic potential compared to syngeneic MSC both in vitro and in pre-

clinical models181,263.  

A simple and effective strategy for enhancing MSC therapeutic potential is through 

cytokine licensing, in which MSC are exposed to cytokines in culture prior to their 

administration147,164,186. Thereby upon delivery to the site of injury, the MSCs are 

already of the immunosuppressive phenotype and exert potent modulatory effects. 

Cytokine licensing has proven to be an effective method for enhancement of MSC 

function by our group and others, and represent promising cell therapies. Given that 

sEV are thought to be major mediators of MSC activity, investigation is warranted 

into the effects of cytokine licensing on the secreted sEV and to determine what 

impact licensing has on MSC-sEV therapeutic potential.  

Although licensing with pro-inflammatory cytokines is largely investigated in the 

literature, a small body of work has also studied the use of anti-inflammatory 

cytokines as licensing tools147,178,179,186. Our group has also shown TGFɓ1 to 

significantly enhance the immunomodulatory capacity of MSC, as evidenced by 
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reduced T cell proliferation and enhanced Treg induction164. TGFɓ1-licensed MSC 

also significantly improved corneal allograft survival compared to unlicensed MSC 

in a mouse model164. Different licensing strategies result in varying MSC 

phenotypes and levels of activity, resulting in a wide variation in the types of 

immunomodulatory factors being secreted and expressed on the MSC depending 

on the licensing strategy147,164. Therefore, the optimal MSC licensing strategy for 

the treatment of a given inflammatory-based disorder will likely depend on the 

underlying mechanisms of pathogenesis.  

Our group has observed that BALB/c MSC and MSCIFNɔ are unable to suppress the 

proliferation of stimulated allogeneic C57BL/6 T cells when co-cultured in vitro. 

MSCTGFɓ, however, highly suppress allogeneic T cell proliferation (Appendix 

figure 1). Similarly, MSCTGFɓ were found to modulate allogeneic macrophage 

phenotype by reducing expression levels of the pro-inflammatory/M1-like marker 

iNOS, an effect was not observed with MSC or MSCIFNɔ treatment, and increasing 

their expression of the anti-inflammatory/M2-like protein CD206 to a higher degree 

than either MSC or MSCIFNɔ (Appendix figure 2). Since the particular cargo of a 

given sEV is dependent on the cell from which it is derived, it is possible that the 

cargo of a sEV secreted from an MSC will be different to that of an sEV secreted 

from a licensed MSC17. Moreover, different licensing strategies are likely to result 

in distinct sEV cargoes. Therefore, it is of interest to investigate whether or not the 

immunomodulatory potential of sEV secreted from licensed MSC to modulate 

inflammation could also be enhanced compared to unlicensed sEV. It is crucial to 

ensure an sEV product is of high potency, and therefore should be derived from 

MSCs of high therapeutic potential. 

This study sought to investigate how the therapeutic potential of sEV, in the context 

of immunomodulation and corneal wound healing, can be enhanced by cytokine 

licensing. In this chapter, it was determined how cytokine licensing can affect the 

characteristics and cargo of MSC-sEV, and how two different licensing strategies 

result in unique MSC-sEV cargo profiles. 
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3.2 Hypothesis and Aims 

Hypothesis 

Cytokine licensing results in altered MSC-sEV characteristics and cargo, and 

different licensing strategies elicit unique MSC-sEV profiles.  

Aims 

¶ Characterise BALB/c bone marrow-derived naïve MSC, IFNɔ-licensed 

MSC (MSCIFNɔ), and TGFɓ1-licensed MSC (MSCTGFɓ). 

¶ Optimise the isolation of sEV from the conditioned medium of MSC, 

MSCIFNɔ, and MSCTGFɓ. 

¶ Evaluate the influence of cytokine licensing on MSC-sEV secretion levels. 

¶ Characterise sEV, sEVIFNɔ, and sEVTGFɓ secreted from MSC, MSCIFNɔ, and 

MSCTGFɓ, respectively.  

¶ Compare the surface expression profile and miRNA cargo of sEV, sEVIFNɔ, 

and sEVTGFɓ. 
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Figure 3.1 Overview of methods used to achieve the aims set out in Chapter Three. 

(A) MSCs were cultured in growth medium alone or supplemented with IFNɔ or TGFɓ1 to 

generate MSC, MSCIFNɔ, and sEVTGFɓ. Conditioned medium was collected after 72h and 

sEV, sEVIFNɔ, and sEVTGFɓ were purified. (B) Routine characterisation of isolated sEV 

samples and evaluation of the effects of cytokine licensing on sEV characteristics involved 

morphological assessment by TEM, size distribution and concentration analysis by NTA, 

and confirmation of sEV markers by flow cytometry. (C) To further investigate the effect 

of cytokine licensing on sEV cargo, the miRNA content of sEV, sEVIFNɔ, and sEVTGFɓ were 

sequenced. Differentially expressed miRNAs were identified and functional enrichment 

analysis was performed to evaluate pathways which may be highly targeted with licensed 

sEV. Function. Created with BioRender.com.  
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3.3 Results 

3.3.1 Isolation and characterisation of BALB/c MSCs 

Bone marrow was flushed from the bones of BALB/c mice and cultured in MSC 

growth medium, with individual colony forming units appearing as the progenitors 

differentiated. The isolated cells were fibroblastic-like in morphology and plastic 

adherent. Cells were analysed by flow cytometry and confirmed to have positive 

expression of CD29, CD105, CD73, CD44, and SCA-1, and negative expression of 

CD45.2, CD11b, CD86, and MHC II (Figure 3.2), as outlined in the ISCT 

guidelines for positive identification of MSCs. BALB/c MSCs were also found to 

have high levels of expression for MHC I (Figure 3.2). 

3.3.2 Characterisation of cytokine licensed BALB/c MSC 

3.3.2.1 Growth kinetics and morphology of MSC, MSCIFNɔ, and MSCTGFɓ 

MSCs were cultured in growth medium supplemented with 50ng/mL IFNɔ or 

25ng/mL TGFɓ1 for 72h to generate MSCIFNɔ and MSCTGFɓ, respectively. 

Brightfield images were taken after 72h to study morphological changes. Confluent 

naïve MSC exhibited a cobblestone-like morphology, which is well characterised 

in the literature (Figure 3.3 (A))107.  MSCIFNɔ took on a more spindle-like 

morphology, indicative of cell stress, while MSCTGFɓ displayed an elongated shape 

that arranged into óswirlsô on the tissue culture plastic (Figure 3.3 (A)). IFNɔ-

licensing did not have a significant effect on cell proliferation, with yields after 72h 

culture and doubling time similar to unlicensed MSC, however cell viability was 

reduced with this licensing strategy (Figure 3.3 (B. i, ii, iii)). In contrast, licensing 

with TGFɓ1 reduced MSC doubling time thereby increasing the cell yield after 72h, 

and did not have any effect on cell viability levels compared to unlicensed MSC 

(Figure 3.3 (B. i, ii, iii)). In order to further assess the morphological changes 

induced by the two licensing strategies, the cells were analysed by flow cytometry 

to determine cell size, based on forward scatter area (FSC-A), and cell granularity, 

based on side scatter area (SSC-A). Neither licensing strategy altered the overall 

size of the cells, though MSCTGFɓ were found to be more granular than unlicensed 

MSC (Figure 3.3 (B. iv, v).   
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Figure 3.2 Confirmation of positive and negative antigen expression profile of bone 

marrow derived BALB/c MSCs. (A) Gating strategy for selection of cells for analysis. 

(B) Representative histograms showing expression of positive and negative markers 

outlined by the ISCT guidelines for identification of MSCs, in which cells stained with 

monoclonal antibodies against various antigens (yellow) were compared to negative 

control FMOs (grey) assessed by flow cytometry. Experiment was performed 3 

independent times. 
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Figure 3.3 Licensing alters MSC morphology and growth kinetics. (A) Brightfield 

images (4X magnification) of MSC, MSCIFNɔ, and MSCTGFɓ showing cell morphology after 

72h licensing. (B) Effects of licensing on MSC growth kinetics were evaluated based on 

(i) cell yield after 72h culture, (ii) doubling time, and (iii) viability. Cells were harvested 

and analysed by flow cytometry to measure (iv) cell size and (v) granularity. Data is 

presented as mean ± SD. Scale bar in (A) = 200ɛm. Statistical significance was assessed 

using One-way ANOVA with Tukeyôs post-hoc test: *p<0.05, ** p<0.01, ***p<0.001 

(n=3-6).  
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3.3.2.2 Surface expression profile of MSC, MSCIFNɔ, and MSCTGFɓ 

It was then investigated whether cytokine licensing had any effect on the expression 

of positive and negative MSC markers. Licensing with either IFNɔ or TGFɓ1, 

greater than 95% of cells remained positive for CD105, CD73, CD44, and CD29, 

as well as MHC I. However, there was a significant reduction in the percentage of 

cells positive for SCA-1 expression following TGFɓ1-licensing. Less than 5% of 

cells in all groups expressed the negative markers F4/80, CD86, and CD45.2. 

Median fluorescence intensity (MFI) of proteins expressed on the MSCs was then 

quantified as a measure of the intensity of expression of a given marker per cell. As 

shown in Figure 3.4 (B), TGFɓ1-licensing increased the expression levels of 

CD105, CD73, and CD44, and potently reduced expression of SCA-1 and MHC I. 

In contrast, IFNɔ-licensing upregulated the expression levels of SCA-1 and MHC 

I, and reduced the expression intensity of CD29, CD105, and CD73, and had no 

effect on CD44. IFNɔ has also been reported in the literature to induce expression 

of the immunoregulatory protein PD-L1 on their surface178,264. Here, it was found 

that MSCIFNɔ expressed high levels of PD-L1, and this was not observed on MSC 

or MSCTGFɓ (Figure 3.4 (B. vi)). 
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Figure 3.4 Licensing induces unique antigen expression profiles on MSC surface. 

Following 72h licensing, MSCs were analysed by flow cytometry to assess changes in 

expression levels of MSC markers. (A) Percentage of cells expressing positive (CD105, 

CD73, CD44, CD29, MHC I, and SCA-1) and negative (F4/80, CD86, CD45.2) MSC 

markers. Expression of the immunomodulatory protein PD-L1 was also assessed. (B) 

Intensity of expression (MFI) of specific proteins on the cells. Data is presented as mean ± 

SD. Statistical significance was assessed using One-way ANOVA with Tukeyôs post-hoc 

test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.001 (n=3).  
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3.3.2.3 Multilineage differentiation potential of MSC, MSCIFNɔ, and MSCTGFɓ 

The potential for differentiation into at least two mesenchymal lineages is a defining 

characteristic of MSCs107. To confirm the cells after licensing were still MSCs and 

did not cause differentiation and loss of MSC status, MSC, MSCIFNɔ, and MSCTGFɓ 

were cultured in specific conditions in which multipotent cells should differentiate. 

MSC, MSCIFNɔ, and MSCTGFɓ cultured in adipogenesis-inducing conditions were 

found to be capable of differentiating into adipocytes based on positive staining of 

Oil Red O and characteristic fat globule structures (Figure 3.5 (A)). Oil Red O 

staining was extracted and semi-quantified based on absorbance, and licensing was 

not found to impair nor enhance the cells ability for adipogenic differentiation 

(Figure 3.5 (B)). MSC, MSCIFNɔ, and MSCTGFɓ cultured in osteogenic induction 

medium could be seen to differentiate into osteocytes, as observed through Alizarin 

Red S staining (Figure 3.6 (A)).  Based on the calcium content of the cells, 

MSCTGFɓ had a reduced potential for osteogenesis, while MSCIFNɔ had a higher 

propensity for osteogenic differentiation compared to unlicensed MSC (Figure 3.6 

(B)).  While altered potentials for osteogenesis were observed, licensed cells 

nonetheless retained the capacity for multilineage differentiation. Spontaneous 

differentiation to osteocytes or adipocytes was not observed in any group. 
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Figure 3.5 Adipogenic differentiation of BALB/c MSC s. MSC, MSCIFNɔ, and MSCTGFɓ 

were cultured in specific differentiation medium and their capacity for adipogenesis was 

evaluated. (A) Cells were stained with Oil Red O to observe adipocyte differentiation and 

imaged by light microscopy (10X magnification). Cells cultured in growth medium served 

as controls. (B) Quantification of Oil Red O staining was determined by measuring the 

absorbance of the extracted stain, and compared to that of control wells cultured in regular 

growth medium. Data is presented as mean ± SD. Scale bar in (A) = 200ɛm. Statistical 

significance in each group was assessed using Studentôs unpaired two-tailed t-test: 

** p<0.01, ***p<0.001 (n=3).  
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Figure 3.6 Osteogenic differentiation of BALB/c MSCs. MSC, MSCIFNɔ, and MSCTGFɓ 

were cultured in specific differentiation medium and their capacity for osteogenesis was 

evaluated. (A) Cells were stained with Alizarin Red S and imaged by light microscopy 

(10X magnification) to observe MSC differentiation to osteocytes. Cells grown in regular 

growth medium served as controls. (B) Quantification of cellular calcium content 

determined using the StanBio Calcium Liquicolour kit. Data is presented as mean ± SD. 

Scale bar in (A) = 200ɛm. Studentôs unpaired two-tailed t-test was used to assess statistical 

significance in each group: ****p<0.0001 (n=3).  
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3.3.3 Characterisation of MSC grown in EV-depleted medium 

MSC growth medium is commonly supplemented with FBS to promote cell 

proliferation and expansion, and to reduce cell stress by providing necessary 

nutrients265ï267. However, FBS contains abundant levels of small and large sEV 

which can contaminate the collected cell conditioned medium (CM) when isolating 

MSC-derived sEV. To ensure the sEV eluted are of MSC origin and not FBS-

derived, complete MSC growth medium was depleted of sEV by ultracentrifugation 

to generate EV-depleted (EVD) medium. In order to prepare CM from which sEV 

could be isolated, MSCs were seeded in regular growth medium and after 24h 

medium was removed and the cells washed twice with PBS to remove all traces of 

FBS. EVD medium was then added, and the cells were cultured for a further 72h. 

EVD medium was not found to induce any morphological changes in MSCs 

(Figure 3.7 (A)) and did not impact cellular viability (Figure 3.7 (B. i)). Culture in 

EVD medium did affect MSC proliferation, with the cell yield being reduced after 

72h compared to MSC grown in regular growth medium, and increased the MSC 

doubling time from 33.6h to 37.2h, on average (Figure 3.7 (B. ii, iii)).  

While depletion methods significantly reduce the levels of EV in FBS-containing 

medium, they cannot ensure complete removal of nanoparticles. In order to evaluate 

the number of nanoparticles remaining in EVD medium, equal volumes of EVD 

medium and MSC-CM were processed using the size exclusion chromatography 

(SEC) method to isolate sEV. Nanoparticle tracking analysis (NTA) was employed 

to measure the concentration of nanoparticles in each sample. EVD medium was 

still found to contain nanoparticles in the sEV size range, though the number was 

only a fraction of the concentration measured from MSC-CM, specifically 0.3% 

(Figure 3.7 (C)). This means that in a sample of sEV isolated from MSC-CM, the 

true number of MSC-sEV may be closer to 99.7%, with 0.3% being contaminants 

from the EVD medium.  
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Figure 3.7 Evaluation of MSC growth kinetics when cultured in EVD medium versus 

regular growth medium, and assessment of contaminating FBS-sEV in cell 

conditioned medium. (A) Brightfield microscopy images at 4X magnification of BALB/c 

MSCs grown for 72h in regular medium or in EV-depleted (EVD) medium. (B) Harvested 

MSCs were diluted 1:1 with trypan blue and counted using a haemocytometer to determine 

(i) cell viability, (ii)  cell yield after 72h, and (iii) MSC doubling time which was calculated 

based on the originally seeded number of cells. (C) Concentration of sEV-sized particles 

in PBS, EVD medium, and MSC CM was measured by NTA. Data presented as mean ± 

SD. Scale bar in (A) = 200ɛm. Statistical significance was assessed using Studentôs 

unpaired, two-tailed t-test. **p<0.01; n.s. denotes non-significant result (n=3).  
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3.3.4 Optimisation of sEV isolation method from MSC-CM 

Efficient isolation of sEV with high purity and removal of non-sEV components in 

the collected CM is crucial to avoid over-interpretation of results and misattribution 

of functional effects267. Until recently, ultracentrifugation (UC) was considered the 

gold standard for sEV isolation and was the most common method employed by 

researchers for sEV isolation. UC is a cost-effective and user-friendly method for 

sEV isolation. However, there are many concerns associated with the isolation of 

sEV by UC, particularly the high-speed centrifugation which may cause sample 

aggregation and high levels of co-isolates, such as soluble protein complexes268,269. 

For this study, the efficiency of sEV isolation by UC was compared to purification 

using a commercial SEC column (qEV original, IZON Science). Isolated sEV were 

analysed by NTA to obtain the size distribution profile and concentration of sEV 

(Figure 3.8 (A)). Both isolation techniques resulted in the isolation of sEV in the 

appropriate size range, with the modal size of UC sEV being 113.6nm±10.7 in 

diameter, and sEV isolated by SEC being 104.3nm±3.3 in diameter (Figure 3.8 (B. 

i)). UC led to significantly higher concentrations of particles in the samples 

compared to those isolated by SEC (Figure 3.8 (B. ii)). Transmission electron 

microscopy (TEM) allows nanometre resolution to observe sEV morphology, 

purity and quality270. Representative images of sEV isolated by UC and SEC are 

shown in Figure 3.8 (C). UC samples were found to have large amounts of 

aggregates and deformed particles. Whether the structures observed in the UC grids 

were sEV ruptured due to excessive force, or were protein aggregates, could not be 

confirmed. In contrast, intact sEV could be readily identified in SEC samples, 

which also had low background and enhanced quality.   

Unlicensed MSC, IFNɔ-licensed MSC, and TGFɓ1-licensed MSC secrete sEV, 

sEVIFNɔ, and sEVTGFɓ, respectively. Samples isolated by UC and by SEC were 

analysed by flow cytometry through attachment to 4um latex beads (Invitrogen), 

which allows their detection on instruments which are not sensitive in the nanoscale 

range of sEV. An issue immediately identified with samples isolated by UC was 

high background signal in the scatter plots of sEVIFNɔ and, in particular, sEVTGFɓ 

groups (Figure 3.9). A plethora of molecules are secreted by MSCs upon cytokine 

licensing, and it is crucial to remove all non-sEV constituents to obtain high sample 

purity164,168,186.   
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Figure 3.8 Isolation by UC and SEC result in differing purity and quality of sEV. sEV 

were isolated from MSC-CM by either UC or SEC and characterised to compared isolation 

efficiency. (A) NTA was employed to determine sample size distribution and 

concentration. (B) (i) Modal particle diameter, and (ii)  concentration of sEV isolated 

relative to the number of MSC cultured. (C) sEV quality and purity was assessed by TEM 

imaging. Displayed in (A) and (C) are representative images form experiments performed 

3 independent times. Scale bar in (C) = 100nm. Data shown in (B) (i) is presented as 

mode±SD, and in (ii) is presented as mean±SD. Statistical significance was assessed using 

Studentôs unpaired, two-tailed t-test. *p<0.05 (n=3).  
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Figure 3.9 Samples isolated by UC, but not by SEC, exhibit high background signals 

when analysed by flow cytometry. sEV isolated by UC or SEC were attached to 4um 

latex beads to enable visualisation on a FACSCanto II flow cytometer. Beads alone without 

sEV were used as controls, in which beads could be readily separated from background 

noise. Displayed are representative contour plots of experiments which were repeated at 

least 3 times.  
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The high background signal observed in licensed sEV groups isolated by UC was 

deemed to be due to elevated levels of co-isolated non-sEV material. In contrast, 

samples isolated by SEC did not have high background noise, even in licensed sEV 

groups, again indicating enhanced purity with this isolation method (Figure 3.9).  

The SEC isolation method allows removal of non-sEV components based on 

particle size. In order to confirm removal of soluble protein complexes, which was 

thought to be a major issue affecting the UC sEV samples, SEC fractions were 

quantified for protein content and expression of the sEV marker CD9. Protein 

content was measured by BCA assay on the fractions without lysis to ensuring 

measured protein was not affected by intravesicular protein content, and CD9 

expression was measured by bead-based flow cytometry. As shown in Figure 3.10 

(A), sEV eluted in fractions 7-9 based on expression of CD9 in these fractions, with 

small amount detected in fraction 10. Soluble proteins were found to elute in later 

fractions, with minimal levels in the sEV-containing fractions. SEC fractions were 

also quantified by NTA to determine particle concentration. It was found that the 

detected particle number was not specific to sEV, and non-sEV particles were 

picked up by the instrument and included in the total nanoparticle concentration 

(Figure 3.10 (B)). This may also have contributed to the higher particle number 

observed in samples isolated by UC compared to SEC in Figure 3.8 (B. ii).   

Given the significant issues observed with UC and the higher purity obtained with 

SEC isolation, only the SEC method for sEV isolation was used for the remainder 

of the project.  
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Figure 3.10 SEC allows removal of non-sEV components and soluble protein. 15 

fractions were collected by SEC and analysed for and concentration as determined by NTA. 

(A) SEC fractions were analysed for CD9 expression levels (MFI) and protein content to 

determine the point at which sEV and non-sEV elute. (B) Nanoparticle concentration 

measured by NTA was correlated with detected soluble protein in each fraction.  
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3.3.5 Effects of cytokine licensing on levels of MSC-sEV secretion 

BALB/c MSCs were cultured in EVD medium alone or supplemented with either 

50ng/mL recombinant murine IFNɔ or 25ng/mL recombinant murine TGFɓ1 to 

generate MSC, MSCIFNɔ, and MSCTGFɓ. After 72h, the CM was collected and sEV, 

sEVIFNɔ, and sEVTGFɓ were eluted by SEC. In order to determine the effect of 

cytokine licensing on levels of MSC-sEV secretion, sEV, sEVIFNɔ, and sEVTGFɓ 

isolated by SEC were quantified by NTA and total concentration was normalised 

to the number of cells in culture at the time of CM collection. This was done to 

determine the average number of sEV secreted per MSC, MSCIFNɔ, and MSCTGFɓ, 

and to ensure changes to sEV secretion level was not due to differing numbers of 

cells in culture. As shown in Figure 3.11, MSCTGFɓ were found to secrete 

significantly more sEV per cell than unlicensed MSC and MSCIFNɔ. The average 

number of sEV secreted from MSC was 360.33±139.4, from MSCIFNɔ was 

590.7±228, and from MSCTGFɓ was 2025.7±674.4. MSCTGFɓ secreted, on average, 

5.6 times more sEV per cell than unlicensed MSC, and 3.4 times more than 

MSCIFNɔ. The secretion level of MSCIFNɔ was not found to be statistically 

significantly different than unlicensed MSC, though there was found to be 1.6 times 

more sEV secreted per MSCIFNɔ compared to unlicensed cells.  

Given the increased sEV secretion profile of MSCTGFɓ, these cells were investigated 

further by evaluating their expression of proteins known to be involved in sEV 

biogenesis and secretion. RNA sequencing analysis showed mRNA levels of 

Rab11a, VPS37b, SMPDL3b, HSP90a, STX6, and SDCBP2 to be upregulated in 

MSCTGFɓ compared to unlicensed MSC. The specific roles of the identified 

upregulated genes are detailed in Table 3.1. 
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Figure 3.11 TGFɓ1 enhances the secretion of MSC-sEV. (A)  The sEV concentration 

per group was measured by NTA and normalised to the number of cells in culture at the 

time of CM collection in order to determine the average number of sEV secreted per MSC, 

MSCIFNɔ, and MSCTGFɓ. 3 individual sEV isolations were used per group. (B) mRNA 

expression levels of genes involved in sEV biogenesis and secretion was evaluate by RNA 

sequencing of MSC and MSCTGFɓ. Data is presented as mean ± SD. Statistical significance 

was assessed in (A) by one-way ANOVA with Tukeyôs post-hoc test, and in (B) by 

Studentôs unpaired, two-tailed t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n.s. 

denotes non-significant (n=3). 
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Table 3.1 List of sEV biogenesis-related genes upregulated in MSC following TGFɓ1-

licensing. RNA-sequencing was performed on MSC and MSCTGFɓ, and various genes with 

known roles in regulating the generation and secretion of sEV were found to be upregulated 

with TGFɓ1-licensing. 

 

  

Gene Protein Role in sEV biogenesis Ref 

RAB11A RAB11a Promotes MVB trafficking and fusion 

with the plasma membrane 

271,272 

VPS37B Vacuolar Protein 

Sorting-Associated 

Protein 37B 

Subunit of ESCRT-I; regulates 

vesicular trafficking and initiation of 

MVB cargo sorting 

21,29 

SMPDL3B Sphingomyelin 

Phosphodiesterase 

Acid Like 3B 

Cleaves sphingomyelin into ceramide, 

which is involved in inward budding 

of endosomes to form MVBs 

25,26 

HSP90AA1 Heat Shock Protein 

90a 

Chaperone protein; promotes fusion of 

MVB to plasma membrane 

273 

STX6 Syntaxin-6 SNARE protein; role in vesicular 

trafficking and fusion with the plasma 

membrane 

33 

SDCBP2 Syntenin-2 Regulates endosomal budding and 

formation on ILVs 

23,32 
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3.3.6 Characterisation of sEV, sEVIFNɔ, and sEVTGFɓ isolated by 

SEC 

Given their small size and heterogenous nature, sEV are intrinsically challenging to 

characterise. Multimodal analyses are crucial in order to confirm the positive 

presence of sEV in the product. In this project, sEV size distribution was determined 

by NTA, morphology was confirmed by TEM, and expression of sEV markers was 

confirmed by flow cytometry.  

3.3.6.1 Size and morphology 

As shown in Figure 3.12, sEV, sEVIFNɔ, and sEVTGFɓ exhibited characteristic 

rounded morphology when imaged by TEM. Size distribution of naïve and licensed 

sEV was measured by NTA (Figure 3.13 (A)). Cytokine licensing did not impact 

the size of secreted sEV, and the modal particle diameter for sEV, sEVIFNɔ, and 

sEVTGFɓ was 102.3nm±4.9, 103.6nm±10.8, and 100.9nm±15.3, respectively 

(Figure 3.13 (B)).  

3.3.6.2 Surface expression profile  

In order to assess expression of the sEV-associated markers CD9 and CD63, the 

sEV isolates were attached to 4um beads in order to allow their resolution on a BD 

FACSCanto II (Figure 3.14 (A)). This method has been well established for bulk 

analysis of sEV profiles50,274. Negative controls employed included beads alone, 

beads with sEV but no antibody, beads with no sEV but with antibody, beads 

incubated with antibody only, and unstained beads. This was to ensure all 

background noise was minimal and any fluorescence observed was truly due to 

antibody bind to the specific protein on sEV. For illustration purposes, only beads 

with sEV incubated with appropriate isotype controls are displayed in the figures. 

As shown in Figure 3.14 (B.i), sEV, sEVIFNɔ, and sEVTGFɓ were positive for both 

CD9 and CD63. Interestingly, the overall intensity of CD9 expression was higher 

in sEVIFNɔ, and average CD63 expression levels were higher on sEVTGFɓ (Figure 

3.14 (B.ii)). 
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Figure 3.12 sEV, sEVIFNɔ, and sEVTGFɓ can be visualised by TEM. Samples isolated by 

SEC were prepared for TEM imaging to assess morphology and quality. Images were taken 

at 50,000X magnification for widefield view and at 100,000X for observation of 

morphology. Displayed are representative images for each group, from experiments 

performed 3 times. 50,000X scale bar = 200nm; 100,000X scale bar = 100nm. 
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Figure 3.13 Cytokine licensing does not alter the size distribution profile of secreted 

seV. were analysed by NTA in order to measure (A) Representative size distribution 

profiles of sEV, sEVIFNɔ, and sEVTGFɓ measured by NTA. (B) Modal diameter of detected 

particles for 4 individual sEV isolations per group. Data is presented as mode±SD, and was 

analysed by One-Way ANOVA with Tukeyôs post hoc-test to evaluate statistical 

significance between group means.  

Licensing has profound effects on expression of antigens on the MSC surface, as 

seen in Figure 3.4, with unique phenotypes observed not just from licensed to 

unlicensed MSC, but also between licensing strategies. As shown in Figure 3.14 

(C), sEV positively expressed MSC markers, and the overall trends in expression 

levels observed were largely similar to those observed on the parent cell. Compared 

to naïve sEV, sEVIFNɔ exhibited increased expression of SCA-1, PD-L1, and MHC 

I, all of which were also upregulated on MSCIFNɔ. sEVTGFɓ had increased expression 

of CD29, CD73, and CD44 compared to sEV. Interestingly, sEVTGFɓ also exhibited 

increased PD-L1 expression compared to naïve sEV. This was not an effect 

observed on MSCTGFɓ.  
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Figure 3.14 FACS analysis of antigen expression profile of MSC-sEV. (A) In order to 

allow detection on a BD FACSCanto II flow cytometry, sEV, sEVIFNɔ, and sEVTGFɓ were 

attached to 4um latex beads, and then incubated with various fluorescently conungated 

antibodies against sEV and MSC markers. (B)(i) Expression of tetraspanins CD9 and CD63 

on sEV surface. (ii) MFI of CD9 and CD63. (iii) Expression of MSC-associated markers 

on sEV surface. Data is presented as mean ± SD. Statistical analysis was assessed by One-

way ANOVA with Tukeyôs post-hoc test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

(n=3).   
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3.3.7 Changes in MSC-sEV miRNA cargo profile induced by 

cytokine licensing 

The miRNA content of MSC-sEV has been proposed as a major mechanism 

through which these secreted particles mediate intercellular communication 275ï277. 

In order to determine the effect of cytokine licensing on the miRNA cargo of MSC-

sEV, three individual isolations each of sEV, sEVIFNɔ, and sEVTGFɓ were sent to 

TAmiRNA GmbH for Next Generation Sequencing. Library creation, sequencing 

and differential expression analysis was performed by TAmiRNA GmbH, and 

functional enrichment and pathway analysis was performed by the author.  

3.3.7.1 Differentially expressed miRNAs 

Read counts were normalised to 1 million mapped miRNAs (RPM), and 428 

miRNAs were found to have an RPM of >1 in all groups analysed, with varying 

levels of expression. Volcano plots were generated to identify miRNAs which were 

differentially expressed in sEVIFNɔ and sEVTGFɓ compared to naïve sEV. miRNA 

expression was considered significantly different where the false discovery rate 

(FDR) was less than 0.05. As shown in Figure 3.15, IFNɔ-licensing induced 

differential expression of 85 miRNAs in sEV, 37 of which were upregulated 

compared to naïve sEV and 48 were significantly downregulated. TGFɓ1-licensing 

resulted in 86 differentially expressed miRNAs, 48 being upregulated and 38 

miRNAs were downregulated compared to naïve sEV. miRNAs enriched in sEVIFNɔ 

compared to sEV, and those enriched in sEVTGFɓ compared to sEV are listed in 

Figure 3.16. 
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Figure 3.15 Differentially expressed miRNAs were identified in cytokine licensed sEV. 

miRNA fold change (FC) in expression in (A) sEVIFNɔ and (B) sEVTGFɓ compared to sEV 

was plotted against false discovery rate (FDR), and differential expression was considered 

significant where FDR<0.05 (n=3 individual isolations per group). Volcano plots were 

generated by TAmiRNA GmbH. 
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Figure 3.16 Significantly upregulated miRNAs in sEVIFNɔ and sEVTGFɓ. miRNAs were 

identified as significantly upregulated in (A) sEVIFNɔ and (B) sEVTGFɓ compared to sEV 

where FDR<0.05. Individual miRNAs are plotted against fold change in expression relative 

to sEV (n=3 individual isolations per group). 
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3.3.7.2 Pathway enrichment analysis of miRNAs upregulated with IFNɔ licensing 

Targets of miRNAs which had at least a 2-fold increase in expression in sEVIFNɔ 

compared to sEV were identified in the miRTarBase database. Only proteins targets 

with strong validation were included in subsequent pathway analysis. 58 proteins 

were identified as validated targets of miRNAs upregulated in sEVIFNɔ, and 129 

protein targets were identified in miRNAs overexpressed by sEVTGFɓ. The complete 

list of the enriched miRNA targets are displayed in the appendix (Appendix 

Figures 3 and 4). The protein-protein interaction network of these proteins was 

visualised in Cytoscape using a STRING plug-in with a 0.95 confidence interval 

cut-off, and disconnected nodes were removed (Figure 3.17).  

Functional enrichment analysis was performed in Cytoscape to assess pathways 

targeted based on the protein-protein interaction network. As shown in Figure 3.18 

(A), gene ontology (GO) enrichment analysis demonstrated sEVIFNɔ had 

upregulated expression of miRNA transcripts implicated in the regulation of 

biological processes such as metabolism, development, and cell death compared to 

sEV. Protein targets of miRNAs enriched in sEVTGFɓ were also largely involved in 

cellular and metabolic processes, as well as development, but not in cell death or 

apoptosis (Figure 3.18 (B)). 

Signalling pathways targeted by upregulated miRNAs in sEVIFNɔ and sEVTGFɓ were 

analysed using two databases, Kyoto Encyclopedia of Genes and Genomes (KEGG) 

and Reactome (REAC). The top 20 upregulated signalling pathways identified in 

the REAC database for each group compared to sEV are listed in Figure 3.19. 

Seven of the top targeted pathways were common in sEVIFNɔ and sEVTGFɓ compared 

to sEV (pathways in cancer, miRNAs in cancer, regulation of stem cell 

pluripotency, hepatitis B, colorectal cancer, human papillomavirus and herpes virus 

infection). Several targets of sEVIFNɔ which were not identified in sEVTGFɓ included 

infectious and cancer-associated pathways such measles, breast cancer, Epstein 

Barr virus, gastric cancer and prostate cancer. Apoptosis and p53 signalling were 

also identified as a pathway targeted by miRNAs upregulated in sEVIFNɔ.  
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Figure 3.17 Protein-protein interaction network of targets of miRNAs upregulated in 

sEVIFNɔ and sEVTGFɓ. Validated targets of upregulated miRNAs were identified in 

miRTarBase, and the interaction networks of the identified targets were generated in 

Cytoscape for (A) sEVIFNɔ and (B) sEVTGFɓ. Only targets with strong evidence for 

validation were included and a 0.95 confidence interval cut-off was applied. 
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Signalling pathways found to be targeted by sEVTGFɓ but not by sEVIFNɔ included 

FOXO, TGF-ɓ, IL-17, toll like receptor (TLR), MAPK, Hippo, and AGE-RAGE 

signalling pathways. Osteoclast differentiation was also found to be regulated by 

protein targets of miRNAs enriched in sEVTGFɓ.  

The top 20 upregulated signalling pathways identified in the REAC database for 

each group compared to sEV are listed in Figure 3.20. Five of the top upregulated 

pathways were common between sEVIFNɔ and sEVTGFɓ, namely signal transduction, 

cytokine signalling in the immune system, signalling by interleukins, pathways of 

the immune system, and cellular response to stress. Targeting of cellular senescence 

was found in sEVIFNɔ networks, while oxidative stress induced senescence 

specifically was a pathway targeted by miRNAs in sEVTGFɓ. Major pathways 

targeted by sEVIFNɔ which were not identified in sEVTGFɓ included apoptosis, 

regulation of the tumour suppressor TP53, and deactivation of ɓ-catenin signalling, 

and IL-4/IL-13 signalling. PTEN, Wnt, and AKT signalling pathways were also 

determined to be regulated by miRNAs highly expressed in sEVIFNɔ. Pathways 

found to be targeted by sEVTGFɓ but not by sEVIFNɔ included TLR4 signalling, TGF-

ɓ signalling, as well as MyD88 cascades and NF-kB activation. While apoptosis 

was not a target of sEVTGFɓ, death receptor signalling was identified as a pathway 

regulated by protein targets of miRNAs enriched in sEVTGFɓ.  
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Figure 3.18 Gene ontology analysis of biological processes targeted by sEVIFNɔ and 

sEVTGFɓ. The top 20 significantly enriched biological processes identified in (A) sEVIFNɔ 

and (B) sEVTGFɓ based on differentially expressed miRNAs with greater than 2-fold 

increased expression compared to sEV (n=3 individual isolations). 
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Figure 3.19 KEGG Pathway targets for miRNAs enriched in sEVINFɔ and sEVTGFɓ. 

The top 20 targeted pathways were identified based on proteins targeted by miRNAs 

upregulated by more than 2-fold in (A) sEVIFNɔ and (B) sEVTGFɓ compared to sEV (n=3 

individual isolations). 
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Figure 3.20 REACTOME p athway targets for miRNAs enriched in sEVIFNɔ and 

sEVTGFɓ. The top 20 targeted pathways were identified based on proteins targeted by 

miRNAs upregulated by more than 2-fold in (A) sEVIFNɔ and (B) sEVTGFɓ compared to sEV 

(n=3 individual isolations).  
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3.4 Discussion 

In this chapter, the effects of cytokine licensing on the profile of secreted MSC-

sEV were evaluated. Two licensing strategies were investigated, the first being with 

the pro-inflammatory cytokine IFNɔ, and the second being with the anti-

inflammatory cytokine TGFɓ1. It was shown that naïve sEV, sEVIFNɔ, and sEVTGFɓ 

can be readily isolated from the conditioned medium of unlicensed MSC, MSCIFNɔ, 

and MSCTGFɓ, respectively, by SEC. Different cytokine licensing strategies were 

found to induce altered surface and miRNA expression profiles compared to 

unlicensed sEV, and the two different licensing strategies resulted in unique sEV 

cargo profiles. This indicates that sEV cargo can be significantly influenced by 

licensing of the parental cell. Furthermore, functional enrichment analysis of sEV 

cargo can provide information on particular signalling pathways that are highly 

targeted by licensed sEV and may provide superior therapeutics depending on 

disease mechanism and desired functional outcome.  

Addressing the challenges associated with purifying and characterising MSC-sEV 

Multimodal analysis of sEV is imperative in order to obtain a complete view of 

their characteristics and purity17,278. In this study, sEV were characterised by a 

combination of NTA, TEM, and flow cytometry, and an initial comparison between 

UC and SEC isolation methods was compared to identify which strategy yielded 

the superior product. MSCs in their resting state do not secrete large quantities of 

cytokines, chemokines and immunomodulatory proteins. However, cytokine 

licensing induces high levels of secreted factors which mediate their enhanced 

effects compared to  the relatively quiescent resting MSC147,164. The issue here is 

that when isolating licensed sEV by UC, there is an increased potential to co-isolate 

soluble protein complexes. UC has also been found to cause sEV aggregation, shear 

stress and destruction due to the high speeds required to pellet the particles279. In 

this study it was found that samples isolated by UC had reduced quality and purity 

compared to those isolated by SEC. The TEM analysis of UC samples also 

contained several non-sEV structures, although whether the structures observed 

were disfigured sEV due to high-speed centrifugation or protein aggregates could 

not be deciphered. sEV purified by SEC allowed increased purity of sEV that did 

not exhibit aggregation or loss of integrity when analysed by TEM.  
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NTA is a commonly used tool that allows tracking of single particles in order to 

assign size and concentration278,280. As with all sEV characterisation methods, there 

are limitations and caveats which must be considered, and it is important to 

remember that NTA cannot discriminate between sEV and other particles. In this 

vein, when utilising NTA to measure the size and concentration of a sample, it is 

crucial have a purified population to obtain accurate measurements. As shown in 

this chapter, concentration measurements by NTA did not correlate with the SEC 

fractions where sEV were present. Fractions containing large amounts of soluble 

protein were measured as having large amounts of nanoparticles which are not true 

sEV. While UC samples had higher particle concentration detected by NTA 

compared to those isolated by SEC, it is difficult to say what percentage of the 

particles measured are true sEV. Removal of soluble protein by SEC ensured a 

higher specificity for analysis of particle concentration compared to UC samples. 

Aside from characterisation and quantification, removal of non-sEV components of 

MSC-CM is also vital in order to ensure any functional efficacy observed in potency 

assays is a direct result of sEV. While non-sEV components that are co-isolated 

may confer therapeutic activity, it is important to understand what is mediating the 

observed effects to avoid misattribution of function, which has plagued the sEV 

field.   

Increased MSC-sEV secretion with TGFɓ1-licensing 

TGFɓ1-licensing was also found to increase the levels of sEV secreted per cell, with 

5-fold more sEV secreted per cell compared to unlicensed MSC. Whether the 

altered cargo of sEVTGFɓ also results in functionally superior therapeutic potential 

will be evaluated in the following chapters. A recent paper by Kobayashi et al. 

showed that TGFɓ1 induced the secretion of sEV from oral cancer cells by 3-fold 

compared to controls237. It has also been proposed that the high levels of TGFɓ1 

found in the tumour microenvironment is a major contributor to the high level of 

sEV secretion from tumour cells281 The sEV biogenesis genes identified in this 

chapter that were upregulated in MSCTGFɓ belong to both the ESCRT-dependent 

and ESCRT-independent pathways and does not appear to specifically promote 

sEV biogenesis by one specific mechanism. A recent study by Marie and colleagues 

suggested that sEV generated via Rab11a-dependent pathways represent only a 
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small population of sEV, however they appeared to possess highly potent signalling 

activity compared to sEV secreted via Rab11a-independent pathways272. TGFɓ1-

licensing increased mRNA levels of Rab11a in MSC, and may have contributed to 

the increased sEV secretion observed from MSCTGFɓ. Whether this infers enhanced 

functional capacity of sEVTGFɓ, as described in the aforementioned article, will be 

evaluated in the following chapters. IFNɔ licensing did not induce any significant 

changes to sEV secretion levels, a finding which has also been reported by others 

in the field180,282,283. 

Changes to sEV surfaceome induced by cytokine licensing 

MSC-sEV harbour several proteins, receptors, and lipids on their surface which can 

play significant roles in uptake by target cells and organotropism, and in mediating 

intercellular communication directly at the sEV-cell interface53,74,284. The particular 

cargo of an sEV is dependent on the cell from which it derives, and in this chapter, 

it was found that MSC-sEV express MSC markers CD29, CD44, and CD73 on their 

membrane. Moreover, changes in expression levels of these markers that was 

observed on the parental cell was also observed on the secreted sEVTGFɓ, i.e. 

increased CD44 and CD73 on MSCTGFɓ resulted in increased CD44 and CD73 on 

sEVTGFɓ compared to unlicensed controls.  

IFNɔ-induced upregulation of PD-L1 on MSCs through activation of STAT1-

induced IRF-1 transcription factor has been well described in the literature264. In 

this chapter MSCIFNɔ and also sEVIFNɔ expressed PD-L1, and this could infer 

capacity for sEVIFNɔ to impair T cell responses through engagement of the PD-1 

receptor on target cells57,146. Although not present on the surface of MSCTGFɓ, 

sEVTGFɓ did express PD-L1 on their surface and to a similar level of sEVIFNɔ. A 

study by Chatterjee et al. found circulating sEV PD-L1 content to be highly 

correlated with tumour TGFɓ1 levels, and recombinant TGFɓ1 induced PD-L1 

expression in tumour-derived sEV in a dose-dependent manner285. Further 

investigations into sEV cargo packaging and the influence of licensing on this 

process will shed light on the mechanism behind TGFɓ1-induced upregulation of 

sEV PD-l1, although this was beyond the scope of the current study. IFNɔ-licensing 

was also found to upregulate the expression of MHC I molecules on the surface of 

MSCs and their secreted sEV286ï288. Although this should raise the question as to 
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whether IFNɔ is a suitable candidate for potentiation of MSCs due to the increased 

potential for MHC I-mediated allo-responses, there is extensive evidence to show 

allogeneic IFNɔ-licensed MSCs potently suppress T cell proliferation and immune 

cell activation in in vitro and in vivo models170,173.  

sEVTGFɓ displayed increased expression of several MSC markers which also play 

roles in immunoregulation. CD44 is a glycoprotein with roles in cell adhesion and 

migration, which was upregulated in the surface of sEVTGFɓ. CD44 expression has 

also been correlated with M2-like macrophage phenotype and 

immunosuppresion289,290. The enzyme CD73 is involved in the hydrolysis of AMP 

to adenosine, which suppresses lymphocyte activity and modulates macrophage 

polarisation toward the anti-inflammatory phenotype124,291. sEV-associated CD73 

has been shown to promote immunomodulation, and the increased expression of 

this enzyme on sEVTGFɓ may infer improved regulation of inflammation compared 

to naïve sEV123,124.  

Standard flow cytometers are not sensitive enough to detect nanosized sEV, and 

analysis of the surface profile of the isolated sEV in this study was performed 

through attachment to 4um latex beads in order to allow their detection. However, 

there are some limitations to this method that should be discussed. While there were 

no significant differences between the mean diameter of sEV, sEVIFNɔ, and sEVTGFɓ 

and equal amounts of each sample were incubated with equal volumes of beads, it 

cannot be definitively said that there is exactly the same number of particles per 

bead between the sEV, sEVIFNɔ, and sEVTGFɓ groups. MFI of each bead will be 

dependent on the number of sEV attached to it, and for this reason the results 

obtained should be interpreted with caution. Furthermore, the percentage of events 

positive for each marker analysed cannot be confirmed. If one out of 100 sEV on a 

bead is positive for expression of the marker under investigation, the bead itself 

may appear as positive on the cytometer even though 99% of the events are 

negative. Similarly, it cannot be said how many sEV on a bead must be positive in 

order for the bead to pass the detection threshold and be considered positive. This 

will likely depend on sensitivity of the instrument. Single sEV analysis on dedicated 

cytometers, which was not available during the course of this study, will allow for 
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more thorough analysis will be performed in future investigations in order to 

confirm the observations described in this chapter292,293.  

Changes to sEV miRNA cargo induced by cytokine licensing 

miRNAs are small non-coding RNAs (19ï21 nucleotides) that act as key regulators 

of gene expression by binding to the 3ǋ UTR or 5ǋ UTR of target mRNAs to induce 

mRNA degradation and translational repression294. In general, each miRNA has 

multiple target genes and regulates a wide variety of gene expression294,295. 

miRNAs are also packaged into sEV, with numerous studies describing the 

functional transfer of sEV-miRNA to target cells in order to modulated cell 

metabolism, immune responses, as well as cancer metastasis and progression134,296ï

299. The specific miRNA content of sEV is also dependent on the state of the parent 

cell. Tumour-derived sEV have been shown to harbour molecular signatures of the 

parent cell and are being investigated as biomarkers and prognostic indicators, as 

the secreted sEV can provide information on the state of the tumour 

microenvironment37,300. M1-like and M2-like macrophages also have distinct 

miRNA profiles, confirming that cell state can significantly influence the miRNA 

content of secreted sEV182. In this chapter, sEV, sEVIFNɔ, and sEVTGFɓ were found 

to exhibit significantly different miRNA signatures. Interestingly, the miRNA 

content of sEVIFNɔ was highly different to that of sEVTGFɓ, confirming that differing 

licensing strategies result in unique MSC-sEV phenotypes, which are likely to have 

differing functional efficacies. The results observed also further highlight how 

culture conditions can highly alter sEV biology. This is not only relevant to the 

work presented here, but also provides an indication as to why there may be 

variability among results between labs. Slight alterations in culturing conditions, 

media components, as well as the cell passage and source are likely to elicit major 

changes in sEV cargo and differing potency as a result. 

Functional enrichment analysis was performed based on miRNAs which were 

enriched in either sEVIFNɔ or sEVTGFɓ compared to sEV, in order to identify 

potential signalling pathways which may be more efficiently targeted by sEV 

generated through specific licensing strategies. óCytokine signalling in the immune 

systemô, ósignalling by interleukinsô, and óimmune systemô were terms in the 

REACTOME and KEGG databases for which both sEVIFNɔ and sEVTGFɓ were 
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enriched compared to naïve sEV. As the objective of this thesis is to identify the 

potential enhancement of immunomodulatory potential of sEV by cytokine 

licensing, this was a promising early indicator for enhanced functional efficacy 

compared to naïve sEV.  

Several of the top signalling pathways identified as being targets of miRNAs 

upregulated in sEVIFNɔ were involved in cancer subtypes including breast, gastric, 

endometrial, prostate colorectal, and liver cancers. Careful consideration of 

potential pro-tumorigenic properties is crucial when proposing a novel 

immunotherapeutic. One of the enriched pathways in sEVIFNɔ was transcriptional 

regulation by TP53 and the p53 signalling pathway. The tumour suppressor gene 

TP53, which is responsible for making the protein p53, is a critical regulator of 

DNA repair and cell division and is essential in preventing tumour formation301. 

p53 is frequently inactivated in cancer cells by missense mutations, which results 

in uncontrolled cell proliferation and damaged DNA replication301,302. Regulation 

of apoptosis was also identified as a major target of sEVIFNɔ. Excessive apoptosis 

induced by corneal chemical burns results in secondary necrosis and release of pro-

inflammatory intracellular contents, and regulation of apoptosis could be of 

therapeutic benefit238,303. However, if the mechanism utilised by sEVIFNɔ to reduce 

cellular apoptosis is through inactivation of p53 signalling, this could have major 

complications in terms of tumorigenesis. miRNAs involved in suppressing the 

degradation of ɓ-catenin were also upregulated in sEVIFNɔ, and functional 

enrichment analysis found degradation of the ɓ-catenin destruction complex to be 

a pathway regulated by sEVIFNɔ. Cytosolic accumulation of ɓ-catenin promotes 

cellular proliferation which, particularly in the case of reduced p53 signalling, has 

strong implications in tumorigenesis304,305. Although beyond the scope of this study, 

further investigations into understanding the molecular mechanisms of miRNAs 

highly expressed in sEVIFNɔ in terms of potential pro-tumorigenic induction, and if 

the levels of miRNA are stoichiometrically relevant for tumour induction will allow 

confirmation of the safety profile of sEVIFNɔ.  

Functional enrichment analysis of highly expressed miRNAs in sEVTGFɓ identified 

numerous signalling pathways highly relevant for immunomodulation. TNF is a 

major pro-inflammatory cytokine that drives inflammatory gene expression and 
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contributes to cell death306,307. Excessive TNF signalling is associated with chronic 

inflammation and can lead to the development of autoimmune diseases, and TNF-

inhibitors are being considered for treatment of inflammatory diseases306ï308. IL-17, 

a cytokine produced by the T helper type 17 (Th17) subset, is also a strong inducer 

of inflammation, and dysregulated IL-17 signalling is well characterised as a 

contributor to the pathogenesis of chronic inflammation conditions such as 

psoriasis, rheumatoid arthritis, and multiple sclerosis309,310. miRNAs targeting TNF 

and IL-17 signalling were enriched in sEVTGFɓ, as evidenced in the functional 

enrichment analysis, and modulation of these pathways could contribute to 

amelioration of inflammatory states, and exhibit superior therapeutic potential 

compared to sEV. HIPPO signalling was also a target of sEVTGFɓ, and TAZ, a key 

protein of the Hippo pathway, has been described as an inhibitor of FOXP3 

function, a transcription factor which is a key regulator of Treg differentiation and 

function311ï313. Overexpression of TAZ is also reported to favour the differentiation 

of IL-17-producing cells rather than Tregs311,314. TLR signalling and NF-kB 

induction was also identified as an enriched target of sEVTGFɓ. The transcription 

factor NF-kB is a pivotal mediator of inflammatory responses and is responsible for 

the production of various inflammatory cytokines and chemokines, as well as the 

activation and differentiation of inflammatory T cells. Taken together, sEVTGFɓ 

have a promising profile as modulators of inflammatory responses and promotion 

of Treg induction.  

Several of the miRNA transcripts found to be most highly upregulated in sEVTGFɓ 

did not have any strongly validated targets, as of yet. miR-6238 was the most highly 

expressed miRNA in sEVTGFɓ, and was enriched 181-fold over sEV. However, there 

is very limited work done as of yet on this particular miRNA. While this may be of 

interest in terms of novelty, it restricts our understanding at the present time into 

our understanding of the activity of the miRNAs most enriched in sEVTGFɓ. A 

recently published study found specific upregulation of miR-6238 in lung-derived 

EV following acute lung injury, and reported this miRNA as a previously 

undescribed modulator of inflammatory responses in alveolar macrophages315. 

When miR-6238 inhibitors were applied, they observed marked upregulation of 

inflammatory cytokines and chemokines through NF-kB signalling, and identified 

CXCL3, IL12a, IL1rap, IL6ra, IL6st, and IL10ra as potential targets of miR-6238. 
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Future studies will investigate the mechanisms of TGFɓ1-induced upregulation of 

miR-6238 in secreted sEV and its potential role in modulating inflammatory 

responses. Furthermore, whether changes in sEV cargo are specifically altered due 

to altered cargo packaging processes in response to cytokine stimuli, or if 

expression levels of specific miRNAs are altered in the parental cell cytoplasm and 

passively packaged into sEV during biogenesis could not be determined. This will 

be an interesting parameter to investigate further in future studies. 

While differential expression of several miRNAs was detected with both IFNɔ and 

TGFɓ1 licensing strategies, whether these changes are biologically relevant cannot 

be ascertained as of yet316. Further investigations into miRNA stoichiometry will 

be required to determine what is a functionally relevant copy number, although this 

is likely to be highly dependent on the target cell130,317. Potency assays in which 

sEV concentration and delivered copy numbers of specific miRNAs are known will 

also improve dosing for future studies. Furthermore, it is important to note that the 

miRNA profile and expression of MSC markers on sEV are only a snapshot of their 

complete cargo. Future work on the proteomics, lipidomics, and more expensive 

surface characterisation will provide further insight into the complete effect of 

cytokine licensing on MSC-sEV cargo. 

Conclusion 

Cytokine licensing infers unique surface and miRNA cargo profiles in MSC-sEV, 

and different licensing strategies result in diverse sEV functional potential. 

Depending on the desired outcome, sEV derived from different licensing strategies 

may be more suitable for the treatment of specific diseases, based on pathway 

enrichment analysis of overexpressed sEV cargo. 

With the knowledge that cytokine licensed sEV harbour significantly altered cargo 

compared to naïve sEV, the functional efficacy of the sEV, sEVIFNɔ and sEVTGFɓ in 

the context of immunomodulation and wound healing was then evaluated through 

various in vitro assays, which are described in the following chapter.  
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4.1 Introduction 

Macrophages are innate immune cells that play a key role in regulating both the 

innate and adaptive arms of the immune system. They serve as antigen presenting 

cells (APCs) required for priming of the adaptive immune response, and drive 

inflammation as well as the restoration of damaged tissues and promoting wound 

healing 318ï320. Macrophages reside in almost all of the lymphoid and non-lymphoid 

tissues and are part of the first line of response following tissue insult. Macrophages 

are typically categorised as M0 (resting), classically activated M1 (pro-

inflammatory), or alternatively activated M2 (anti-inflammatory/wound-repair) 

depending on their phenotype and function319,320. However, macrophages are highly 

plastic and are not fixed in one state318. These cells can be reprogrammed to elicit 

varying functions through intercellular communication and stimuli in their 

microenvironment. M1-like macrophage can be polarised toward a more M0 or M2-

like state, and vice versa321. Although useful for discerning broad functional effects 

of macrophages, it is important to note that the M1/M2 classification is 

oversimplified and macrophage phenotype should instead be thought of as a 

spectrum which changes in accordance with relevant environmental stimuli and 

intercellular signalling, rather than distinct subsets318,322,323.  

M1-like cells are typically characterised by their high expression of MHC II and 

CD86, secretion of pro-inflammatory cytokines (such as IL-12, IL-1ɓ, IL-6, TNF-

Ŭ), and production of nitric oxide and reactive oxygen species323,324. These cells aid 

in host defence against several bacterial and viral pathogens, anti-tumour immunity, 

and activation of the adaptive arm of the immune system. On the other hand, M2-

like cells are characterised by upregulation of CD206, arginase, IL-10, and TGF-

ɓ319,325,326. M2-like cells are important for resolution of inflammation, and promote 

wound healing and tissue repair, as well as phagocytosis of cellular debris. M2 cells 

are strong inducers of Th2 cells and Tregs, which further expand their regulatory 

functions. The M1/M2 balance is important for maintaining tissue homeostasis, 

ensuring that normal host defence by M1 responses is still intact, but kept in check 

by M2 regulation to ensure it does not lead to excessive or chronic inflammation 

which may inhibit normal tissue repair210,230,327. Conversely, excessive M2 
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signalling can be equally as disruptive, causing excessive tissue remodelling and 

fibrosis when dysregulated228.  

T cells play a critical role in inflammatory diseases and can act to drive or suppress 

immune responses, depending on their phenotype328ï331. T cells are activated by the 

presentation of antigen on MHC molecules by binding to the T-cell receptor. The 

T cells then mature into effector cells, which are CD4+ if the antigen is presented 

on MHC II, or CD8+ if the antigen is presented on MHC I. Effector T cells can 

directly kill pathogens (CD8+ cytotoxic cells) or secrete cytokines (CD4+ T helper 

cells) and attract other effector cells, mainly macrophages, which are involved in 

the destruction of pathogens and activate other inflammatory cells. Tregs are a 

specialised subpopulation of T cells and are critical modulators of immune 

homeostasis, playing an essential role in maintaining peripheral tolerance and 

controlling the immune response332ï334. The role of Tregs in preventing 

autoimmune diseases by promoting immune tolerance to self-antigen has been 

extensively described, and FOXP3 loss-of-function mutations leads to the severe 

multi-organ autoimmune and inflammatory disorder known as IPEX334,335. Tregs 

restrain chronic inflammation and promote the resolution of wound healing, 

preventing pathological destruction of tissues. Key inhibitory cytokines secreted by 

Tregs include IL-10 and TGF-ɓ, both of which potently inhibit macrophage and T 

effector cells. In addition, high expression of CD25 by Tregs allows them to 

compete for IL-2 with effector T cells, resulting in cytokine deprivationïmediated 

apoptosis of effector CD4+ T cells336. Interestingly, CD4+ T cells are highly plastic 

and can alter their phenotype and function in response to microenvironmental 

cues337. There is research into understanding how CD4+ T cell plasticity could be 

harnessed to promote specific Th subtypes and how this may be utilised as a 

therapeutic streategy337. 

Corneal chemical burns upset the immune privileged nature of the eye, resulting in 

inflammatory immune cell activation and infiltration, as well as complex signalling 

cascades contributing to tissue damage and delayed repair217,232,338. Chemical burns 

also upset the immune privileged nature of the eye, resulting in Unrelenting and 

dysregulated corneal inflammation and neovascularisation are common 

consequences of an alkali burn that can lead to persistent visual impairment and 
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delay performing penetrating keratoplasty. Novel approaches under investigation 

to improve treatment of chemical burns include manipulating the inflammatory and 

angiogenesis-related factors by means of monoclonal antibodies, receptor 

modification, aptamers and inhibitors of candidate inflammatory and/or 

angiogenesis pathways 230,232,338. sEV have been found to exert immunosuppressive 

functions in a wide range of disease models134,158,250,339ï341. However, there are 

several challenges hindering the advancement of MSC-sEV products89,342. Namely, 

lack of standardised isolation and characterisation, as well as varying quantification 

methods and dosing. Variable potency of MSC-sEV products has also been a major 

obstacle in progressing sEV toward clinical use 342,343. Our group has previously 

found cytokine licensing to significantly improve the immunomodulatory efficacy 

of MSCs, both in vitro and in vivo in a murine model of corneal 

transplantation147,164. In syngeneic systems, we have found MSCs to induce 

minimal changes on stimulated immune cell phenotype and activity. However, 

allogeneic MSC which were fully MHC-mismatched to recipient cells potently 

suppressed inflammation, indicating that mounting of an anti-donor immune 

response was required in order for MSC to exert their immunomodulatory 

functions176,181. Furthermore, syngeneic MSCs which were cytokine licensed before 

co-culture with immune cells or administration into animal models potently 

suppressed T cell proliferation and enhanced Treg expansion, and promoted corneal 

allograft survival in vivo. These data indicate the MSC require an activation 

stimulus in order to acquire their immunosuppressive phenotype. The efficacy of 

MSC has been largely attributed to their secretome, with their released sEV relaying 

intercellular communication messages. sEV, however, cannot alter their cargo post-

secretion from the parent cell, meaning their cargo is dependent on the cell from 

which they were derived17. For this reason, we expect sEV secreted from cytokine 

licensed MSC to be superior to naïve sEV in terms of immunosuppressive potential.  

In Chapter Three, cytokine licensing of the parental cells was found to alter secreted 

sEV profile, and licensed sEV possess unique cargo compared to naïve sEV. 

Furthermore, differential licensing with either the pro-inflammatory cytokine IFNɔ 

or the anti-inflammatory cytokine TGFɓ1 elicited unique cargo signatures. 

However, whether these differences in cargo lead to functionally distinct changes 

in recipient cells and if these are positive or negative alterations must be evaluated. 
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In this chapter, the functional capacity of sEV and the effect of parental cell 

licensing on secreted sEV therapeutic potential in an inflammation-specific context 

was investigated. Given the issues surrounding autologous sEV therapy discussed 

in section 1.2.3, this thesis specifically focused on the immunoregulatory potential 

of sEV on allogeneic immune cells. 

4.2 Hypothesis and Aims 

Hypothesis 

Cytokine licensing enhances the immunomodulatory potential of MSC-sEV and 

induces regulatory and tissue-repair phenotypes in allogeneic immune cell 

populations. 

Aims 

¶ Isolate BMDMs and T lymphocytes from the tissues of C57BL/6 mice. 

¶ Evaluate the functional potency of sEV in modulating allogeneic 

macrophage and T cell responses through various in vitro assays, and assess 

the potential enhancement of efficacy in licensed sEV (sEVIFNɔ and 

sEVTGFɓ). 

¶ Investigate the wound repair and migratory potential of sEV, sEVIFNɔ, and 

sEVTGFɓ on injured corneal epithelial and endothelial cells in vitro. 

¶ Determine the optimal sEV group to bring forward for in vivo assessment. 
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Figure 4.1 Overview of methods to achieve the aims set out in Chapter Four. (A) sEV, 

sEVIFNɔ, and sEVTGFɓ were added to M1-polarised C57BL/6 BMDMs for various 

timepoints in order to assess impact of treatment on macrophage phenotype and function. 

(B) sEV, sEVIFNɔ, and sEVTGFɓ were cultured with stimulated C57BL/6 lymphocytes to 

assess changes in T cell phenotype and function. (C) Human corneal epithelial cells and 

human corneal endothelial cells were used in in vitro scratch assays to evaluate the 

influence of sEV, sEVIFNɔ, and sEVTGFɓ on corneal cell migration and wound healing 

potential. Created with BioRender.com. 
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4.3 Results 

4.3.1 Fluorescent labelling of MSC-sEV 

In order to confirm uptake of sEV by target cells, methods such as fluorescent 

labelling must be employed. CFDA-SE permeates biological membranes and is 

processed to the fluorescent form, CFSE, by unspecific esterases present in the 

lumen of the cell or, in this case, the sEV. Fluorescent CFSE covalently binds to 

primary amide groups of membrane proteins. CFSE allows the detection of intact 

sEV and their content delivery. Further, CFSE does not alter the size or 

biodistribution of sEV, unlike some lipophilic membrane dyes such as PKH344. 

Lipid dyes can also form micelles, dye aggregates or artefacts which can be 

misattributed as fluorescent sEV, leading to false positive results. Ensuring the 

fluorescence observed is in fact sEV is crucial, and for this reason CFSE was 

investigated as a suitable labelling method. 

Following a protocol published by Morales-Kastresana et al., sEV were incubated 

with CFDA-SE for 2 hours at 37°C, following which free dye was removed by 

SEC345. To ensure non-specific fluorescence did not occur, PBS was also incubated 

with CFDA-SE, and unlabelled sEV were also analysed to determine potential 

autofluorescence. Labelling of the sEV was confirmed on a NL3000 spectral flow 

cytometer (Cytek), with the settings optimised for small particle analysis. Detection 

of small particles was confirmed with ApogeeMix reference beads (Apogee Flow 

Systems), whereby 110nm polystyrene beads could be efficiently resolved. All 

samples were run for 45 seconds at a low flow rate. 

CFSE-labelling of the sEV was confirmed as evidenced through their fluorescence 

in the CFSE (B2) channel (Figure 4.2 (A)). No CFSE+ events were detected in 

unlabelled sEV and PBS samples, ensuring a lack of natural sEV autofluorescence 

in the B2 channel or in the system, and that all observed CFSE+ events are a direct 

result of sEV staining (Figure 4.2 (A)). Efficient removal of free dye was 

demonstrated by the lack of CFSE+ events in CFSE-staining PBS (Figure 4.2 (A)). 

The number of CFSE+ events was directly proportional to the concentration of 

labelled sEV in the sample, and absence of swarm detection was confirmed by 

demonstrating that the MFI of serially diluted CFSE+ sEV was consistent (Figure 

4.2 (B.i)).  



Chapter Four: Immunomodulatory efficacy and wound healing potential of sEV, sEVIFNɔ, 

and sEVTGFɓ in vitro 

124 

 

 

Figure 4.2 Validation of CFSE-staining of sEV. sEV were incubated with CFDE-SE for 

2h and excess dye was removed by SEC. (A) CFSE-stained sEV were confirmed to be 

fluorescent in the CFSE channel (B2) and could be separated from background noise in the 

machine. Controls for non-specific staining, false-positive results and background 

autofluorescence were controlled for using unstained PBS, CFDA-SE incubated with PBS 

alone (óCFSE-stainedô PBS), and unstained sEV. Shown in each gate is the percentage of 

the total events recorded (B)(i) Incidence of swarm detection was measured by MFI of the 

particles at various sEV dilutions. (B)(ii)  Number of CFSE+ events were correlated with 

amount of sEV input.  

Inherent noise in the system and buffers could not be completely removed, given 

that particles were still detected in 0.1um filtered PBS (Figure 4.2 (A)). However, 

event number in the ónoiseô gate was consistent with increasing concentration of 

labelled sEV, confirming that the same number of ónoiseô particles were in each 

sample and that increasing total event rate was a direct result of increasing CFSE+ 

sEV (Figure 4.2 (B.ii)). This demonstrates that sEV could be efficiently labelled 

with CFSE.  
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4.3.2 Functional effects of naïve and licensed MSC-sEV on 

allogeneic macrophages 

4.3.2.1 Uptake of fluorescent sEV by macrophage 

In order to assess the functional effects of sEV on macrophage, progenitor cells 

were isolated from the bone marrow of C57BL/6 mice and cultured in specific 

differentiation medium to generate bone marrow-derived macrophages (BMDM). 

After 6 days, cells exhibited characteristic macrophage-like morphology and 

successful BMDM differentiation was confirmed by flow cytometry analysis of 

macrophage markers CD11b and F4/80 (Figure 4.3). 

BMDM uptake of sEV was first imaged by fluorescent microscopy, whereby 

CFSE+ sEV were incubated with M1-polarised BMDM for 6 hours, then fixed and 

permeabilised and actin filaments stained with phalloidin (Figure 4.4 (A)).  

Although sEV uptake could be visualised, sensitive uptake measurements could not 

be made due to the sensitivity of the instrument. Although most studies reply on 

fluorescence microscopy, the limited resolution due to the wavelength of visible 

light being 390ï700 nm limits sensitive measurements. Therefore, single sEV or 

clusters of vesicles that are less than 390 nm in diameter cannot be reliably 

distinguished70. For this reason, flow cytometry was employed as a more sensitive 

method to discriminate levels of uptake between sEV, sEVIFNɔ, and sEVTGFɓ-treated 

groups.  

In order to determine the point at which peak sEV uptake could be observed, CFSE-

labelled sEV were incubated with C57BL/6 BMDMs for varying durations between 

1h to 24h. BMDM were trypsinised to remove any sEV bound to the surface, and 

were analysed by flow cytometry to determine levels of sEV uptake. Percentage of 

cells which took up sEV were measured based on CFSE+ gating and median 

fluorescence intensity (MFI) was used as a relative measure of the amount of sEV 

taken up per cell. Macrophage incubated with PBS and unstained sEV served as 

negative controls.  
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Figure 4.3 BMDMs after 6 days of differentiation. (A) Brightfield images of BMDMs 

at day 6 imaged at (i) 4X magnification and (ii)  20X magnification. (B) Successful 

macrophage differentiation was confirmed by CD11b and F4/80 expression at day 6, which 

was analysed by flow cytometry. Scale bar in (A)(i) is 200um, and (A)(ii) is 50um.  

Based on the percentage of cell uptake of sEV (Figure 4.4 (B.ii)) and MFI (Figure 

4.4 (B.iii) ), peak uptake of fluorescent sEV found to be at 3-6h following the 

addition of the CFSE+ sEV, with cellular fluorescence diminishing by 24h post-

exposure to the labelled sEV. 

For subsequent macrophage uptake assays, cells were incubated with CFSE+ sEV 

for 4h as an intermediary timepoint between 3-6h to ensure the measurements were 

made during the peak uptake zone.  In order to compare uptake efficiency of the 

different sEV groups, naïve and licensed sEV were then incubated with M1-

polarised BMDM for 4h. Uptake of the could be visualised by CFSE+ BMDM by 

flow cytometry (Figure 4.4 (C.i)). Both IFNɔ-licensing and TGFɓ1-licensing 

strategies were found to enhance the uptake of sEV by M1-polarised BMDM, as 

evidenced though the increased percentage of cells which were positive for sEV 

uptake compared to naïve sEV (Figure 4.4 (C.ii)), and also the relative amount of 

sEV taken up by each cell i.e. MFI (Figure 4.4 (C.iii) ).  
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Figure 4.4 M1-polarised BMDM internalise sEV and uptake is enhanced with sEVIFNɔ 

and sEVTGFɓ compared to unlicensed. (A) BMDM were incubated with CFSE+sEV for 3 

hours, fixed and stained with phalloidin to visualise uptake by microscopy. (B) CFSE+sEV 

were incubated with M1-polarised BMDM for varying durations in order to determine the 

point of peak uptake by (i) percentage of cells positive or uptake of fluorescent vesicles, 

and (ii)  fluorescence intensity of the cells at each time point. (C) CFSE-labelled sEV, 

sEVIFNɔ, and sEVTGFɓ were incubated with M1-polarised BMDM for 4 hours, and then 

analysed by flow cytometry for (i) percentage of uptake and (ii)  average cell fluorescence 

intensity. Data is presented as mean ± SD. Statistical analysis was assessed by One-way 

ANOVA with Tukeyôs post-hoc test: *p<0.05, ***p<0.001 (n=3). 
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Figure 4.5 Wortmannin inhibits sEV uptake by BMDM in a dose-dependent manner. 

M1-polarised BMDM were pre-treated with varying doses of the phagocytosis inhibitor 

wortmannin before the addition of CFSE+ sEV. (A) Inhibition of uptake was measured by 

reduction of CFSE fluorescence of the BMDM at increasing doses of wortmannin. (B) 

Percentage uptake inhibition was calculated based on the MFI per concentration relative to 

the MFI of macrophages incubated with CFSE+ sEV that did not receive wortmannin pre-

treatment. (C) Viability of the cells at increasing doses of wortmannin was measured using 

trypan blue staining. Data is presented as mean ± SD. Statistical analysis was assessed by 

One-way ANOVA with Tukeyôs post-hoc test: ***p<0.001, ****p<0.0001 (n=3). 

Delivery of the luminal contents of sEV has been proposed as a major mechanism 

for their mode of action50,71,76. In order to determine the effect of uptake inhibition 

on the functional changes induced in BMDM by the MSC-sEV, cells were exposed 

to a phagocytosis inhibitor, wortmannin, for 30 minutes prior to sEV addition. Pre-

treatment of sEV with the PI3K inhibitor wortmannin significantly reduced sEV 

uptake in a dose-dependent manner, as evidenced by reduced MFI of the cells 

(Figure 4.5 (A)). Percentage uptake inhibition could be quantified based on the 

MFI of the cells at each concentration relative to that of the macrophages incubated 

with CFSE+ sEV that did not receive wortmannin pre-treatment. Inhibition of 

uptake was 10.2%±1.8 at 0.25ɛM, 11.3%±1.6 at 0.5ɛM, 27.2%±1.5 at 1ɛM, and 

31.9%±1.2 at 2ɛM (Figure 4.5 (B)). However, increasing doses were found to be 

cytotoxic to the cells given the reduced cellular viability when measured by trypan 

blue staining (Figure 4.5 (C)). It is also important to note that the highest dose 

investigated did not cause complete inhibition of sEV uptake. Combinations of 

different chemical inhibitors were investigated, including chlorpromazine, 

dynasore, and EIPA. However, due to high toxicity even at low doses this strategy 

could not be utilised for functional assessment (data not shown). As a balance 
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between efficacy and viability, 1ɛM wortmannin was chosen as the optimal dose 

for further studies to measure the role of sEV uptake in mediating their functional 

effects in recipient BMDM, which will be discussed in the following sections. 

4.3.2.2 Regulation of macrophage surface protein expression 

Naïve CD4+ T cells receive activation stimuli from APCs, such as macrophages and 

DCs, which induce their maturation to effector CD4+ T cells. MHC II binds to the 

T cell receptor to present antigen, and the co-stimulatory molecules CD80 and 

CD86 bind CD28 on the T cell surface which is required for efficient and sustained 

T-cell activation, as shown in Figure 4.7 (A)346,347. Expression of these proteins on 

macrophage is crucial for signal transduction at the immunological synapse. To 

investigate if MSC-sEV could modulate expression of stimulatory molecules on 

allogeneic macrophages, they were placed into co-cultures with M1-polarised 

C57BL/6 BMDM for 72 hours. The BMDM were then harvested and analysed by 

multicolour flow cytometry to evaluate changes in expression of proteins related to 

antigen expression and co-stimulatory molecules. CD11b+ cells were gated as a 

pan-macrophage marker. All gates were based on FMOs as shown in Figure 4.6. 

sEV, sEVIFNɔ, and sEVTGFɓ treatment of the BMDMs did not alter cellular viability, 

and wortmannin pre-treatment did not significantly affect BMDM viability (Figure 

4.7 (B)).  Neither naïve nor licensed sEV altered the percentage of cells expressing 

the antigen presentation molecule MHC II, which was consistently high across all 

groups (>99%) (Figure 4.7 (C.i)). However, RFI of MHC II on BMDMs was 

significantly reduced by sEVIFNɔ and to a higher degree by sEVTGFɓ, but not affected 

by sEV (Figure 4.7 (C.ii)). Interestingly, this effect was not observed in BMDM in 

which sEV uptake was blocked by pre-treatment with wortmannin (Figure 4.7 

(C.ii). Wortmannin treatment reduced the frequency of CD80+ cells in the cultures 

compared to cells that did not receive wortmannin pre-treatment. However, no sEV 

group altered CD80+ cell frequencies compared to their respective PBS-treated 

controls (Figure 4.7 (D.i). sEVTGFɓ significantly reduced the intensity of CD80 

expression on M1-polarised BMDM, as evidenced through the reduced RFI (Figure 

4.7 (D.ii). sEV and EVIFNɔ had no significant effect on CD80 RFI. Similar to MHC 

II RFI, sEVTGFɓ-induced downregulation of CD80 was not observed in BMDM that 

received wortmannin pre-treatment to block sEV uptake (Figure 4.7 (D.ii).  
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Figure 4.6 Gating strategy for flow cytometry analysis of BMDM surface protein 

expression profile. BMDM were selected based on size and granularity, followed by single 

cell selection, exclusion of dead cells and positive expression of the pan-macrophage 

marker CD11b. MHC II and CD80 positivity gates were based on their respective FMOs. 

sEV, sEVIFNɔ, or sEVTGFɓ did not significantly alter the percentage of cells positive 

for expression of the co-stimulatory molecule CD86, nor the expression intensity 

on the cells (Figure 4.8 (A.i and ii)). Expression of PD-L1 and PD-L2 was also 

investigated, as these ligands play immunosuppressive roles by binding their 

receptor PD-1 to negatively regulate T cell activation, proliferation and cytokine 

production, as well as inducing T cell apoptosis57,146,348. Frequency of BMDM 

expressing PD-L1 was high across all groups (Figure 4.8 (B.i)), however RFI was 

not significantly altered with any sEV treatment group (Figure 4.8 (B.ii)). 

Similarly, PD-L2+ macrophage frequency was not increased with sEV treatment 

(Figure 4.8 (C.i)), nor was expression intensity on the cells (Figure 4.8 (C.ii)). 
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Figure 4.7 sEVTGFɓ reduces BMDM expression of MHC II and CD80. M1-polarised 

BMDM were cultured for 72h with PBS (control), sEV, sEVIFNɔ, or sEVTGFɓ, with or 

without pre-treatment with wortmannin. (A) Schematic of the role of MHC II and CD80/86 

in CD4+ T cell activation and effector T cell differentiation (created with BioRender.com).  

(B) Viability of the cultured cells as determined. (C) MHC II expression on BMDMs as a 

measure of (i) total percentage of BMDM expressing MHC II, and (ii)  relative intensity of 

expression per cell. (D) CD80 expression on BMDMs as a measure of (i) total percentage 

of BMDM expressing CD80, and (ii)  relative intensity of expression per cell. Data is 

presented as mean ± SD. Statistical analysis was assessed by One-way ANOVA with 

Dunnettôs post-hoc test: *p<0.05, ***p<0.001 (n=3-4). 
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Figure 4.8 sEV, sEVIFNɔ, or sEVTGFɓ do not influence BMDM expression of CD86, PD-

L1, or PD-L2. M1-polarised BMDM were cultured for 72h with PBS (control), sEV, 

sEVIFNɔ, or sEVTGFɓ, and analysed for expression of the co-stimulatory protein CD86, and 

T cell regulators PD-L1 and PD-L2. (A) CD86 expression on BMDMs as a measure of (i) 

total percentage of BMDM expressing MHC II, and (ii)  relative intensity of expression per 

cell. (B) PD-L1 expression on BMDMs as a measure of (i) total percentage of BMDM 

expressing PD-L1, and (ii)  relative intensity of expression per cell. (C) PD-L2 expression 

on BMDMs as a measure of (i) total percentage of BMDM expressing PD-L2, and (ii)  

relative intensity of expression per cell.  Data is presented as mean ± SD. Statistical analysis 

was assessed by One-way ANOVA with Dunnettôs post-hoc test: *p<0.05, ***p<0.001 

(n=4).  
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4.3.2.3 Antigen processing and presentation 

Processing of exogenous antigens and subsequent presentation on relevant MHC 

molecules is a major mediator in activation of the adaptive immune system. Proteins 

ingested by APCs are processed into peptides which are then shuttled to the surface 

and presented on MHC I or MHC II, which then induces activation of T cells and 

effector cell differentiation, as shown in Figure 4.9 (A). In order to assess the 

effects of naïve and licensed sEV on macrophage antigen processing and 

presentation capacity, M1-polarised C57BL/6 BMDMs were co-cultured with sEV, 

sEVIFNɔ, or sEVTGFɓ
 for 24h, following which DQ-OVA was added and the cells 

were cultured for a further 24h. DQ-OVA becomes fluorescent upon proteolytic 

degradation, enabling detection and quantification by flow cytometry. SIINFEKL 

(OVA257-264) is a peptide derived from OVA processing, which is trafficked to the 

cell surface for presentation on MHC I349,350. SIINFEKL presentation could then be 

detected with a monoclonal antibody that specifically reacts with SIINFEKL bound 

to H-2kb, the MHC I haplotype of C57BL/6 mice351. Wortmannin could not be used 

in this assay as it would interfere with the BMDM ability to uptake the DQ-OVA 

which would impact the assay. 

Overall percentage of cells processing DQ-OVA, which was determined based on 

FITC fluorescent cells, was not altered by sEV treatment from any group (Figure 

4.9 (C.i)). However, the intensity of fluorescence (MFI) produced from DQ-OVA 

processing was reduced by sEV, sEVIFNɔ, and sEVTGFɓ suggesting that the sEV do 

not inhibit cellular processing of antigen altogether but are capable of reducing the 

levels of processing (Figure 4.9 (C.ii)). All sEV groups reduced the percentage of 

cells which were presenting processed antigen (Figure 4.9 (D.i))., and on the cells 

which were presenting the antigen, the relative amount (RFI) was reduced in all 

sEV treated groups (Figure 4.9 (D.ii)). In order to confirm that the sEV were 

actively inhibiting processed antigen peptides being trafficked for presentation on 

the cell surface and that the observed effects were not due to reduced MHC I 

expression on the BMDM, the percentage of BMDM expressing MHC I and the 

RFI were determined. Both parameters were unaltered by treatment with sEV, 

sEVIFNɔ, nor sEVTGFɓ (Figure 4.9 (B.i and ii)).  
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Figure 4.9 MSC-sEV alter allogeneic macrophage ability to process and present 

antigens. M1-polarised BMDM were co-cultured with PBS (control) sEV, sEVIFNɔ, or 

sEVTGFɓ for 24h, upon which DQ-OVA was added for a further 24h to assess levels of 

antigen processing and presentation. (A) Schematic of antigen processing and presentation 

by APCs for activation of the adaptive immune system (created with BioRender.com). (B) 

MHC I expression on BMDMs as (i) a percentage of CD11b+ cells positive for MHC I 

expression, and (ii) intensity of expression of the cells. (C) Percentage of CD11b+ cells 

positive for DQ-OVA processing, (ii)  BODIPYTM FL RFI of the cells, and (iii)  

representative histograms for DQ-OVA processing. (D) Percentage of CD11b+ cells 

presenting SIINFEKL peptide via MHC I, (ii)  RFI of SIINFEKL expression, and (iii) 

representative histograms for SIINFEKL presentation. Data is presented as mean ± SD. 

Statistical significance was assessed using One-way ANOVA with Tukeyôs post-hoc test: 

*p<0.05, **p<0.01, ***p<0.001 (n=4). 
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4.3.2.4 Cytokine secretion profile of BMDMs 

The macrophage secretome can give further insights into their function and 

downstream effects on other cells in their microenvironment. Therefore, 

supernatants of M1-polarised BMDMs co-cultured with sEV and sEVIFNɔ, and 

sEVTGFɓ for 72 hours, with or without pre-treatment with wortmannin, were 

analysed for their levels of various pro- and anti-inflammatory related cytokines 

and chemokines. BMDM pre-treated with wortmannin allowed investigation into 

the importance of sEV uptake on their functional effects in BMDM. 

Although indicating a trend increase, no sEV group significantly altered levels of 

pro-inflammatory cytokines IL -1ɓ or CXCL1. sEV and sEVTGFɓ, but not sEVIFNɔ, 

increased secretion of IL-18 from the macrophages (Figure 4.10 (A)). Wortmannin 

pre-treatment did not appear to have an effect on the observed outcome, although 

the increase in IL-18 secretion was no longer statistically significant in wortmannin-

treated sEV and sEVTGFɓ groups.  

Levels anti-inflammatory cytokines TGFɓ1, IL-10, G-CSF, MDC and TARC were 

all significantly increased in sEVTGFɓ-treated macrophage compared to controls. 

sEVIFNɔ also increased the secretion of TGFɓ1, IL-10, and G-CSF, though not to 

the degree of sEVTGFɓ. sEV increased the secretion of G-CSF, but had no significant 

effect on the secretion of any other analysed cytokine or chemokine. Wortmannin 

pre-treatment blocked the observed increases in M2-like cytokines and chemokines, 

and levels were consistent with stimulated controls. However, upregulation of IL-

10 levels by sEVTGFɓ were not altered by inclusion of the sEV uptake inhibitor and 

remained at a similar level to wells without wortmannin pre-treatment (Figure 4.10 

(B)). IL-6 is a pleiotropic cytokine, playing both pro-inflammatory and anti-

inflammatory roles, depending on the context352. In this assay, IL-6 secretion was 

increased in sEVTGFɓ-treated wells, but not with sEV or sEVIFNɔ, and this effect was 

blocked when the cells were pre-treated with the sEV uptake inhibitor (Figure 4.10 

(C)).  

Supernatant levels of IL-12p40, IL-12p70, and IL-23 were also analysed. However, 

measurements were below the detection threshold in all groups and could not be 

quantified. 
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Figure 4.10 Licensed sEV alter the cytokine secretion profile of M1-polarised 

macrophages, and their effects are dependent on internalisation by target cells. 

Supernatants from M1-polarised BMDM co-cultured with sEV, sEVIFNɔ, and sEVTGFɓ for 

72h, with or without wortmannin pre-treatment were evaluated for levels of various pro-

inflammatory (KC, IL-18, IL-1ɓ, IL-6) and anti-inflammatory (TGFɓ1, IL-10, MDC, G-

CSF, TARC, IL-6) cytokines and chemokines. Levels were quantified using the Biolegend 

LEGENDPlexTM Macrophage Panel (13-plex). Data is presented as mean ± SD. Statistical 

analysis was assessed by Two-way ANOVA with Dunnettôs post-hoc test: *p<0.05, 

*** p<0.001 (n=3-4).  
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4.3.3 Functional effects of naïve and licensed MSC-sEV on 

allogeneic T lymphocytes 

4.3.3.1 Uptake of fluorescent sEV by T cells  

In order to confirm that sEV could be internalised by allogeneic T cells and to 

evaluate a potential enhancement of uptake with cytokine licensed sEV, T cells 

isolated from C57BL/6 mice were activated with anti-CD3/CD28 beads and 

incubated with CFSE-labelled sEV. sEVIFNɔ, or sEVTGFɓ, and uptake was assessed 

by flow cytometry, based on fluorescent sorting of the T cells which internalised 

the CFSE+ nanoparticles. Prior to flow cytometric analysis, T cells were stained 

with CD3, CD4 and CD8 monoclonal antibodies to allow specific analysis of CD4+ 

and CD8+ T cell subsets. In order to determine the optimal incubation time and 

point of peak sEV uptake, T cells were first incubated with CFSE+ sEV for varying 

durations (18h, 24h, or 36h), then analysed for levels of sEV uptake by flow 

cytometry. The first parameter assessed was percentage of CFSE+ T cells, which is 

indicative of the amount of cells which internalised fluorescent sEV. The second 

parameter analysed was CFSE MFI of the cells, which is a measurement of the 

average fluorescent intensity of the cells and, therefore, a relative measure of the 

amount of sEV taken up per cell. CFSE+ cells could be readily identified based on 

gating with FMOs (Figure 4.11 (A)). Absence of CFSE+ T cells in the PBS-treated 

groups was used to confirm specificity of the assay and account for potential false-

positive results. 

Uptake of sEV by total T cells, i.e. CD4+ and CD8+, could be observed in a time-

dependant manner, based on the number of cells which were CFSE+ at the indicated 

time points (Figure 4.11 (B.i)). Percentage of T cells positive for uptake at 18h, 

24h, and 36h, were 15.1%±1.6, 20.2%±2.5, and 22.1%±1.3, respectively (Figure 

4.11 (B.ii)). The MFI of the cells also increased in a time-dependent manner, with 

MFI at 36h being significantly increased compared to 24h and 18h, indicating that 

the amount of sEV internalised by a given T cell also increased over time (Figure 

4.11 (B.iii)). When looking at the CD4+ subset specifically, similar trends of sEV 

uptake were observed (Figure 4.11 (C.i)). Percentage of CD4+T cells which were 

positive for sEV uptake significantly increased with duration of incubation, with 

19%±1.4, 24.75%±0.35, and 25.7%±0.8, of cells positive for sEV uptake at 18h, 
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24h, and 36h, respectively (Figure 4.11 (C.ii). MFI of the CFSE+CD4+ T cells also 

increased over time, with the peak amount of sEV internalisation occurring at the 

36h time point, which was significantly higher than at 24h or 18h (Figure 4.11 

(C.iii) . The amount of sEV uptake by CD8+ T cells was lower than what was 

observed in the CD4+ subset, with fewer cells CFSE+ positive at the given 

incubation times (Figure 4.11 (D.i)). CD8+ T cell uptake of fluorescent sEV was 

8.61%±0.3, 9.77%±0.2, and 12.05%±2.48 at 18h, 24h, and 36h post-incubation, 

respectively (Figure 4.11 (D.ii). Although indicating a trend increase in uptake with 

length of duration, uptake between the different time points were not statistically 

significant. CFSE MFI of the cells did increase with incubation time, with 

fluorescence intensity of the cells highest at the 36h timepoint (Figure 4.11 (D.iii) . 

Based on these results, 36h was determined as the optimal incubation time for 

analysis of sEV uptake by T cells.  

Differences in sEV uptake depending on licensing status was then evaluated by 

incubating equal amounts of CFSE-stained sEV, sEVIFNɔ, and sEVTGFɓ with T cells 

for 36h, and measuring acquired CFSE-fluorescence of target cells (Figure 4.12 

(A.i, B.i and C.i)). sEV and sEVIFNɔ uptake was 6.67%±0.6 and 6.83%±0.6 of total 

T cells (CD4+ and CD8+), respectively. However, uptake efficiency was 

dramatically increased in sEVTGFɓ-treated T cells, in which 86.27%±7.1 cells were 

CFSE-fluorescent (Figure 4.12 (A.ii) . CFSE MFI of the cells was also significantly 

higher with sEVTGFɓ compared to sEV and sEVIFNɔ (Figure 4.12 (A.iii) . In the CD4+ 

subset alone, uptake was significantly higher in T cells incubated with sEVTGFɓ 

(81.57%±4.5) versus sEV (13.33%±0.8). sEVIFNɔ uptake (14.5%±1) was not 

significantly different to sEV (Figure 4.12 (B.ii). CFSE MFI was also highest with 

sEVTGFɓ, and there was no difference between sEV and sEVIFNɔ (Figure 4.12 (B.iii) . 

In the CD8+ subset, uptake was detected with all sEV groups. Frequencies of CFSE-

fluorescent cells in the sEV (6.35%±4.5) and sEVIFNɔ (7.78%±0.8) groups were 

lower compared to CD4+ T cells, however sEVTGFɓ uptake remained high at 

77.9%±4.6 cells positive for internalisation (Figure 4.12 (C.ii) . CFSE MFI was 

again highest in the sEVTGFɓ group, though not as dramatic as what was observed 

in the CD4+ subset MFIs (Figure 4.12 (C.iii) .   
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Figure 4.11 sEV are taken up by T cells in a time-dependant manner and are more 

readily internalised by CD4+ than CD8+ T cells. C57BL/6 lymphocytes were stimulated 

with anti-CD3/CD28 beads and incubated with CFSE+ sEV for 18h, 24h, or 36h. (A) CFSE+ 

T cells could be detected following incubation of stimulated cells with CFSE+ sEV. Positive 

gates were determined based on FMO controls. (B) (i) Representative histograms for total 

T cells, represented as cumulative CD4+ and CD8+ T cells, which were positive for sEV 

uptake at the indicated time points. Uptake was quantified as (ii)  percentage of T cells 

which were CFSE+, and (iii)  fluorescence intensity of the cells. CD4+ T cells (C) and CD8+ 

T cells (D) were selectively gated to assess sEV uptake, with representative histograms 

shown in (C.i) and (D.i). Uptake was quantified as (ii)  percentage of T cells which were 

CFSE+, and (iii)  fluorescence intensity of the cells. Data are presented as mean ± SD. 

Statistical significance was assessed by One-way ANOVA with Tukeyôs post-hoc test to 

correct for multiple comparisons: *p<0.05, **p<0.01 (n=2 technical replicates). 
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Figure 4.12 CD4+ and CD8+ T cells internalise sEV and uptake is enhanced with 

sEVIFNɔ and sEVTGFɓ compared to unlicensed. C57BL/6 lymphocytes were stimulated 

with anti-CD3/CD28 beads and incubated with CFSE+ sEV, sEVIFNɔ, or sEVTGFɓ for 36h. 

T cells were harvested and stained with fluorescently-conjugated antibodies against CD3, 

CD4, and CD8, and sEV uptake in each subset was analysed by flow cytometry based on 

acquired CFSE-fluorescence of total T cells (CD4+ and CD8+) , CD4+ T cells only, and 

CD8+ T cells only. (A) (i)  Representative histograms for total T cells, represented as 

cumulative CD4+ and CD8+ T cells, which were positive for when treated with sEV, 

sEVIFNɔ, or sEVTGFɓ. Uptake was quantified as (ii)  percentage of T cells which were CFSE+, 

and (iii) fluorescence intensity of the cells which were positive for uptake. (B) CD4+ T cells 

were selectively gated to assess sEV uptake, with representative histograms shown in (i). 

Uptake by CD4+ T cells was quantified as (ii)  percentage of T cells which were CFSE+, and 

(iii)  fluorescence intensity of the cells which were positive for uptake. (C) CD8+ T cells 

were selectively gated to assess sEV uptake, with representative histograms shown in (i). 

Uptake by CD8+ T cells was quantified as (ii)  percentage of T cells which were CFSE+, and 

(iii)  fluorescence intensity of the cells which were positive for uptake. Data are presented 

as mean ± SD. Statistical significance was assessed by One-way ANOVA with multiple 

comparisons: *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001 (n=3).  



Chapter Four: Immunomodulatory efficacy and wound healing potential of sEV, sEVIFNɔ, 

and sEVTGFɓ in vitro 

141 

 

4.3.3.2 T cell proliferation and activation 

T cell proliferation and expression of activation markers are indicators of T cell 

status. In order to assess whether the isolated sEV could modulate stimulate 

allogeneic T cell activity, and if cytokine licensing could enhance their effects, 

C57BL/6 lymphocytes were stained with CellTrace Violet and stimulated with anti-

CD3/CD28 beads. Cell Trace violet allows tracking of cellular proliferation given 

that each daughter cell contains half of the parent cell's fluorescence. T cells were 

added to 96-well plates and then cultured alone or with sEV, sEVIFNɔ, or sEVTGFɓ. 

After 96 hours, T cells were harvested and CD4+ and CD8+ subsets were analysed 

by multicolour flow cytometry with the gating strategies shown in Figure 4.13. 

sEV did not induce alterations in the frequencies of CD3+CD4+ or CD3+CD8+ in 

the co-cultures after 96h (Figure 4.14 (A)). Cytokine licensing with either strategy 

also did not alter frequencies of these populations. Naïve sEV did not suppress total 

CD3+CD4+ T cell proliferation, and IFNɔ licensing did not alter sEV activity 

(Figure 4.14 (B.i)). sEVTGFɓ treatment did not alter total CD3+CD4+ proliferation, 

however there was a non-significant trend towards suppression in the percentage of 

cells undergoing more than 3 proliferative generations which was not the case with 

sEV nor sEVIFNɔ (Figure 4.14 (B.ii)). Similar effects were seen in the CD3+CD8+ 

T cell subset, in which sEV and sEVIFNɔ did not have any effect on total proliferation 

or highly proliferative cells which divided at least 3 times (Figure 4.14 (C.i and 

ii)) .  sEVTGFɓ were found to induce a non-significant trend towards reduced 

numbers of CD3+CD8+ cells undergoing more than 3 proliferative generations 

(Figure 4.14 (C.ii)). 

CD25 is a marker of activated and proliferating T cells, and CD25 signalling 

regulates the differentiation of effector T cells353. CD69 is an early activation 

marker of T cells with its expression beginning to decline 12 hours post-stimulus354. 

However, elevated expression beyond this timepoint indicates an over-stimulated 

exhausted T cell phenotype. Therefore, expression levels of these markers were 

evaluated in the T cell cultures. sEV, sEVIFNɔ, and sEVTGFɓ had no influence on 

CD4+CD25+ frequency (Figure 4.15 (A.i)), nor on CD25 expression intensity per 

cell (Figure 4.15 (A.ii)) .  
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Figure 4.13 Gating strategy for analysis of T cell proliferation  and activation status. 

T cells were collected after 96h and analysed by flow cytometry. CD3+ cells were gated 

based on FMOs, and CD4+ and CD8+ subsets were further selected based on respective 

FMOs. Proliferative generations were gated based on CellTrace Violet dilutions in the 

CD3+CD4+ and CD3+CD8+ gates. 

Low levels of CD69+ cells were detected in the cultures, and frequencies were 

consistent across all sEV treatment groups (Figure 4.15 (B.i)). RFI of CD69 on the 

cells also did not change with sEV, sEVIFNɔ, or sEVTGFɓ treatment (Figure 4.15 

(B.ii)). 
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Figure 4.14 sEV do not alter levels of stimulated CD4+ nor CD8+ T cell proliferation. 

CellTrace Violet-stained C57BL/6 T lymphocytes were stimulated with anti-CD3/anti-

CD28 bead and cultured with sEV, sEVIFNɔ, or sEVTGFɓ for 96h. Stimulated T cells alone 

served as controls. (A) Frequencies of (i) CD4+ and (ii)  CD8+ T cells in the cultures after 

96h. (B) Percentage of CD3+ CD4+ T cells which (i) underwent at least one proliferative 

generation, or (ii) underwent more than 3 divisions. (iii)  Representative proliferation 

histograms for CD3+ CD4+ T cells in each group. (C) Percentage of CD3+ CD8+ T cells 

which (i) underwent at least one proliferative generation, or (ii)  underwent more than 3 

divisions. (iii) Representative proliferation histograms for CD3+ CD8+ T cells in each 

group. Data are presented as mean ± SD. Statistical significance was assessed using One-

way ANOVA with Dunnettôs post-hoc test (n=5-7). 
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Figure 4.15 sEV treatment does not affect T cell activation. Expression of the T cell 

activation markers CD25 and CD69 on CD4+ T cells was assessed by flow cytometry. 

(A)(i)  Percentage of CD3+CD4+ T cells expressing CD25, and (ii) fluorescence intensity 

of CD25 on these cells. (B)(i) Percentage of CD3+CD4+ T cells expressing CD69, and (ii)  

fluorescence intensity of CD69 on these cells.  Data is presented as mean ± SD. Statistical 

significance was assessed using One-way ANOVA with Dunnettôs post-hoc test (n=6-7). 

4.3.3.3 Regulation of T helper subset differentiation  

Further phenotypic characterisation of the T cell cultures and differentiation of 

CD4+ effector cells was carried out by assessing levels of secreted cytokines which 

are secreted by different Th subsets, summarised in Table 4.1. Supernatants of anti-

CD3/CD28-stimulated C57BL/6 lymphocytes co-cultured with sEV, sEVIFNɔ, or 

sEVTGFɓ for 120 hours were collected and analysed using a Biolegend 

LEGENDPlexTM T Helper Cytokine Panel.  

Secreted levels of Th1 associated cytokines IFNɔ, TNFŬ, IL-2, IL-6, and IL-10 

were unchanged in all sEV treatment groups compared to stimulated controls 

(Figure 4.16 (A, B, F, H, I)).  
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 Th1 Th2 Th9 Th17 

IFNɔ ṉ    

IL -5  ṉ   

TNFŬ ṉ   ṉ 

IL -2 ṉ    

IL -6  ṉ  ṉ 

IL4   ṉ   

IL -10  ṉ ṉ  

IL -9   ṉ  

IL -17    ṉ 

IL -13  ṉ   

Table 4.1 Different T helper subsets have unique cytokine secretion profiles.  

Levels of the Th2-associated cytokine IL-5 were significantly reduced in sEVTGFɓ 

wells, though a strong trend toward reduced secretion was also observed with sEV 

and sEVIFNɔ treatment (Figure 4.15 (E)). Other Th2 cytokines  IL-6, IL-4, IL-10, 

and IL-13 were unchanged compared to stimulated controls (Figure 4.16 (B, C, G, 

H, I )). IL-9 was strongly induced by sEVTGFɓ, but not by sEV or sEVIFNɔ, indicating 

a selective induction of Th9 cells by sEVTGFɓ (Figure 4.16 (J)). Other Th9-

associated cytokines TNFŬ and IL-10 were not significantly different to controls 

(Figure 4.15 (B, I)). No changes to Th17 cytokines IFNɔ, TNFŬ, IL-6, IL-10, and 

IL -17A were detected in sEV, sEVIFNɔ, or sEVTGFɓ treated T cells compared to 

stimulated controls (Figure 4.16 (A, B, D, H, I)). IL-22 secretion was also analysed, 

however levels were below the detection threshold in all wells and could not be 

quantified (data not shown). 

Phenotyping of CD4+ T cells based on CXCR3, CCR4, and CCR6 expression also 

allows detection of Th1-like, Th2-like, Th9-like, and Th17-like cells (Figure 4.17 

(A)). Unstimulated T cells exhibited low levels of Th cell differentiation. Anti-

CD3/CD28-stimulated T cells promoted the differentiation of Th1 and Th2 subsets 

(Figure 4.16 (B.i and ii)) but did not induce Th9 or Th17 differentiation beyond 

levels of the unstimulated controls (Figure 4.17 (B.iii and i.v)) and may require 

different stimuli.  



Chapter Four: Immunomodulatory efficacy and wound healing potential of sEV, sEVIFNɔ, 

and sEVTGFɓ in vitro 

146 

 

 

Figure 4.16 sEV and sEVIFNɔ do not induce significant alterations in the secretion of 

effector CD4+ T cell cytokines, though sEVTGFɓ may induce the expansion of Th-9 

subsets. Supernatants of stimulated C57BL/6 lymphocytes treated with sEV, sEVIFNɔ, or 

sEVTGFɓ and incubated for 120h were collected and analysed for levels of various Th-

related cytokines. Unstimulated T cells alone served as negative controls. Secreted levels 

of (A) IFNɔ, (B) TNFŬ, (C) IL-13, (D) IL-17A, (E) IL-5, (F) IL-2, (G) IL-4, (H) IL-6, (I)  

IL-10, and (J) IL-9 were quantified using the Biolegend LEGENDPlexTM T Helper 

Cytokine Panel (12-plex). Data is presented as mean ± SD. Statistical significance was 

assessed using One-way ANOVA with Dunnettôs post-hoc test (n=3-5). 

Similar to the results of the cytokine secretion assay, no significant changes in Th-

subset frequencies were observed when stimulated T cells were cultured with sEV, 

sEVIFNɔ, or sEVTGFɓ (Figure 4.17 (B)).  
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Figure 4.17 sEV do not alter Th subset frequencies in vitro. (A) Gating strategy for 

selection of Th1-like (CXCR3+), Th2-like (CCR4+CCR6-), Th9-like (CCR4-CCR6+), and 

Th17-like (CCR4+CCR6+) CD4+ Th subset frequencies. (B) Percentage frequency of (i) 

Th1-like, (ii)  Th2-like, (iii)  Th9-like, and (iv) Th17-like lymphocytes in cultures of 

stimulated lymphocytes treated with sEV, sEVIFNɔ, or sEVTGFɓ. Unstimulated T cells were 

included as a negative control. Data is presented as mean ± SD. Statistical significance was 

assessed using One-way ANOVA with Dunnettôs post-hoc test (n=3). 

 

  




























































































































































