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Abstract 

It has previously been demonstrated by our lab that tolerogenic dendritic cells (tDCs) 

prolong corneal allograft survival. This study revealed that tDCs had significantly 

higher levels of sialic acid on the cell surface compared to immature DCs (iDCs). The 

first part of this work focused on investigating how the generation of tDCs by 

dexamethasone changed the glycosylation profile of tDCs. Dendritic cellular therapies 

and dendritic cell vaccines show promise for the treatment of autoimmune diseases, 

the prolongation of graft survival in transplantation and in educating the immune 

system to fight cancers. Cell surface glycosylation plays a crucial role in the cell-cell 

interaction, uptake of antigens, migration, and homing of DCs. Glycosylation is 

known to change with environment and the functional state of DCs. tDCs are 

commonly generated using corticosteroids including dexamethasone, however, to date 

little is known on how corticosteroid treatment alters glycosylation and what 

functional consequences this may have. Here, we present a comprehensive profile of 

rat bone marrow derived dendritic cells, examining their cell surface glycosylation 

profile before and after Dexa treatment as resolved by both lectin microarrays and 

lectin-coupled flow cytometry. We further examine the functional consequences of 

altering cell surface glycosylation on immunogenicity and tolerogenicity of DCs. 

Dexa treatment of rat DCs leads to profoundly reduced expression of markers of 

immunogenicity (MHC I/II, CD80, CD86) and pro-inflammatory molecules (IL-6, IL-

12p40, iNOS) indicating a tolerogenic phenotype. Moreover, by comprehensive lectin 

microarray profiling and flow cytometry analysis we show that sialic acid (Sia) is 

significantly up regulated on tDCs after Dexa treatment and that this may play a vital 

role in the therapeutic attributes of these cells. Interestingly, removal of Sia by 

neuraminidase treatment increases the immunogenicity of iDCs and also leads to 

increased expression of pro-inflammatory cytokines while tDCs are protected from 

this increase in immunogenicity. These findings may have important implications in 

strategies aimed at increasing tolerogenicity where it is advantageous to reduce 

immune activation over prolonged periods. These findings are also relevant in 

therapeutic strategies aimed at increasing the immunogenicity of cells, for example, in 

the context of tumour specific immunotherapies. 

It has previously been demonstrated by our lab that the i.v. infusion of allogeneic 

MSCs prolong corneal allograft survival, however, syngeneic MSCs fail to do so. The 
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second part of this study focused on the optimisation of a pre-activation strategy to 

enhance the immunomodulatory properties of syngeneic MSCs. While TNF-α + IL-

1β MCSs showed enhanced potency in vitro, they were not successfully in prolonging 

corneal allograft survival. It was determined that TGF-β1 pre-activated MSCs (TGF-

β MSCs) were the most potently immunosuppressive. TGF-β MSCs potently suppress 

both CD4+ and CD8+ proliferation, increase the numbers of Tregs in co-cultures and 

significantly modulated MHC I, MHC II, CD80 and CD86 on activated macrophages. 

Further characterisation of TGF-β MSCs demonstrated increased expression of CD73 

on the cell surface with increases in mRNA for ptgs2 (Cox2) and in addition increased 

levels of PGE2 were detected in the supernatants of T lymphocyte co-cultures. As a 

result, TGF-β MSCs were chosen for in vivo administration. 

The third part of this study focused on how in vitro pre-activated TGF-β MSCs 

prolonged rejection free survival of corneal allografts after administration. TGF-β 

MSC treated animals presented with a survival rate of 70% (n=13) compared to 25% 

(n=14) in the untreated MSC group. Prolongation of graft survival was associated 

with; (i)increased Treg populations in the draining lymphocyte nodes (DLNs) and 

lungs of TGF-β MSC treated animals, (ii) increases in regulatory B cell populations in 

the DLNs and spleens of TGF-β MSC treated animals and (iii) decreases in APC 

populations in the DLNs, lungs and spleens of TGF-β MSC treated animals. Finally, 

we confirmed that TGF-β MSCs mediated their effects via canonical SMAD2/3 

signalling, that the potent immunosuppressive effects mediated by TGF-β MSCs was 

contact dependent and that CD73 and more significantly PGE2 (via EP4) play a vital 

role in TGF-β MSC mediated immunosuppression of T lymphocytes.  

In summary, this study demonstrates that TGF-β enhances the ability of syngeneic 

MSCs to prolong corneal allograft survival. In vivo, TGF-β MSC therapy was 

associated with increased proportion of regulatory cells which resulted in prolongation 

of graft survival. The results in this study point toward PGE2 as the main mediator of 

TGF-β MSC immunosuppression. Therefore, this study identifies the anti-

inflammatory cytokine TGF-β as a pre-activation strategy to enhance syngeneic MSC 

therapy in the treatment of allogeneic tissue transplantation.  
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1.1 The Cornea 

1.1.1 Anatomy and Function of The Cornea 

The cornea is a transparent layer positioned at the anterior part of the eye. The cornea 

has two main functions, firstly it acts as a physical barrier to foreign particles or 

pathogenic microbes and secondly it is essential for focusing light onto the retina at 

the posterior part of the eye producing the image [1, 2]. 

Figure 1.1: Anatomy of the eye and cornea. |  

As demonstrated in Figure 1.1 the cornea consists of five different layers, three 

cellular layers known as the epithelium, the stroma and endothelium and two 

membrane layers known as the Bowman’s layer and Descemet’s membrane [2, 3]. The 

epithelium sits atop the Bowman’s layer and here it acts as a physical barrier to the 

outside environment, as a result, its cells are constantly proliferating to replace 

damaged and dying cells. 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 layer [1, 4, 5]. As mentioned, 

Bowman’s layer lies under the epithelium layers, is acellular, and it consists solely of 
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irregularly ordered collagen fibres. The next layer of the cornea is the stroma, that lies 

between two acellular membranes and is formed of tightly packed aligned collagen. 

As a result of the thick collagen fibres, the stroma is the thickest layer of the cornea 

and houses keratocytes, cells capable of repair following insult or injury. The 

Descemet’s layer, which lies on top of the endothelium is secreted by the endothelial 

monolayer. The endothelial monolayer is the final layer of the cornea, is made up of a 

single layer of polygon-shaped cells which form the barrier between the cornea and 

the anterior chamber of the eye. The endothelial layer is vital to the maintenance of 

corneal function as it supplies nutrients from the aqueous humour and it also protects 

the stroma from damage by pumping out excess stromal fluid. This process which is 

very important after surgery due to post-operative inflammation [2-4, 6, 7]. The 

endothelium does not have the ability to regenerate and has been shown not to have 

mitotic capabilities in vivo. This can result in dysfunctional fluid regulation. Donor 

epithelium, stroma and endothelium are all susceptible to immune rejection after 

transplantation. However, it is worth noting that the epithelial layer can be restored by 

the recipient’s cells and treatment of the graft with topical corticosteroids can alleviate 

stromal damage. However, due to the attributes of the endothelium damage caused by 

immune rejection cannot be repaired making the latter the most susceptible during 

transplantation [1, 7-9].   

1.1.2 Immune Privilege of the Eye 

The eyes, like the brain and testes are well-defined immune privileged organs [10-16]. 

Immune privilege was first coined by Medawar in 1948 upon discovering that skin 

allografts transplanted to the eye or the brain did not undergo immune-mediated 

rejection [17]. An immune privileged tissue is one that can be transplanted to an 

allogeneic recipient and can survive for extended periods of time without 

immunosuppressive intervention [18]. As stated previously, the endothelium does not 

have the ability to regenerate, this also applies to the retina, therefore preservation and 

protection of the ocular tissues is essential for preserving vision. Ocular inflammatory 

processes in response to ocular damage or infection may lead to damage of the 

endothelium or the retina leading to blindness. Therefore, the microenvironment of 

the eye must be held in a state of homeostasis where immune-mediated inflammation 

responses are controlled to limit damage to these vital tissues and maintain optimum 

vision [4, 19]. The maintenance of immune privilege has been widely studied and it is 
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now accepted that immune privilege of the cornea is a complex process involving 

physiological, anatomical and immunological processes [20]. Maintenance of immune 

privilege is achieved by inhibition of both the afferent and efferent arms of the immune 

system which will be discussed in detail below.  

1.1.3 Maintenance of Immune Privilege in the Cornea 

Blockade of the afferent arm of the immune system is vital in maintaining immune 

privilege of the cornea. The avascular structure of the cornea plays a vital role in its 

immune privilege. The avascular status reduces the presence of antigen presenting 

cells (APCs) and thus, antigen presentation by the lymphatic drainage pathway. The 

lack of blood vessels inhibits effector cell infiltration as they are unable to migrate to 

the cornea [21]. Both of these characteristics are particularly relevant in human/mouse 

corneal transplantation, exemplified by reduced success rates in transplantations 

where pre-existing or secondary neovascularization was present before the transplant 

[21, 22]. The epithelial cells of the cornea play a vital role in maintaining the avascular 

structure due the expression of vascular endothelial growth factor receptor 1 (VEGFR-

1) which sequesters vascular endothelial growth factor A (VEGF-A) a pro-angiogenic 

factor. The keratocytes and corneal epithelial cells also sequester vascular endothelial 

growth factor C (VEGFR-C), a factor which promotes lymphangiogenesis by 

expressing vascular endothelial growth factor receptor 2 (VEGFR-2) [23, 24]. 

Endostatin is another anti-angiogenic factor which is expressed in the cornea and it is 

known to prevent both lymphangiogenesis and hemangiogenesis contributing to the 

immune privilege of the cornea [21]. As mentioned, the migration of APCs is restricted 

in the cornea due to its avascular nature and as a result there are very few bone marrow 

derived APCs present in the cornea [25, 26]. Not only this, but resident Langerhans 

cells and stromal DCs have been shown to have an immature phenotype lacking 

expression of major histocompatibility complex II (MHC II) and co-stimulatory 

molecules CD80 and CD86 [27].  

The immune privileged status of the cornea is further protected by the blood-ocular 

barrier. This consists of the blood-aqueous barrier and the blood-retinal barrier. The 

blood-aqueous barrier is located at the anterior of the eye and the blood-retinal barrier 

is located at the posterior of the eye. Both cell barriers consist of tight junctions located 

between epithelial cells and endothelial cells, and immune cells are required to pass 

through them in order to gain access to the eye [28, 29]. The cells that make up these 
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barriers constitutively express CD86 which binds cytotoxic T-lymphocyte antigen 

(CTLA)-4 on the surface of T lymphocytes resulting in the inhibition of interferon-

gamma (IFN-γ) production, inhibition of T lymphocyte proliferation and the induction 

of the regulatory T lymphocyte (Treg) phenotype. This was demonstrated by the 

reversal of inhibition of T lymphocyte proliferation and activation in CD86 or CTLA4 

knockout animal models [30].  

Blockade of the efferent arm is also vital in maintaining the immune privilege status 

of the cornea. Griffith et al [31] demonstrated that there are multiple ocular cells, 

including both corneal epithelium and endothelium, that express first apoptosis signal 

ligand (FasL), which is a ligand that induces apoptosis in cells which have the 

corresponding receptor Fas. Griffith et al also demonstrated that both neutrophils and 

activated T cells are susceptible to induced apoptosis via FasL expressed on ocular 

cells [31]. The importance of FasL has been demonstrated by experiments where 

approximately 50% of the corneal grafts from donor mice that express FasL on both 

corneal epithelium and endothelium experienced long-term survival [32-34] whereas 

rejection occured in 89–100% of the corneal grafts donated from FasL knockout mice 

[32-34]. Two other inhibitory factors that are expressed on the cells of the cornea are 

programmed death ligand-1 (PD-L1), and tumour necrosis factor-related apoptosis 

inducing ligand (TRAIL) [31, 35, 36] These inhibitory factors interact with receptors 

on the surface of effector CD4+ T lymphocytes leading to the inhibition of T 

lymphocyte proliferation, IFN-γ production and induction of apoptosis [35, 37]. 

One of the pioneering observations in ocular immunology made by Medawar et al was 

that the introduction of foreign antigen into the eye where an established effector 

immune response was already active does not elicit a further inflammatory response 

[17, 33]. This is partially due to the ocular microenvironment itself and it is partially 

mediated by soluble molecules present in the aqueous humour. The aqueous humour 

is a transparent plasma-like fluid which is secreted from the ciliary epithelium lining 

and it occupies both the anterior and posterior chambers of the eye [38]. The aqueous 

humour’s immunomodulatory environment consists of many different factors such as 

transforming growth factor beta (TGF-β), FasL, macrophage migration inhibitory 

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

protein (CRP) which can inhibit complement-mediated cytolysis [4, 10, 39, 40]. 
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Each of the different molecules of aqueous humour target different cells of the immune 

response and different activities [14, 15]. For example, factors such as the 

neuropeptide α-melanocyte-stimulating hormone (α-MSH) and TGF-β2 can induce 

CD4+FoxP3+ Tregs in the aqueous humour mainly through the activation of 

suppressive APCs that convert effector T lymphocytes to Tregs [14, 15, 41-43]. 

Considering that an effector response is already active in these studies and that these 

effector populations are being re-educated to suppressive populations, it could be said 

that immune privilege is maybe more than just suppressing inflammation and 

elucidating as to how this balance is maintained could be exploited to induce tolerance 

via cellular therapies.  

Kaplan et al demonstrated that the introduction of allogeneic MHC-mismatched 

tumour cells into the anterior chamber of the eye resulted in subsequent skin graft 

acceptance in mice. Mice that received said tumour cells under the skin before 

undergoing skin transplantation rejected both the injection of cells and rejected 100% 

of the skin grafts [44, 45]. This induction of tolerance was termed anterior chamber-

associated immune deviation (ACAID) as it was considered a deviation from the 

expected hypersensitivity immune response [15]. ACAID-like responses have also 

been reported when foreign antigen is placed in the subretinal space or the vitreous 

[46-48]. ACAID is antigen specific as it inhibits the activation of antigen specific T 

lymphocytes that are reactive to the injected antigen. This antigen specificity is 

dependent on F4/80+ macrophages of the spleen [49, 50]. Interestingly, this effect can 

be mimicked in vitro, if aqueous humour or TGF-β2 is cultured with macrophages in 

the presence of antigen, the macrophages can be converted into tolerogenic APCs [51-

54]. After antigen uptake, the APCs in the ocular microenvironment leave the eye and 

migrate towards the marginal zones of the spleen, where multiple cell interactions 

occur [15]. The APCs form cell clusters with CD4+, CD8+ and natural killer T cells 

(NKT) [55], but also with B lymphocytes that are capable of taking the antigen directly 

from the APCs and presenting it themselves [56]. The APCs stimulate the NKT cells 

to secrete chemokine (C-C motif) ligand 5 (CCL5), this in turn attracts CD8+ 

lymphocytes and results in the induction and expansion of antigen-specific suppressor 

CD8+ T lymphocytes [55, 57] and these cells have been shown to prevent rejection of 

the graft [58-60]. 
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In summary, the immune privileged status of the eye is maintained by a combination 

of physical barriers; the presence of immunosuppressive molecules within the aqueous 

humour that modulate resident immune cells; and finally, by ACAID, which induces 

systemic tolerance to ocular antigens. 

1.2 Cornea Transplantation (Penetrating Keratoplasty)  

Corneal transplantation was first proposed in 1797, but over a century passed before 

the first human corneal transplant was successfully performed by Eduard Zirm in 

1905. The cornea is the most commonly transplanted tissue in humans with 100,000 

procedures being carried out each year. Historically, penetrating keratoplasty was used 

to treat corneal injuries such as corneal burns, infections and trauma. However, fewer 

patients today require corneal transplantation for these reasons due to the development 

of antibiotics and antiviral treatments. Corneal transplantation today is mainly used to 

treat corneal blindness as a result of keratoconus, re-grafting due to failed grafts, 

bullous keratopathy and corneal dystrophy [61-64]. There are multiple host and donor 

risk factors to consider before transplantation, as the presence of risk factors will 

determine the outcome of the graft. Some of these include; the presence of stromal 

blood vessels in the recipient’s cornea (high-risk), post-surgery corneal 

neovascularization, pre-operative glaucoma, past graft rejection episodes, ocular 

inflammation, herpes simplex keratitis, neurotrophic keratopathy or the presence of an 

anterior synechiae [65-69]. 

1.2.1 Corneal Allograft Rejection 

Under normal conditions, the avascular nature of the cornea provides an immune 

privileged environment. For this reason, corneal transplantation is among the most 

successful organ transplantations in first-time ‘low-risk’ graft recipients. Low-risk 

patients experience a success rate of approximately 90% in the first two years post-

transplant without a need for corticosteroid intervention or human leukocyte antigen 

(HLA) matching [68, 70, 71]. Disruption to this immune privilege can occur if there 

is an increase in pro-inflammatory, angiogenic and lymphangiogenic factors. This will 

lead to a response from the recipient’s immune system to the donor graft. This is the 

case in high-risk patients where pre-existing neovascularisation, a vascularised corneal 

bed or a previous history of graft rejection is present. In these patients up to 70% of 
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grafts will fail [72]. In these cases, the recipient’s immune system rejects the donor 

corneal button stimulating an immune response consisting of both innate and adaptive 

cells/mediators. The induction phase of corneal allograft rejection occurs when the 

recipient becomes sensitised to donor antigens. APCs orchestrate this process by 

presenting donor antigen to naïve T cells in draining lymph nodes (DLNs) [68, 73]. 

Antigen can be presented by the direct or indirect pathway. The direct antigen 

presentation pathway is mediated by presentation of donor antigens to naïve T 

lymphocytes via donor APCs through foreign MHC II recognition. This results in the 

expansion and proliferation of alloreactive T effector cells [68, 74]. The indirect 

pathway of antigen presentation is mediated by recipient APCs migrating to the cornea 

where they uptake antigen, process the antigen on the way to the lymph node and 

present the antigen to naïve T lymphocytes. This also results in the expansion and 

proliferation of alloreactive T effector cells [68, 74]. Originally it was thought that the 

induction of graft rejection was exclusively mediated by the indirect pathway of 

antigen presentation [68, 75]. In the two decades since, a lot of experimental evidence 

indicates that both the direct and indirect pathways are important in the induction of 

graft rejection, especially in high-risk patients where the immune privilege has been 

compromised [76-81].  

Graft rejection is a complex process and antigen presenting cells play a vital role in 

the rejection event [82]. The importance of APCs was demonstrated in experiments 

where APCs were depleted using clodronate liposomes. In both a model of rat and 

mouse corneal transplantation, animals with depleted APCs experienced increased 

graft survival [83, 84]. Experiments completed in immunocompromised mice added a 

small bit of clarity to their role. These experiments demonstrated that APCs could not 

alone induce graft rejection and that when CD4+ lymphocytes from graft rejecters were 

adoptively transferred to APC depleted mice, they were able to induce rejection. This 

demonstrated that while APCs cannot solely initiate graft rejection, they mediate 

induction of the afferent phase of graft rejection [84].  

There are several anatomically distinct subsets of APCs located in the anterior 

structure of the eye [77]. Both macrophages and MHCII+ DCs located within the iris 

and the trabecular meshwork are perfectly located to uptake soluble antigen released 

from the endothelium of the corneal graft [77, 85]. Macrophages located in the iris 

have demonstrated antigen uptake and the ability to stimulate T lymphocytes by local 
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presentation of antigen [86, 87]. There are resident populations of DCs in the cornea 

from both epithelial and stromal origin [26, 88] and these are vital in modulation of 

corneal immunogenicity [27, 89]. In the non-inflamed cornea these resident DCs 

display an immature phenotype being MHCII+ low or negative. However if an 

inflammatory event occurs as is the case in corneal transplantation, this DC population 

has been reported to activate, upregulating MHCII, co-stimulatory molecules and 

increase in number [26, 88, 90, 91]. Other DC populations have been identified in 

recent years adding another layer of complexity to corneal allograft rejection [92]. 

Corneal antigen presentation can occur in several different anatomical locations, the 

DLNs being of primary importance. When GFP positive corneas were transplanted 

into wild-type mice, GFP+ cells were detected in the DLNs 6 hours after 

transplantation. These cells were shown to have allo-stimulatory capabilities after 

maturation [68, 93]. In the rejection process the lymph nodes act as the priming centre 

for T lymphocyte activation and allo-sensitisation driving the “expression” phase of 

graft rejection [68, 93], inevitably leading to destruction of the graft. In experiments 

investigating the importance of the DLNs in corneal rejection, cervical 

lymphadenectomy (lymph node removal) was performed on high-risk BALB/c mice 

before corneal transplantation. It was demonstrated that 100% of high-risk mice 

rejected their grafts when the DLNs were present. However after removal, 92% graft 

survival was observed supporting the importance of the DLNs in the rejection process 

regardless of the pre-operative risks [94]. Allo-sensitisation and activation of T 

lymphocytes leads to the secretion of multiple cytokines and chemokines that 

facilitates the expansion and migration of these alloreactive T lymphocytes to the 

cornea, that is mediated by multiple adhesion molecules [68]. The initial damage 

caused to the cornea and surrounding tissue during transplantation leads to the 

secretion of both Interleukin 1 (IL-1) and tumour necrosis factor alpha (TNF-α). This 

inflammatory event begins the process of immune mediated damage to the graft. This 

cytokine/chemokine secretion is heightened in high-risk grafts. Essential 

cytokines/chemokines known to mediate this process include monocyte chemotactic 

protein-1 (MCP-1), chemokine C-C motif ligand 2 (CCL2), CCL5, MIP-1α and MIP-

1β (CCL4) [68, 73, 95-97].  

Once activated and expanded alloreactive T lymphocytes migrate to the cornea where 

they will recognise and respond to donor MHC antigens. There are multiple different 
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subpopulations of T lymphocytes and in recent years and each of these populations 

have been shown to play a role in graft rejection or survival.  

CD4+ T-helper lymphocytes are the main mediators of corneal graft rejection [82]. 

While the role of CD8+ cytotoxic lymphocytes remains somewhat controversial [98-

100] there is evidence to support their role in graft rejection [101-104]. CD4+ Th1 

cells, a subpopulation of CD4+ T-helper cells, are largely considered to be the primary 

effector cells in corneal graft rejection [74, 84]. CD4+ Th1 effector cells secrete 

lymphotoxin (TNF-β), IFN-γ and IL-2. IL-2 is vital for sustaining T and B lymphocyte 

proliferation and activation while IFN-γ activates APCs such as macrophages and 

upregulates MHCII in the microenvironment where it is secreted [68].  

Yamada et al. observed that if the allo-immune response was shifted to a Th2 

phenotype it enhanced the survival of corneal allografts in a high-risk model of murine 

corneal transplantation [105]. Due to this study it was thought that a Th2 phenotype 

would be desirable, however, more recent studies [106, 107] have found that if graft 

recipients previously suffered with allergic conjunctivitis, a disease that leads to an 

elevated Th2 phenotype, they rejected their grafts at accelerated rates, demonstrating 

a role for Th2 cells in corneal allograft rejection. 

The role of Th17 populations in corneal allograft rejection is still unclear and some 

consider their roles in the rejection process to be somewhat limited [68]. Interestingly, 

experiments carried out in a murine model of corneal transplantation have 

demonstrated that if there is an increased expression of Th17 cells in the early stages 

of corneal graft rejection this leads to an increased Th1 response in the later stages of 

the rejection process [108]. Also, Chen et al observed improved graft survival using 

blocking antibodies to IL-17 [109]. Contrastingly. studies completed using IL-17 

knockout mice demonstrated no increase in survival of grafts [108]. This is thought to 

be a result of the onset of a Th2 response due to the lack of IL-17. The emerging Th2 

cells then mediate rejection of the graft [68, 109, 110].  

The complexity of the rejection process results in controversy regarding clear roles for 

each of the CD4+ subsets. It is clear however that these cells mediate the destruction 

of the graft and therefore cellular therapies that result in the balance of Th1/Th2/Th17 

responses is crucial for corneal allograft survival [111].   
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The induction of regulatory immune populations is desirable to circumvent the 

rejection process. Regulatory T lymphocytes (Tregs) are a population of CD4+ 

lymphocytes that make up about 5-10% of the CD4+ subset. The inducement of this 

subset is highly sought after in therapies for transplantation rejection. Tregs have 

shown efficacy in prolonging allograft survival not only in corneal transplantation 

[112]  but in models of bone marrow [113], skin [113], cardiac [113], liver [114], and 

kidney [115] transplantation also. It was recently demonstrated that functional Tregs 

in the DLNs were responsible for allograft survival in a mouse model of cornea 

transplantation [112]. This reiterates the importance of the lymph nodes role not only 

in rejection of the graft but also to the induction of tolerance of the graft. 

To summarise, the induction phase of corneal rejection is initiated by APCs presenting 

alloantigen via the indirect pathway to T lymphocytes. This can occur in the sub-ocular 

space, the conjunctiva and in other areas of the eye but the crucial location is the DLNs. 

This results in the activation and expansion of CD4+ effector T lymphocytes which 

then migrate to the cornea and cause delayed type hypersensitivity (DTH) responses 

and inevitably graft rejection. Antigen can be presented to CD8+ lymphocytes via the 

direct pathway of presentation but evidence would suggest that this is not the 

predominant mechanism of graft rejection (Figure 1.2). Also, Tregs in the DLNs can 

suppress graft rejection by modulating the immune response in an antigen specific 

manner which has been shown to be important for graft acceptance. 
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Figure 1.2 Schmatic of Corneal Allograft Rejection Process. (i) Following corneal 

transplantation there is an upregulation of pro-inflammatory cytokines, pro-

angiogenic factors, adhesion molecules and lymphogenic factors which result in the 

infiltration of immune cells and the formation of new blood and lymphatic vessels in 

the cornea. (ii) MHC II positive APCs leave the cornea via the newly formed 

lymphatic vessels and migrate towards the DLNs. APCs present alloantigen’s to naïve 

conventional T lymphocytes. (iii) Alloreactive T lymphocytes undergo clonal 

expansion and develop into CD4+IFN-γ+ cells and CD8+ cytotoxic lymphocytes. (iv) 

Effector alloreactive CD4+IFN-γ+ cells and CD8+ cytotoxic lymphocytes migrate 

through blood vessels and mount a DTH response versus the allogeneic corneal graft 

which inevitably results in rejection of the tissue  

1.2.2 Advantages and Disadvantages of Current Therapies for Corneal Allograft 

Rejection 

Topical corticosteroids are the frontline treatment in managing post-operative 

inflammation and prevention of acute graft rejection both in low and high-risk patients. 

Prednisolone is the preferred drug of choice and it is applied daily [116]. In cases of 

severe endothelial rejection patients can be directed to apply topical corticosteroids 

hourly [68]. However, continued topical use of corticosteroids can lead to glaucoma, 

impaired wound healing and keratitis [68].  

Systemic corticosteroids are used in cases of severe endothelial graft rejection. 

Intravenous dexamethasone is routinely administered and this has been shown to 
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reverse graft rejection in up to 72% of cases when used in combination with topical 

treatments [117]. As with topical treatments, systemic dexamethasone treatment is 

associated with negative effects such as diabetes, weight gain and osteoporosis [68].  

Calcineurin inhibitors such as Cyclosporine A and Tacrolimus are used in high-risk 

patients. However, multiple different groups have investigated the benefits of 

Cyclosporine A use and the results are conflicting [68]. A randomised clinical trial 

published in 2008 showed no additional benefit of using Cyclosporine A in the 

treatment of acute corneal rejection [118]. Contrarily, a study in paediatric patients 

showed short term efficacious benefits using Cyclosporine A compared to situations 

where it was not used. In this study, no long-term graft survival benefits were noted 

[119]. The side effects of administering Cyclosporine A long-term include 

nephrotoxicity, hepatotoxicity, bone marrow toxicity and systemic hypertension 

[120]. For these reasons it is usually only given when corticosteroids treatment is not 

optimal. Tacrolimus is another calcineurin inhibitor and its negative side effects and 

mechanism of action are similar to Cyclosporine A. Both topical [121] and systemic 

administration [122, 123] of Tacrolimus has proved beneficial in reversal of acute graft 

rejection in high-risk patients.  

Antimetabolites like mycophenolate mofetil (MMF) inhibit DNA synthesis in 

lymphocytes. Randomised clinical trials [124, 125] have shown that MMF has 

therapeutic efficacy in the treatment of graft rejection in high-risk patients. Negative 

effects of taking MMF include gastrointestinal disorders, anaemia, leukopenia, and 

increased risk of infections [126, 127].  

While the prognosis for low-risk patients is excellent due to long term survival with 

minimal or no systemic immunosuppressants needed, this is not the case for high-risk 

patients. High-risk patients generally must take multiple immunosuppressive drugs 

and as listed above this comes with a plethora of negative side effects. This is not ideal 

and is hard to justify in a non-life-threatening disorder. Therefore, we propose that 

alternative treatments that induce a state of immune non-responsiveness to the graft 

while having none of the negative effects associated with systemic 

immunosuppressive drugs would be desirable.    

In recent years both DC and mesenchymal stromal cell (MSC) therapy has been 

researched as a method to prolong corneal allograft survival. To date several studies 
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have demonstrated efficacy with both cell preparations with varying reports of success 

and mechanism of action. In the following sections I will discuss the biology and 

characteristics of these cell types to highlight that which makes them appealing 

therapies in transplantation and in the treatment of other inflammatory diseases.  

 

 Dendritic Cells  

1.3.1 DC Biology and Function in the Immune System 

DCs were discovered 45 years ago by Steinman and Cohn [128] and it is now very 

well established that they are a key component of the immune system and in immune 

regulation. Among other features, DCs are responsible for priming the T lymphocyte 

specific responses to infection or foreign antigens and they achieve this through 

pathogen-recognition receptors (PRRs). Depending on DC maturation state, they can 

function differently in immune responses. Dendritic cell precursors develop from 

hematopoietic stem cells in the bone marrow. These cells have the capacity to migrate 

to tissues, secondary lymphoid organs and sites of potential infection via blood and 

there they develop into immature dendritic cells (iDCs) [129-132]. iDCs then act as 

sentinels and monitor the environment in these peripheral tissues utilising toll-like 

receptors (TLRs). TLRs can recognise a vast range of evolutionally conserved 

bacterial molecules such as LPS and CpG islands [131, 133-135]. As iDCs start to 

mature after antigen uptake they begin to migrate towards the lymph nodes or T 

lymphocyte zones. In transit the iDCs decrease the uptake of antigen and start to 

increase major histocompatibility complexes so that they can prime the antigen 

specific T lymphocyte response [131, 136-138]. 

DCs are a heterogeneous population and have many differentiation/maturation states 

[139] which will not be the focus of this thesis. To simplify, DCs can be divided into 

two main functional subpopulations based on phenotype and function, plasmacytoid 

DCs (pDCs) and conventional DCs (cDCs). pDCs are recruited to control pathogenic 

infections and produce large amounts of type I interferon in response to antigen. 

Contrastingly, cDCs are tissue specific and many different subtypes of cDC reside in 

the tissue in an immature state. Here they recognise both bacterial and viral 

components [140]. Briefly, cDCs can be divided into two main subsets which can be 
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phenotypically defined by the expression of CD8α and/or CD103 and CD11b 

expression. Both populations can be found in the lymph nodes, spleen and bone 

marrow but also in non-lymphoid tissue also [141]. Acquired immunity is primed by 

cDCs as they initiate the primary T lymphocyte responses to foreign antigens, 

contrastingly, naïve T lymphocytes are not stimulated by pDCs but it has been reported 

that pDCs can differentiate into cDC-like cells after they have been activated thus 

acquiring the ability to present antigen to T lymphocytes [142]. The Th1/Th2 T helper 

lymphocyte populations also seem to have preference as to which DC subset activates 

them, with the Th1 response having preference for cDCs and the Th2 response being 

partial to pDC activation with each subset of DC having differences in which TLRs 

they express [142]. 

DCs have evolved many different mechanisms to recognise and internalize antigens 

including receptor-mediated endocytosis, micropinocytosis and phagocytosis. 

Receptor-mediated endocytosis occurs when antigen binds specifically to certain 

PRRs such as C-type lectins. After recognition, antigen is endocytosed and taken in 

by the cell [143]. Micropinocytosis involves the non-specific internalization of large 

quantities of fluid-phase solute and this process is actin dependent and once antigen is 

taken up it is then processed for presentation to T lymphocytes [144, 145]. 

Phagocytosis concerns the uptake of large particles such as cell debris from apoptosis 

or necrosis, bacteria and viruses. These processes will lead to the maturation if the 

sampled proteins are antigenic [144]. 

1.3.2 Tolerogenic DC (tDC) Generation and Functions 

While DCs are highly specialised professional APCs and are paramount in regulating 

immune responses, they also maintain the balance between tolerance and immunity. 

DCs have been extensively investigated as a potential cellular therapy as they have 

been shown to induce or re-establish tolerance. They promote both central and 

peripheral tolerance by multiple different mechanisms including the induction of 

Tregs, inhibition of memory T lymphocyte responses, T lymphocyte anergy and clonal 

deletion [146]. As mentioned previously, the current immunosuppressive drug 

regimen come with heavy negative side effects which are difficult to justify. The 

ability of DCs to promote tolerance has gained considerable interest within the field 

of transplant immunology as they could potentially offer a side effect free alternative.  
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Numerous different methods to generate tDCs have been developed and the safety of 

both un-manipulated DCs and tDCs has been demonstrated in humans via several 

multiple phase I clinical trials [147, 148]. Considering their potent ability to generate 

Tregs and the safety of human administration the potential of tDCs being used in the 

clinic is feasible.  

tDCs display an immature phenotype characterised by low expression of MHCI, 

MHCII, CD80 and CD86. They also have a modified secretome, secreting higher 

levels of anti-inflammatory cytokines and lower levels of pro-inflammatory cytokines. 

If tDCs present antigen without sufficient co-stimulation it results in T lymphocyte 

anergy, this also drives the differentiation of Tregs in vitro and in vivo [146]. 

Typically, the stimulation of the T cell receptor (TCR) leads to activation of nuclear 

factor of activated T cells (NFAT), inducing a transcriptional response which 

orchestrates T lymphocyte activation [149]. Intriguingly, the mechanism of how 

insufficient co-stimulation results in a transcriptional cascade that favours Treg 

induction and differentiation is still largely unknown [150].  

The secretome profile of tDCs is important in their ability to induce tolerance. Anti-

inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth 

factor-beta (TGF-β) are typically secreted by tDCs. IL-10 has been shown to be 

paramount in multiple different settings [151-153] in tDC regulatory functions and 

TGF-β has been shown to be vital in the induction of tolerance demonstrated 

convincingly in transgenic mice by the ablation of the TGF-β activating integrin αvβ8 

(Itgb8) which leads to colitis and resulting autoimmunity [154]. In addition to the 

secretome, tDCs have several cell surface molecules that contribute to tolerance 

induction. These include the expression of FASL [155] and TRAIL [156] which cause 

the induction of lymphocyte apoptosis. They also express inhibitory Ig-like transcripts 

[157], programmed cell death (PD-L1) ligand 1 and 2 (PD-L2) [158, 159] which 

regulate lymphocyte proliferation and differentiation and cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) [160] which competes with CD28 binding preventing 

co-stimulation and dampening the TCR signalling responses. Not only this, tDCs can 

also regulate the metabolic state of cells by the secretion of both heme oxygenase-1 

(HO-1) and indoleamine 2-3 dioxygenase (IDO). HO-1 converts heme to carbon 

monoxide, free iron, and biliverdin, this overall reduces the amount of functional 

haemoglobin resulting in reduced DC immunogenicity [161]. IDO limits the amount 
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of free tryptophan by converting it to N-formylkynurenine, tryptophan is a vital amino 

acid needed for T lymphocyte proliferation [162]. Furthermore, tDCs produce retinoic 

acid and can shed CD25. Retinoic acid is capable of inducing Treg differentiation 

[163]. CD25 that has been shed from tDCs can sequester free IL-2, therefore restricting 

IL-2 in the environment and controlling T lymphocyte proliferation [164].  

iDCs express a phenotype that meets the optimal requirement for tolerance induction, 

that is they express low levels of co-stimulatory markers and they don’t secrete pro-

inflammatory cytokines, however, they are not maturation resistant, as such they may 

be unstable, and the threat is that they may switch to immunogenic DCs under 

inflammatory conditions. For this reason, many different protocols to generate tDCs 

have been developed. A common method is to genetically modify iDCs to stability 

express immunomodulatory molecules. To date human iDCs have been modified to 

express FasL [165], PD-L1 and TRAIL [166, 167], IDO [168], IL-10 and TGF-β [166, 

167]. These studies have reported the successful induction of T lymphocyte apoptosis, 

suppression of effector T lymphocytes or general immunosuppression.  

Non-genetic modifications involve the treatment of DCs with immunosuppressive 

drugs including acetylsalicylic acid, rapamycin, cyclosporine or corticosteroids such 

as dexamethasone. It has been shown by us and others that dexamethasone treatment 

of iDCs leads to the generation of a maturation resistant tDC exhibiting low levels of 

MHC II, CD80 and CD86 while also increasing IL-10 both a mRNA and protein level 

[169, 170].  

Recently, we demonstrated that dexamethasone generated tDCs were capable of 

prolonging allograft survival in a model of rat corneal transplantation. One interesting 

observation from this study was that tDCs expressed higher levels of sialic acids than 

their iDC counter-part. Little is known about how sialic acid contributes to the 

immunogenicity or tolerogenicity of tDCs. In the next section, the importance of 

glycosylation, focusing particularly of sialic acid will be discussed.   

1.4 Glycosylation: Importance of Sialic Acid in DC Function 

Glycosylation is a vital post-translational event which is essential in cell-cell 

interactions, correct protein transport, protein function and the migratory attributes of 

cells. Taking this into consideration, concerning immunity, one would assume that an 
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immune cell’s glycosylation state would be of vital importance in determining that 

immune cell’s fate. The ever-increasing evidence in the literature would suggest that 

all immunological studies should consider glycosylation. This being the case, there is 

still a gap in knowledge with regards to how exactly glycosylation is contributing to 

the overall immune response. Currently little information exists on how DC 

glycosylation patterns change after tDC generation and what consequences, if any this 

may have on their tolerogenicity or immunogenicity. 

Sialic acids (Sias) are ubiquitous terminal end monosaccharides which are expressed 

on virtually all cell surfaces and their presence or absence have been heavily 

implicated in the regulation of immune cell function. DCs are very important players 

in the boundary between adaptive and innate immunity and have a complex glycocalyx 

which has been implicated in DCs cell-cell interaction. The manner in which DCs are 

glycosylated is paramount in initiating an immune response, may it be anti or pro 

inflammatory. Structures that contain Sias terminal residues are important in virtually 

all DC functions such as antigen uptake, DC migration and the DCs ability to activate 

resting T cells i.e. the method in which a T lymphocyte and DC interact at the MHC / 

TCR boundary. Taking this into consideration one can comfortably state that Sias 

plays a role in DC cell function and this may imply that Sias could potentially be 

targeted and manipulated for therapeutic benefits. 

As mentioned, glycosylation is one of the most vital and most frequent form of post 

translational modification and it is involved in the function of many immune 

associated molecules. Some of these functions include but are not limited to protein 

folding and molecular trafficking to the cell surface [171-173]. Also glycosylation has 

been implicated in the stability of proteins in steady state and protection from 

proteolysis [174]. All immune cells are coated by a complex conglomerate of glycans 

to make up the cell’s glycocalyx., one such component are Sias. Sias are a broad family 

of negatively charged carbon monosaccharides that are exposed to the cellular 

microenvironment and they are involved in communication and in cellular defence 

[175]. Sias have long been implicated in being important for the overall immune 

system to function. It has been suggested that Sias can play important roles in both 

acting as a recognisable molecule for cellular interactions but also as a biological 

shield preventing receptors on cells recognising their ligands [144]. Large amounts of 

Sias on the cell surface of immune cells will result in an overall negative charge. This 
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can have biophysical effects, such as the repulsion of cells from each other and hence 

have an effect on cellular interactions [176]. As mentioned Sias can mask or stealth a 

cell, this could have implications in pathogen-host interactions but also in allogeneic 

DC cell vaccines or therapies and this attribute of Sias could potentially be a clinical 

target. If one could somehow manipulate the content and composition of the cell’s 

glycocalyx to contain more Sias, one could potentially apply this to transplantation 

biology or cellular therapy treatments. Interestingly, certain lectins can only recognise 

their corresponding glycan in the absence of Sias. If N-glycans are heavily sialylated 

they cannot be recognised by galectins [177].  

1.4.1 Pattern Recognition  

Siglecs contribute to the immune system by the recognition of Sias on their target 

molecules, thus allowing recognition of the antigen which leads to maturation and 

activation of the DC. Siglecs are broken up into two different categories even though 

there is little structural difference between them. These are the CD33-related siglecs, 

comprising of Siglecs 3, 5, 6, 7, 8, 9, 10, 11 and 14. The second group consists of 

sialoadhesin (Siglec-1 or CD169), MAG (Siglec-4) and Siglec-2 (CD22) [178]. Sias 

can be α(2-3), α(2-6) or α(2-8) linked to glycans and even though all siglecs only 

recognise sialylated molecules they can discriminate between the differences in 

linkages [178]. To date, of all of the siglecs family members, 13 of them have been 

identified on immune cells as critical components to the correct functioning of the 

immune system. DCs are one such immune population. A point of note is that siglecs 

are barely detectable on T cells, thus highlighting their importance in DC/antigen 

presenting cell biology [178]. The fact that Sias are also present at high numbers on 

pathogenic microbes indicates the multifunctional potential of siglecs [179].  

1.4.2 Endocytosis 

Endocytosis the process by which DCs uptake particles from their microenvironment 

by engulfing them has been shown to be regulated by Sias content on the cell. When 

surface sialylated glycans expressed during human DC generation were analysed, it 

was shown that α2-3-sialylated O-glycans, and α2-6- and α2-3- sialylated N-glycans 

are present in monocytes and their expression increases during mo-DC differentiation. 

When surface Sia is removed by neuraminidase (an enzyme that cleaves Sias linkages) 

DC endocytic capacity was decreased [180]. Both macropinocytosis and phagocytosis 

have also been shown to be directly affected by the removal of Sias from DC cell 
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surface, decreasing and increasing respectively [181]. In experiments using 

sialyltransferase (ST6Gal-I and ST3Gal-I) deficient mice similar results were seen 

[182]. Sialyltransferases are conserved enzymes responsible for the transfer of Sias to 

nascent oligosaccharide [183]. Compiling the information from these experiments, the 

removal of, or in the case of the knock-downs, the absence of Sias from DCs facilitates 

the maturation of monocyte derived dendritic cells (iDCs). These papers also note a 

significant increase in both co-stimulatory (CD80/86) and presentation machinery 

(MHC I/II) after the removal of Sias. In this case, the documented decreases in 

endocytosis would make sense, as when DCs mature their endocytosis ability 

decrease. This being the case, there is also a documented increase in phagocytosis 

which is conflicting. Mature DCs continue to uptake antigens via phagocytosis and 

receptor-mediated endocytosis. Although, never to the same levels of immature DCs, 

the authors suggest this could be a reason for the confliction [144, 181, 182, 184-186]. 

Noting that sialidase treatment of DCs increases phagocytosis, Cabral et al conducted 

a follow up study where they asked the question whether the noted increase in 

phagocytosis was a result of cytoskeleton rearrangements prompted by the treatment? 

And if yes, was this cdc42 and Rac1 dependent? When DCs were treated with sialidase 

in the presence of E. coli, a disruption of the cytoskeleton was noted, however, the 

authors stated after further experimentation that this disruption was not cdc42 and 

Rac1 GTPase dependent and therefore concluded that the increases in phagocytosis is 

not due to increased cytoskeleton dynamics [181]. This being the case the group did 

state that changes in phagocytosis seemed to be dependent on the presence of bacterial 

Sias highlighting again the importance of Siglecs [181].  

1.4.3 Migration  

Migration is another characteristic of DCs that can somewhat be attributed to the 

functionality of Sias. During migration or extravasation DCs need to interact with the 

endothelium and this is dependent on either molecules present on the DCs or on the 

endothelium. Some of these molecules include selectins 1 and 2 [187] which are a 

form of CLR. Selectins recognise and bind tertasaccharide that contains fucose and/or 

Sias and in this recognition the main element that is vital are sialyl-Lewis x (SLex) 

structures [144]. Selectins have been long established as vital for leukocyte rolling and 

transmigration. These molecules have been identified and studied in neutrophils [188], 

lymphocytes [189] and iDCs [190, 191]. In a study carried out by Silva et al [192], 
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were they highlighted that most iDC based vaccines do not reach their maximum 

efficacy due to the reduced migratory capacity of these cells. They investigated what 

role SLex  structures had in selectin binding. The results suggest that SLex structures 

are vital in the binding of iDCs to selectins on TNF-α activated endothelial cells, again 

in these experiments neuraminidase was used to cleave Sias on the iDCs, thus 

disrupting the SLex structures [192]. The same group also interestingly showed that 

sialidase treatment disrupted iDCs tethering to purified P-, L- and E selectins under 

flow conditions, highlighting how important Sias seem to be in migration of iDCs 

[192]. Studies have implicated a role of sialic acid in meditating the stopping of cells 

on the endothelium, i.e. to facilitate chemokine receptor arrest of the cells [144, 193]. 

Preliminary unpublished results from Paula A. Videira’s laboratory suggest that sialic 

acid is somehow important in the migratory capacity of DCs towards the lymph nodes.   

1.4.4 T-Cell Interactions 

In classic studies carried out by Boog et al [194] it was shown that MHC I molecules 

are present to a greater extent on DCs when compared to other antigen presenting cell 

(APC) populations, and that Sias are present at a lower level on MHC I molecules 

isolated from DCs when compared to the other APC populations. Based on the results 

obtained, the group suggested that Sias may have a negative impact on DC antigen 

presentation and this was possibly due to Sias interfering with ability of MHC I to load 

peptides [144, 194]. In line with this, results from our lab where iDCs isolated from 

Dark Agouti rats were treated with neuraminidase showed increased immunogenicity 

when co-cultured in allogeneic mixed lymphocyte reactions. There are many different 

scenarios as to why this may occur, some of which are mentioned above. Interestingly, 

experiments carried out in our lab and others [182] have seen a pro-inflammatory 

mRNA profile (IL-6, IL-1β and TNF-α) in these cells after treatment. This could be 

one such reason as to why increases in activation and proliferation are seen. Host 

tolerance has been implicated to be partially mediated by Siglecs as tolerogenic 

immature iDCs have high levels of Sias and this is also the case for regulatory T cells 

[144, 195]. Again, results generated from our lab have shown that immature iDCs have 

an overall higher glycosylation when compared to OX62+ (CD103) cells isolated from 

the spleen, Sias are significantly upregulated on these cells indicating that Sias could 

have a role to play in tolerogenicity. 
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Considering the ubiquitous nature of Sias one should not be surprised at their vital 

roles in DC function. While several aspects of how sialic acids contribute to DC 

biology have been covered here, there are many different areas in which sialic acids 

play interesting roles that space did not permit a discussion. For example, how 

sialylated structures have been implicated in DC/tumour cell interactions or the 

importance of sialyation on cluster of differentiation (CD) molecules. While sialic 

acids were predominately discussed, there is a vast amount of literature implicating 

glycosaminoglycans, galactose and fucose in immunity, once again highlighting the 

importance of glycosylation in immune biology. There are still large gaps in 

knowledge regarding how sialic acids functions and what systemic implication they 

have in immunity, however this being said, the importance of glycosylation is 

beginning to become more apparent with more information being reported. 

Discovering this role could be clinically relevant in many different areas, for example 

as highlighted, in DC based vaccines, if the alteration of the sialic acid profile of these 

cells could increase the migratory capacity of DCs one could see an increase in 

efficiency of treatment. Another example is in the context of cellular therapy or 

transplantation biology. Sialic acids have been shown to function in masking or hiding 

cells from the immune system. While its doubtful that changes in sialic acid alone 

would be sufficient in masking therapeutic allogeneic cells from the immune system, 

it is not implausible to assume that manipulating the glycocalyx to a more 

“unrecognisable” phenotype that maybe the therapeutic cells could have a longer life 

span to administer their therapeutic effects before clearance by the recipient’s immune 

system. A summary of the roles of Sia in DC biology is presented in Figure 1.3 below. 

Most of research done to date in DCs has been in monocyte derived or bone marrow 

derived DCs. In the following chapters we highlight the importance of sialic acid in 

the regulating immunogenicity and tolerogenicity of iDCs and tDCs by modulation of 

cell surface glycosylation by dexamethasone treatment. 
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Figure 1.3 Sia is important in DC function. Glycans that contain sialic acid are important in modulating processes like cell adhesion, microbial recognition, 

DC maturation, phagocytosis, biophysical repulsion, and T cell proliferation either directly or indirectly.
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1.5 Mesenchymal Stromal Cells 

1.5.1 Introduction 

Shortly after the discovery of haematopoietic stem cells (HSCs), mesenchymal 

stomal/stem cells (MSCs) were discovered by Friedenstein et al, who reported that 

stromal cells from the bone marrow compartment could form bone, fat, and cartilage 

following heterotopic transplantation in mice [196]. It was subsequently shown that a 

subset of fibroblast-like cells which were termed colony forming unit fibroblasts 

(CFU¬Fs) could be isolated and expanded from the bone marrow due to the cells being 

plastic adherent [197]. Further studies demonstrated that CFUFs had the ability to 

proliferate while still maintaining their ability to differentiate to osteocytes, 

chondrocytes and adipocytes in vitro [198], this was interpreted to mean that these 

cells were multipotent and self-renewing in vivo and therefore stem like in nature, thus 

the term mesenchymal stem/stromal cell [199-201]. Since their initial discovery MSCs 

have been isolated from numerous tissues including umbilical cord, adipose tissue, 

muscle, dental pulp and lung [197, 202]. Despite the considerable amount of research 

since their discovery a pan MSC marker has yet to be discovered, as a result, definition 

still largely depends on plastic adherence. Due to potential contamination with 

haematopoietic cells but also due multiple different isolation methods the International 

Society for Cellular Therapy (ISCT) set out the minimal criteria to define a MSC, these 

include: adherence to plastic in standard cell culture conditions, expression of cell 

surface markers CD90, CD73, CD105 and lack of expression of CD45, CD34, CD14 

or CD11b, CD79α or CD19 and MHC surface molecules and they need to demonstrate 

multilineage potential, differentiating to osteogenic, adipogenic and chondrogenic 

lineage [203].  

Due to their multi-lineage potential and the ease of their isolation and expansion, 

MSCs are ideally positioned to be promising therapeutic cells in the treatment of 

inflammatory diseases. In fact, MSCs have shown reparative efficacy in multiple pre-

clinical models including myocardial infarction, hepatic failure, renal failure, wound 

healing, retinal degeneration, osteoarthritis and stroke [197]. In recent years, it has 

been demonstrated that MSCs deliver their therapeutic effects mainly via their 

immunosuppressive properties. In this section I will discuss important aspects 

regarding MSC biology and identify aspects that are still unclear. I will discuss well 
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established properties of MSCs cultured in vitro and focus on how these properties 

could potentially be exploited for use in cellular therapies especially in the context of 

corneal allograft rejection. 

1.5.2 Immunomodulatory Attributes of MSCs  

The immunomodulatory effects of MSCs were described in 2002, experiments by Di 

Nicola et al and Bartholomew et al demonstrated that bone-marrow-derived MSCs 

suppressed T lymphocyte proliferation [198, 199]. Until publication of both studies, 

scientists hoped to exploit MSCs for their multipotentiality and reparative functions 

but these studies indicated the potential use of MSCs for regulation of immune cells 

and as a result we now have a vast amount of information regarding immunoregulatory 

functions of MSCs. In the following text I will discuss the current knowledge in how 

MSCs modulate the many different cells that are reported to contribute to corneal 

allograft rejection (summarised in Figure 1.4). 

Innate Immunity 

DCs: As mentioned previously, DCs are a vital component of the corneal rejection 

process. Following maturation, DCs present antigen to naïve T lymphocytes, 

activation of naïve T lymphocytes is facilitated by upregulation of co-stimulatory 

molecules, engagement of either MHC I or MHC II and release of proinflammatory 

cytokines. Maturation of both monocyte-derived and haematopoietic progenitor 

derived DCs has been shown to be inhibited by MSCs in vitro [200-202], moreover, 

Nauta et al [202] observed that MSCs convert DCs to a tolerogenic phenotype and this 

was mediated by soluble factors. Also, matured DCs co-cultured with MSCs have 

decreased expression of MHC II, CD80, CD86 and decreased levels of interlukin-12 

(IL-12), TNF-α and IFN-γ with increased level of IL-10 secreted from pDCs [200, 

203-207].  

Macrophages: Similarly, in co-culture experiments where MSCs have been incubated 

with macrophages, decreased levels of MHC II, CD86, TNF-α and IFN-γ were 

observed with the effects being partially mediated by soluble factors such as PGE2. 

Not only this but MSC educated macrophages confer protection in graft-versus-host 

disease [208-212].  
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Natural Killer (NK) Cells: NK cells are an important cell type in innate immunity and 

studies have shown that NK cells can discriminate between self and non-self-tissues, 

playing a key role in the initiation of adaptive immune responses to the graft [213]. 

MSCs have been shown to downregulate NKp30 and natural-killer group 2, member 

D (NKG2D), thus inhibiting the cytotoxic activity of resting NK cells. The function 

and activation of NK cells is tightly regulated by these cell-surface receptors where 

their engagement can result in either activation or inhibitory signals [207, 214]. NK 

cells proliferate in vitro in the presence of IL-2 and IL-15, these cells are strongly 

cytotoxic and secrete IFN-γ. When co-cultured with MSCs, levels of proliferation, 

cytotoxic capabilities and levels of IFN-γ all decrease significantly [207, 214, 215].  

Neutrophils: Neutrophils are a component of the innate immune system that typically 

kill microorganisms. Once activated by bacterial components neutrophils undergo 

respiratory burst and produce neutrophilic extracellular traps [207]. In solid organ 

transplantation neutrophils are typically the first leukocyte to infiltrate the transplanted 

graft [216]. While they have long thought not to play an important role in graft 

rejection recent evidence points towards a role in stimulation of angiogenesis and 

direct interactions between neutrophils and other leukocytes have been shown to 

promote allo-immunity [216]. Via secreted IL-6 MSCs have been reported to reduce 

respiratory burst and apoptosis in activated neutrophils [207]  

Adaptive Immunity 

 B Cells: While T lymphocytes are the main effector cells responsible for destruction 

of the graft, B cells and B cell related products can contribute substantially to graft 

rejection/destruction. In vitro studies investigating the relationship between B cells 

and MSCs are conflicting and opposing results have been reported, although this could 

be a result of different culturing systems used and the reagents that were used for 

stimulation of the B cells [217-220]. Studies from Corcione et al [218] and Augello et 

al [217] have both convincingly demonstrated that MSCs inhibit B cell proliferation, 

differentiation into plasma cells and antibody secretion via MSC secreted factors. 

However, Traggiai et al [220] and Rasmusson et al [221] demonstrated that MSCs aid 

B cell proliferation, differentiation and antibody secretion. To date, more evidence has 

been collected to suggest that MSCs do in fact have inhibitory effects on B cells [222, 

223]. MSCs have been shown to also alter the expression of chemokine receptors on 
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B cells in a PD-L1 contact dependent fashion [217, 218]. Considering that B cell 

responses are heavily dependent on T lymphocytes and T lymphocytes are heavily 

modulated by MSCs both in vitro and in vivo, the opposing in vitro B cell results may 

not be relevant in vivo if correct.   

Regulatory B Cells (Bregs): In a kidney and liver transplant cohort, transplant tolerant 

patients had increased numbers of B cells and B cell related genes in peripheral blood 

when compared to patients who were on immunosuppressant regiments or to healthy 

controls [224, 225]. Interestingly, increases in immature and naive B cells have been 

related to tolerance in a model of islet allograft survival in nonhuman primates [226]. 

In vitro, MSCs have been shown to increase the proliferation of IL-10 secreting Bregs 

[227-229] and there is evidence of a IL-10 secreting B cell population which is known 

to be downregulated in autoimmune decreases [230]. Not only this but there is 

preliminary evidence for this IL-10 population in immunosuppressive free kidney 

transplant patients [231, 232]. If MSCs can increase this Breg population in vivo they 

may be able to contribute to prolongation of graft survival.     

T Lymphocytes: Once T lymphocytes become activated they expand releasing pro-

inflammatory cytokines and in the case of CD8+ lymphocytes initiate cytotoxicity 

which will inevitably mediate graft destruction. As mentioned previously, early 

experiments by Di Nicola et al found that MSCs could inhibit the proliferation of T 

lymphocytes that had been stimulated by allogeneic peripheral blood lymphocytes, 

DCs or phytohemagglutinin (PHA). They showed that this inhibition was contact-

independent and could be reversed using antibodies against TGF-β1 [199]. Since this 

study, MSCs have been shown to inhibit T lymphocytes under many different 

activation conditions including polyclonal mitogens, allogeneic cells or in an antigen 

specific fashion [198, 203, 219, 233-239]. Although many studies have been carried 

out since the early experiments, the mechanism of MSC T lymphocyte 

immunosuppression is still only partially understood with the mechanism being 

multifactorial. Both contact dependent and contact independent mechanism have been 

reported. Some of the soluble mediators initially need cell-cell contact to be secreted. 

PD-L1 on MSCs is one such reported cell-cell contact mechanism, PD-L1 has been 

shown to directly inhibit T cell proliferation [217]. The receptor for PD-L1 is PD-1 

and it is expressed on activated T cells, B cells, NK cells, T cells and myeloid cells. 
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Upon interaction with PD-L1 and PD-L2, PD-1 inhibits both the proliferation and 

effector function of T cells and also inhibits antibody production of B cells [240]. 

Interestingly, IFN-γ increases the expression of PD-L1 on MSCs and recently it was 

shown that PD-L1 and PD-L2 can be secreted from MSCs and this is one of their 

mechanisms of T lymphocyte suppression [241] 

In work carried out by Meisel et al, indoleamine 2,3-dioxygenase (IDO) was described 

as being important in MSC-mediated T lymphocyte suppression, this result has been 

corroborated by others [234, 242]. However, this observation is human and non-

human primate applicable and not the case in rodents [243]. Interestingly, when 

Chinnadurai et al [244] blocked IDO release from MSCs they noted a restoration of T 

lymphocyte proliferation but observed no such changes in IFN-γ secretion, the 

research group implicated that PD-L1 and PD-L2 suppressed T lymphocyte function. 

Nitric oxide (NO) seems to be the main mediator of T lymphocyte suppression in 

rodents and IDO appears to be dispensable [236, 243]. Sato et al reported that Stat5 

activation is paramount in T lymphocyte activation and that in the presence of MSCs, 

phosphorylation of Stat5 is absent. They reported that NO secreted from MSCs is 

responsible. Interestingly, when they used IDO and TGF-β neutralizing antibodies 

they did not see a reverse in effect, when inducible nitric oxide synthase (iNOS) 

inhibitors or PGE2 inhibitors were used they did see restoration in proliferation of 

lymphocytes [237]. 

Regulatory T Lymphocytes (Tregs): The relationship between MSCs and Tregs in the 

suppression of the allo-response is of interest in transplant biology. The two main 

MSC derived factors that are thought to induce Tregs are PGE2 and TGF-β [245, 246]. 

TGF-β is vital for the initiation and maintenance of forkhead box P3 (FoxP3) 

expression and also the suppressive nature of Tregs [247, 248]. PGE2 is an 

immunomodulatory lipid that is known to inhibit conventional T lymphocyte 

mitogenesis and block the production of IL-2, which is needed for T lymphocyte 

survival and proliferation [249, 250]. Not only this, PGE2 induces FoxP3 gene 

expression and modulates Treg function in human CD4+ T cells [251]. Also, PGE2 

has been reported to encourage IL-10 production from macrophages [252, 253]. Both 

TGF-β and PGE2 are constitutively secreted by MSCs, especially in cytokine rich 

environments. Ge et al demonstrated using a renal allograft model that frequencies of 
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CD4+ CD25+ FOXP3+ Tregs were increased in the spleen and in the allograft of MSC 

treated recipients compared to untreated animals [254].   

While there are numerous suggested mechanisms responsible for MSC suppressive 

effects, there is definitive evidence to show that MSCs inhibit both the innate and 

adaptive arms of the allo-response, increasingly so in the presence of cytokines, in 

particular IFN-γ, TNF-α and IL-1β [236, 242]. Figure 1.4 below summarises all the 

known methods by which MSCs exert their immunosuppressive effects on the cells of 

the immune system. In the next section I discuss the potential of pre-activating MSCs 

before use in vivo in order to immune their efficacy. 
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Figure 1.4 Proposed mechanisms of MSC interaction with immune cells. MSCs respond 

to local environmental cues and communicate with immune cells from both the innate and 

adaptive immune system through the secretion of immunoregulatory molecules. Via the 

secretion of interleukin-6 (IL-6), MSCs reduce neutrophil oxidative burst potential, decrease 

extravasation and increase apoptosis. MSCs prevent monocyte/macrophage maturation or 

shift it towards a tolerogenic phenotype, MSCs derived prostaglandin E2 (PGE2), interleukin-

6 (IL-6) and GM-CSF are key factors in this effect. Tumour necrosis factor-inducible gene 6 

(TSG-6) decreases nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signalling and reduces the secretion of pro-inflammatory cytokines by inflammatory 

macrophages. Many different soluble and cell contact-dependent molecules have been 

accredited to MSC inhibition of both CD4+ and CD8+ T-cell activation and proliferation in 

vitro. These molecules can act via antigen presenting cells or on T-cells directly and include 

but are not limited to prostaglandin E2 (PGE2), the tryptophan depleting molecule Indoleamine 

2,3-dioxygenase (IDO), inducible nitric oxide synthase (iNOS) and heme oxygenase (HO-1), 

a molecule shown to be important in MSC-mediated suppression of allo-activated T 

lymphocyte. MSC have been shown to induce and recruit regulatory T lymphocytes via 

transforming growth factor beta 1 (TGF-β1), Indoleamine 2,3-dioxygenase (IDO), 

prostaglandin E2 (PGE2) and the anti-inflammatory Interleukin-10 (IL-10). MSCs mediate 

their suppressive effects on dendritic cells via prostaglandin E2 (PGE2) and transforming 

growth factor beta 1 (TGF-β1), resulting in decreased levels of CD80, CD86, MHCI, MHCII 

and secreted tumour necrosis factor-α (TNF-α). MSC limit NK cell cytolysis, inhibit 

proliferation and decrease the secretion of interferon – γ [62].  
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Pre-Activation / Licensing of MSCs   

As previously described and summarised in Figure 1.4, MSCs have the capability to 

become potent regulators of immune cells. In steady state conditions MSCs reside in 

perivascular spaces surrounding almost every region of the body where they are 

thought to maintain tissue homeostasis by sensing tissue damage and then acting to 

promote tissue repair and healing after insult [255, 256]. MSCs become increasingly 

immunomodulatory once exposed to pro-inflammatory microenvironments (IFN-γ, 

TNF-α and IL-1β) [236, 250], not only this, it is also reported that pro-inflammatory 

environments enhance MSC homing capabilities and up-regulates their chemokine 

secretion. This allows MSCs to enter sites of inflammation and subsequently recruit 

immune cells to their locality where they can exert their immunomodulatory effects 

[236]. This phenomenon was first described by Krampera et al, they reported that IFN-

γ secreted from activated T lymphocytes and NK cells was essential for MSC-

mediated immunomodulation of both T lymphocytes and NK cells. They also reported 

that this effect was IDO mediated [242]. A corroborating report from Ren et al 

demonstrated that IFN-γ in combination with TNF-α, IL-1α or IL-1β increased the T 

lymphocyte suppressive effect of MSCs and they observed that this effect was 

reversible in the presence of neutralising antibodies to the pro-inflammatory cytokines 

. Ren et al also reported in the same study that IFN-γ receptor-deficient MSCs had no 

ability to suppress T lymphocyte proliferation in their co-culture systems showing the 

importance of pro-inflammatory stimulus for MSC-T lymphocyte suppression [236]. 

Also, these IFN-γ receptor-deficient MSCs lost the ability to prevent graft versus host 

disease (GvHD) in mice when compared to wild type MSCs. Activation of MSCs via 

pro-inflammatory microenvironments has been shown in vivo. In human GvHD, 

MSCs were administered either in an inflammatory (efferent phase) or non-

inflammatory (at the time of bone marrow transplant) microenvironment [257-259]. 

MSCs administered at the time of the efferent phase of GvHD showed therapeutic 

efficiency while the MSCs administered at the time of the marrow transplant did not        

Taken together these studies would suggest that the pre-activation of MSCs is 

beneficial in increasing their therapeutic efficacy as the MSCs would be actively 

secreting their immunomodulatory molecules on administration.  
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1.5.3 Therapeutic Application of MSCs in Corneal Transplantation 

There is a plethora of data available on the therapeutic effects of MSCs in vivo [260]. 

To date, only small numbers studies have investigated the ability of MSCs to modulate 

corneal allograft survival. Most reports have shown positive results, which is 

encouraging, however as different MSC application strategies (time point of injection, 

cell number/number of injections, route of injection, MSC source, MSC pre-

activation) have been employed in various animal models it is difficult to compare and 

validate the results.  

MSCs ability to promote graft survival has been attributed to their modulation of the 

recipient immune system, altering the Th1/Th2 balance, expanding Foxp3 Tregs, 

polarizing macrophages and inhibiting intra-graft infiltration of antigen presenting 

cells. More in depth analysis is required to elucidate the mechanism of MSC-

immunomodulation in vivo [62]. 

Regarding organ/tissue transplantation, first reports on beneficial effects of MSC 

therapy date back to 2002 when Bartholomew et al [198] reported that infusion of 

donor-derived baboon MSC (20x106 /kg bodyweight on day 0) led to a modest but 

significant prolongation of survival of MHC-mismatched donor and third-party skin 

grafts in baboons.  

Even before MSCs were tested as a therapeutic agent to prolong corneal allograft 

survival, they were investigated for their potential to improve corneal injury following 

alkali burn [261, 262]. Oh et al [261] demonstrated that either local application (200 

µl of 2x106 MSC solution) of MSC isolated from Fischer rats or 200 µl MSC 

conditioned medium applied either once or daily for 3 consecutive days resulted in a 

reduction of corneal inflammation and neovascularization in a Sprague-Dawley rat 

corneal injury model. Moreover, a reduction of proinflammatory cytokines IL-2 and 

IFN-γ and an increase in anti-inflammatory cytokines IL-10, TGF-β1 and 

thormobospondin-1 in corneal tissue was reported. Interestingly, while the results with 

MSC conditioned medium were encouraging indicating paracrine therapeutic effects 

by molecules secreted from MSC in this model, the topical application of MSC onto 

the ocular surface was superior [261].  

Recent work on the use of MSCs to modulate corneal graft survival is summarised in 

Table 1.1.  In 2012, Jia et al. [263] reported that MSC treatment prolonged corneal 
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allograft survival in a rat corneal transplant model. The authors demonstrated that post-

transplant i.v. injection of 5x106 MSCs (days 0, 1 and 2) in Lewis rats receiving Wistar 

corneal transplants prolonged corneal allograft survival which could be further 

extended by co-application of Cyclosporine A. Further, the authors claim that i.v. 

injection of MSCs increased the ratio of CD4+ CD25+ FoxP3+ cells compared with 

CD4+ cells in the draining lymph nodes and increased production of anti-inflammatory 

cytokines (IL-4 and IL-10) and reduced proinflammatory cytokine (IL-2 and IFN-γ) 

secretion in lymphocytes isolated from MSC-treated animals. This report indicated 

that allogeneic MSCs have the potential to modulate corneal graft survival, but the 

time point of injection seems to be critical for the outcome of transplant survival. In 

2012, Oh et al [264] also reported that human MSC injection prolongs corneal 

allograft survival claiming that human MSC application prevents early inflammation 

and late rejection in transplanted graft recipients. As previously investigated by this 

group, the beneficial effects of human MSCs were tested this time in a mouse corneal 

transplant model. Two peri-transplant i.v. injections of 1x106 human MSCs at day 1 

and day 0 (which were more effective than a single d0 injection) decreased early 

surgically-mediated inflammation but also reduced the activation of APCs in the 

cornea and in the lymph nodes. Consequently, immune rejection was prevented, and 

graft survival was prolonged. The authors did not find evidence for engraftment of 

human MSCs [262]. Mechanistically, the authors found that human MSCs were 

trapped in the lungs of treated animals wherein they became activated and secreted 

TSG-6, which, in turn, modulated the early inflammatory response and attenuated 

graft rejection. We have shown in the past [265] in a rat model of corneal 

transplantation that syngeneic MSCs administered at days +7 and 0 did not prolong 

corneal allograft survival despite reducing inflammatory cell populations in the 

corneal graft; however, no increase in Tregs cells were observed in the organs of 

treated animals. Moreover, these results support other reports from the literature that 

MSC need to be immune-activated to exert their therapeutic effects. In 2011, 

Duijvestein et al [266] reported that mouse MSCs treated with IFN-γ (500 U/ml) have 

enhanced immunosuppressive properties in murine colitis models compared with 

untreated MSCs. In addition, induced nitric oxide synthase (iNOS), one of the key 

molecules involved in MSC mediated immunosuppression in rodents, was found to be 

up-regulated following treatment with IFN-γ which also resulted in enhanced 

inhibition of T cell proliferation [266].  
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1.6 Research Hypotheses  and Aims of Research 

1.6.1 Research Hypotheses  

1) Sialyation is important in regulating immunogenicity and tolerogenicity of iDCs 

and tDCs. 

2) Pre-activation of MSCs prior to administration in vivo will stimulate their 

immunomodulatory properties enabling them to prolong corneal allograft survival. 

1.6.2 Aims of Research  

Chapter 3: 

• To profile the glycocalyx of dexamethasone generated tDCs. 

• To identify if sialic acid is important in the ability of iDCs and tDCs to regulate 

T lymphocytes in vitro. 

Chapter 4 + 5: 

• To identify a cytokine pre-treatment strategy that enhances MSCs 

immunomodulatory phenotype and properties.  

• To characterise the enhanced MSC phenotype, identify mechanism of immune 

modulation and select a pre-treatment strategy to administer in vivo. 

• To establish a fully allogeneic MHC mismatched corneal transplant model in 

mouse. 

• To identify an efficacious strategy for in vivo administration of pre-treatmented 

MSCs to prolong corneal allograft survival. 

•  To evaluate the in vivo immunomodulatory properties of pre-activated MSCs.  
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Paper Source Recipient Species 

(Xeno-, allo- or 

syn- geneic) 

Normal (NR) 

or High Risk 

(HR) Model 

Route (Timing of 

Administration) 

Number of MSC Per 

Injection 

(Number per kg body 

weight) 

Outcome Mechanism of action 

Oh et al.[264] Human BM MSC BALB/c Mouse 

(Xenogeneic) 

NR IV administration (d-1) 

IV administration (d-1, d0) 

1x106 MSC  

(58.8x106/kg) 

hMSCs through TSG-6 reduced the surgery 

induced inflammation prolonging allograft 

survival in a dose-dependent manner 

hMSC treatment reduced IL-6, IL-1β and IL-12 levels 

and infiltrating APCs in the cornea and dLN 

subsequently inhibiting the adaptive CD4+ and CD8+ T 

cell immune response 

The effect was mediated by TSG-6 as demonstrated by 

TSG-6 siRNA knock down and recombinant TSG-6 IV 

administration  

Ko et al. [267] Human BM MSC BALB/c Mouse 

(Xenogeneic) 

NR IV administration (d-7, d-3) 1x106 MSC  

(58.8x106/kg) 

hMSCs prolong allograft survival by enriching 

a population of regulatory myeloid cells in the 

lung mediated by TSG-6  

hMSCs in a TSG-6 dependent manner induced a MHC 

class II+B220+CD11b+ population of myeloid cells in the 

lung which remained in circulation for up to 7 days post 

MSC administration 

This specific myeloid cell population suppressed T cell 

proliferation in vitro and could prolong allograft survival 

when adoptively transferred 

Fuentes Julian 

et al. [268] 

Human AD MSC 

Rabbit AD MSC 

New Zealand 

White Rabbit 

(Xenogeneic) 

(Syngeneic) 

NR + HR NR – SI administration (d0) 

HR – IV administration (d-7, d0, 

d3, d14) 

NR/HR – 2x106 MSC 

(0.666x106/kg) 

 

SI in the NR model and IV injection in the HR 

model lead to more rapid allograft rejection 

compared to controls 

SI or IV administration of hAD-MSC or rAD-MSC lead 

to an increase in corneal edema and a higher number of 

infiltrating CD45+ leukocytes which could be attributed 

to MSCs production of inflammatory cytokines IL-6 and 

IL-8 

 

Omoto et al. 

[269] 

BALB/c Mouse 

BM MSC 

GFP+C57BL/6 

Mouse BM MSC 

BALB/c Mice 

C57BL/6 Mice 

(Syngeneic) 

NR IV administration (d0) 

IV administration (d0, d7) 

1x106MSC  

(47.62x106/kg) 

BALB/c MSC prolong allograft survival in a 

C57BL/6 host in a dose dependent manner 

IV administered MSCs migrated to the transplanted 

cornea, conjunctiva and draining lymph nodes where 

they suppressed the maturation of CD11c+MHC II+ 

APCs, consequently inhibiting DCs direct and indirect 

allo-sensitization of CD4+ T cells 
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Table 1.1 The application strategy and major findings from the most recent MSC therapy in cornea transplantation studies. IV, intravenous; SI, stromal 

injection; NR, normal risk; HR, high risk; MSC, mesenchymal stromal/stem cell; BM, bone marrow derived; dLN, draining lymph node. 

Jia et al. [263] Wistar Furth Rat 

BM MSC 

Lewis Rat 

(Allogeneic) 

NR IV administration (d-3, d-2, d-1) 

IV administration (d0, d1, d2) 

5x106MSC 

(25x106/kg) 

Allograft survival was prolonged by post-

surgical but not pre-surgical MSC 

administration 

Co administration of MSCs with low dose CsA 

(1mg/kg) accelerated graft rejection while 

administration with 2mg/kg CsA prolonged 

allograft survival 

 

Post-operative MSC administration inhibited T cell 

proliferation both in vitro and in vivo decreasing 

expression of Th1 associated cytokines IFN-γ and IL-2 

and increasing Th2 associated IL-4, while expanding 

CD4+CD25+Foxp3+ regulatory T cells 

Treacy et 

al.[265] 

Lewis Rat BM 

MSC 

Wistar Furth Rat 

BM MSC 

Dark Agouti Rat 

BM MSC 

Lewis Rat 

(Syngeneic) 

(Allogeneic) 

NR IV administration (d-7, d0) 1x106 MSC 

(3.95x106/kg) 

MSCs derived from allogeneic sources (WF 

BM MSC and DA BM MSC) significantly 

prolonged allograft survival while recipient 

derived (syngeneic) Lewis BM MSC failed to 

prolong allograft survival 

Allo-MSC inhibited the intra-graft infiltration of 

CD3+CD8+CD161+ NKT cells, CD11b/c+ APCs, 

CD4+CD25+ activated T cells and CD45RA+ B cells, 

while also expanding a population of 

CD4+CD25+Foxp3+ splenic regulatory T cells 

DTH experiment demonstrated allo-MSC specifically 

inhibit corneal donor alloantigen sensitization   



 

 

 

 

Chapter Two: 
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2.1 Introduction 1 

Herein lies the detailed descriptions of all the techniques, materials and methods used 2 

in examining MSC and BMDC biology. The reader is referred to this chapter for 3 

detailed descriptions of the individual techniques discussed in later chapters. 4 

2.2Animal Strains and Ethical Approval 5 

2.2.1 Murine Strains  6 

All mice used in experiments were accommodated in an accredited animal housing 7 

facility under a license granted by the Department of Health, Ireland, and were 8 

approved by the Animals Ethics Committee of the National University of Ireland, 9 

Galway. 8 to 14-week-old female BALB/c, BALB/c C.Cg-Foxp3tm2Tch/J and 10 

C57BL/6J mice were purchased from Envigo. Experimental animals were housed in a 11 

specific pathogen-free facility and fed a standard chow diet.  12 

2.2.2 Rat Strains 13 

All rats used in experiments were accommodated in an accredited animal housing 14 

facility under a license granted by the Department of Health, Ireland, and were 15 

approved by the Animals Ethics Committee of the National University of Ireland, 16 

Galway. Bone marrow used in the generation of BMDCs was isolated from male Dark 17 

Agouti (DA, RT-1avl) rats at 8-14 weeks of age. For the allogeneic T lymphocyte co-18 

cultures, male Lewis (LEW, RT-1l) rats served as a source of lymphocytes, isolated 19 

from both the cervical and mesenteric lymph nodes and spleen. DA and LEW rats 20 

were obtained from Envigo. Experimental animals were housed in a specific pathogen-21 

free facility and fed a standard chow diet. 22 

2.3 Murine Cell Isolation 23 

2.3.1 MSC Isolation 24 

Mice were euthanised by CO2 inhalation and the femur and tibia were removed, 25 

cleaned of connective tissue and placed in MSC medium, MEM-α (Biosciences-26 

Gibco) supplemented with 10% heat inactivated FBS (Fisher – Hyclone or Sigma), 27 

10% equine serum (Fisher – Hyclone) and 1% penicillin/streptomycin (Sigma). The 28 

heat inactivated FBS was pre-screened to ensure it supported MSC growth and 29 

differentiation. The epiphysis of each bone was cut, and cells were flushed out with 30 

culture medium using a 30.5-gauge needle. Clumps were removed by filtering through 31 
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a 70μm mesh filter. Cells were then centrifuged at 400 x g for 5 minutes, re-suspended 1 

in 25ml culture medium and plated at a density of 9x105 per cm2 in a T175. Cells were 2 

incubated at 37oC, 21% O2, 5% CO2 (Normoxic) or 37oC, 5% O2, 5% CO2 (Hypoxic) 3 

and non-adherent cells were removed 24 hours later. This process was repeated 3 times 4 

per week until cells reached confluency. At this point trypsin was added and incubated 5 

at 37oC for 5 minutes. Culture medium was added to neutralise trypsin. Cells no longer 6 

adhering to the flask were removed, centrifuged and re-plated. Characterisation was 7 

carried out at passage 4.  8 

 9 

Figure 2.1 Isolation and generation of mouse BALB/c MSCs.  10 

2.3.2 Macrophage Isolation 11 

Mice were euthanised by CO2 inhalation and the femur and tibia were removed, 12 

cleaned of connective tissue and placed in macrophage culture medium. Macrophage 13 

medium consisted of 65% complete medium and 35% L929-conditioned medium. 14 

Complete medium: RPMI 1640 (Lonza) supplemented with 10% FBS (Sigma), 1% 15 

sodium pyruvate, 1% non-essential amino acids, 1% L-glutamine, 1% 16 

penicillin/streptomycin (all Sigma) and 0.01% β-mercaptoethanol (Sigma). L929- 17 

conditioned medium: DMEM medium (Lonza), 10% FBS (Sigma) and 1% 18 

penicillin/streptomycin (Sigma) collected from 3-day cultures of L929 cell lines which 19 

produce M-CSF. The epiphysis of each bone was cut, and cells were flushed out with 20 

macrophage medium using a 30.5-gauge needle. Clumps were removed by filtering 21 

through a 70μm mesh filter. Cells were then centrifuged at 400 x g for 5 minutes, red 22 

blood cells were removed using ACK buffer and the cells were centrifuged at 400 x g 23 

for 5 minutes. The cells were re-suspended at 2.25x106 cells/ml in macrophage 24 

medium and plated at a density of 4.5x106 per well of a 6 well plate. Cells were 25 

incubated at 37oC, 5% CO2, changing the medium every two days. This process was 26 
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repeated for 6 days. Trypsin was added for 10-12 mins at 37oC to detach the 1 

macrophages from the plates. Culture medium was added to neutralise trypsin. Cells 2 

no longer adhering to the plates were removed and counted. If stimulated macrophages 3 

were required, IFN-γ (100u/ml) was added on day 6 for 24 hours followed by LPS 4 

(10ng/ml) stimulation for 4 hours. 5 

Figure 2.2 Isolation and generation of mouse BALB/c macrophages.  6 

2.4 Rat Cell Isolation 7 

2.4.1 Isolation and Generation of iDCs and tDCs.  8 

iDCs were generated using an adapted version of the protocol which has been 9 

previously described ([169]). Briefly, on day 0, male DA rats of the specified age were 10 

sacrificed, and the tibia and femur were surgically removed post-mortem. The 11 

epiphyses were cut, and the bone marrow was flushed from the long bones with a 12 

syringe/needle combination. The erythrocytes were removed from the suspension by 13 

lysis using a standard red blood cell lysis buffer (Sigma). After erythrocyte lysis, the 14 

cells were washed in RPMI-1640 (Gibco) medium supplemented with 10% FBS, 2 15 

mmol/L L-glutamine, 100 mmol/L nonessential amino acids, 1 mmol/l sodium 16 
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pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, and 55 μmol/L β-1 

mercaptoethanol (Sigma). Cells were resuspended at a concentration of 1.5 x 106/mL 2 

and plated at a concentration of 4.5 x 106 per well of a 6 well plate. The culture medium 3 

was supplemented with 5 ng/mL rat GM-CSF (Invitrogen) and 5 ng/mL rat IL-4 4 

(Peprotech). Cells were incubated under standard cell culture conditions (37 °C at 5% 5 

CO2) and, on the 3rd day of culture, half of the medium from each well was harvested 6 

and cells were resuspended in fresh medium supplemented with rat GM-CSF and IL-7 

4 and added back into the culture. On the 5th day, the supernatant was exchanged with 8 

fresh supplemented growth medium to remove dead granulocytes and lymphocytes. 9 

In experiments requiring tDCs, Dexa (Sigma-Aldrich) was added to the culture at 10−6 10 

mol/L at this point. On the 7th day of culture half of the medium was again removed 11 

and replaced with fresh supplemented medium (Dexa was added as required). To 12 

generate mDCs, LPS (1 µg/mL; Sigma-Aldrich) was added 24 hours before the cells 13 

were cultured. Cultures were maintained until day 10 and then gently pipetted off the 14 

bottom of the wells for the in vitro assays. 15 

 16 

Figure 2.3 Isolation and generation of rat DA BMDCs. 17 

2.5 MSC Differentiation, Characterisation and Pre-18 

activation Strategy. 19 

2.5.1 Adipogenesis  20 

To differentiate MSCs to adipocytes, 2x105 MSCs were plated in each well of a 6 well 21 

plate in 2ml of MSC medium. Cells were incubated at 37oC, 5% CO2 until confluency 22 

was reached. Once confluent, MSC medium was removed and replaced with 2ml per 23 

well of adipogenic induction medium (see table 2.1). Control wells received standard 24 
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MSC medium. Medium was changed on day three and replaced with adipogenic 1 

maintenance medium (see table 2.2). Again, control wells received standard MSC 2 

medium. Medium was changed every three days for a total of three cycles of induction 3 

and maintenance medium. The last addition of maintenance medium was left on the 4 

cells for 5 days. After 5 days, the maintenance medium was removed. PBS was used 5 

to wash the MSCs twice and then the MSCs were fixed in 10% neutral buffered 6 

formalin for at least 30 mins at room temperature. After fixation the formalin was 7 

removed and the MSCs were washed with distilled water. A working stock of Oil Red 8 

O (Sigma) was prepared by adding six parts Oil Red O to four parts distilled water and 9 

then this working solution was then added to both control and test wells. The wells 10 

were lightly agitated by swirling left to right, to ensure maximum coverage. This was 11 

then incubated for five minutes at room temperature.  The Oil Red O stain was then 12 

removed and 60% isopropanol (Sigma) was added to each well to remove excess Oil 13 

Red O. The Isopropanol was then removed, and the wells were washed with distilled 14 

water. Hematoxylin was diluted at a ratio of 1:5 in distilled water and added at 500µl 15 

to each well and allowed to stand for 1 minute. Wells were then washed in warm tap 16 

water and covered with 500μl of dH2O for images to be taken on an inverted light 17 

microscope. To process the MSCs for absorbance measurements, 500µl of 99% 18 

isopropanol (Sigma) was added to each well to strip the stain from the MSCs. This 19 

was repeated two times and all the isopropanol was collected. The tubes were spun at 20 

500 x g for 5 mins. 200µl of this solution was then added to a 96-well flat bottom plate 21 

in triplicate. Absorbance was measured at 520nm on a Wallac1410 plate reader (Perkin 22 

Elmer). Results were plotted as mean absorbance. 23 

Reagent Volume (for 100ml) Final Concentration 

DMEM (High glucose) 87.6ml  

Dexamethasone 1mM 100µl 1µM 

Insulin 1mg/ml 1ml 10µg/ml 

Indomethacin 100mM 200µl 200µM 

500mM MIX 100µl 500µM 

Penicillin/streptomycin 1ml 100U/mL penicillin 

100g/mL streptomycin 

FBS 10ml 10% 

Table 2.1. Adipogenic induction medium recipe.  24 
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 1 

Reagent Volume (for 100ml) Final Concentration 

DMEM (High glucose) 88ml  

Insulin 1mg/ml 1ml 10µg/ml 

Penicillin/streptomycin 1ml 100U/mL penicillin 

100g/mL streptomycin 

FBS 10ml 10% 

Table 2.2. Adipogenic maintenance medium recipe. 2 

2.5.2 Osteogenesis 3 

To differentiate MSCs to osteocytes, 2x105 MSCs were plated in each well of a 6 well 4 

plate in 2ml of MSC medium. The cells were incubated at 37oC, 5% CO2 until the cells 5 

were confluent. Once the MSCs were confluent, the MSC medium was removed and 6 

it was replaced with osteogenic medium (see table 2.3). Control wells received 7 

standard MSC medium. Medium was changed every 2 days and replaced with either 8 

control MSC medium or osteogenic medium. Observing the condition of the 9 

monolayer, cells were harvested between 10 and 17 days. The monolayer can become 10 

detached from the plate, if this occurs, harvest the cells before they reach this point. 11 

The osteogenic potential of the cells was assayed by Alizarin Red Staining.   12 

Reagent Volume (for 100ml) Final Concentration 

Iscoves MEM 77.5ml  

Dexamethasone 1mM 10µl 100nM 

Ascorbic acid 2-P 10mM 0.5ml 50µM 

β glycerophosphate 1M 2ml 20mM 

L-thyroxine 50µl 50ng/ml 

FBS 9ml 9% 

Equine serum 9ml 9% 

L-glutamine 1ml 2mM 

Table 2.3 Osteogenic Medium recipe.tl was removed, and the cells were 13 

2.5.3 MSC Characterisation 14 

MSCs were characterised as plastic adherent with a capacity for tri-lineage 15 

differentiation and having the presence or absence of the antigens reported by The 16 

International Society for Cellular Therapy in their definition. Surface antigen 17 
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characterisation was carried out by flow cytometry. Positive antigens included CD90. 1 

CD73, CD105, SCA-1 and CD44. Negative antigens included CD45, CD11b, CD11c, 2 

MHC II, CD80 and CD86 (All eBioscience). 3 

2.5.4 MSC Licensing/Pre-activation 4 

Pre-activation of MSCs was carried out using three pro-inflammatory cytokines (IFN-5 

γ, TNF-α and IL-1β) (All Peprotech) and one anti-inflammatory cytokine (TGF-β) 6 

(Bio-Techne). All cytokines were used at 50ng/ml. MSCs were seeded at 50,000 7 

cells/ml in a T175 in 20ml of MSC medium. The cells were given 24 hrs to adhere in 8 

either hypoxic or normoxic conditions, depending on the experiment. After this 9 

incubation time, pro-inflammatory cytokines were added alone or in combination 10 

(figure 2.4). TGF-β was only added alone. After addition of the cytokine, the MSCs 11 

were incubated for 72 in hypoxia or normoxia. The cells were then washed twice with 12 

10ml of PBS. 5ml of trypsin was added and the cells were incubated for 5 mins at 13 

37oC. Trypsin was neutralised by adding 10ml of FBS containing medium. The MSCs 14 

were then washed twice in PBS and counted before used in subsequent experiments. 15 

16 

Figure 2.4 Protocol for MSC pre-activation.  17 

2.6 In vitro Assays 18 

2.6.1 Enzyme-linked Immunosorbent Assay (ELISA) 19 

Supernatants from various in vitro assays and mixed lymphocyte reaction experiments 20 

were analysed using Ready-SET-Go! ® ELISA kits (Affymetrix-eBioscience). Nunc 21 

MaxiSorp™ 96-well flat-bottom plates (ThermoFisher Scientific) were coated with 22 

50μl/well of capture antibody diluted in coating buffer (according to manufacturer’s 23 
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instructions), sealed and incubated overnight at 4oC. The plate was then aspirated and 1 

washed (175μl) 3 times in ELISA wash buffer (1 x PBS with 0.05% Tween-20) with 2 

time given for soaking (1 minute) between washes. The plate was then blotted on tissue 3 

paper to remove any residual buffer. Once the buffer was removed, the plates were 4 

blocked with ELISA diluent (according to manufacturer’s instructions) for 1 hour at 5 

room temperature. The plate was then aspirated and washed once in ELISA wash 6 

buffer. The standards were diluted in ELISA diluent according to manufacturer’s 7 

instructions and 50μl was put into the appropriate wells. 2-fold serial dilutions were 8 

performed of the top standards to make the standard curve for a total of 8 points. 50μl 9 

of test sample was added to the appropriate wells. The plate was sealed and left at 4oC 10 

overnight to insure maximal sensitivity. The plate was then aspirated and washed 11 

(175μl) 5 times in ELISA wash buffer. 50μl of detection antibody (diluted according 12 

to manufacturer’s instructions) was added to the wells and incubated at room 13 

temperature for 1 hour. The plate was then aspirated and washed (175μl) 5 times in 14 

ELISA wash buffer. 50μl of Avidin-Horse radish peroxidase was added to the wells 15 

and was incubated at room temperature for 30 minutes. The plate was then aspirated 16 

and washed (175μl) 5 times in ELISA wash buffer, in this step the wells were allowed 17 

soak for 2 minutes between washes. 50μl of Tetramethylbenzidine substrate solution 18 

was added to each well and the plate was incubated at room temperature for 15 19 

minutes. 50μl of 2N sulfuric acid was added after the 15 minutes to stop the reaction. 20 

The plate was then read at 450 and 570nm on a Wallac 1420 plate reader (Perkin 21 

Elmer).    22 

2.6.2 Griess Assay 23 

A Griess assay was used to quantify the nitric oxide levels in cell culture supernatants. 24 

2μl of Griess assay standard was added to 998μl of appropriate cell culture medium to 25 

create a 100μM which served as the 1st standard. Six 2-fold serial dilutions of 1st 26 

standard in appropriate cell culture media was carried out to create standards and cell 27 

culture media alone served as a blank. 100μl of standard or sample was added to each 28 

well of a 96-well flat bottom plate. Griess Solution A and Griess Solution B were 29 

mixed at a ratio of 1:1 to make up Griess assay working solution. 100μl of Griess assay 30 

working solution was added to wells of 96-well plate. The absorbance was read at 31 

540nm on a plate reader. 32 
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2.6.3 DQ OVA Assay 1 

Cells from various in vitro assays and sources were seeded in a 96-well round bottom 2 

plate at a concentration of 1x105 cells/250μl in appropriate cell culture medium. DQ 3 

OVA (Molecular Probes, Invitrogen) was added to the cells at a final concentration of 4 

50μg/ml. Cells were collected at various time points. The cells were washed in PBS 5 

and resuspended in FACS buffer for flow cytometry analysis.   6 

2.6.4 RNA-isolation and RT-PCR  7 

RNA was exacted from iDCs, tDCs, mDCs, and ntDCs on day 10 using Bioline Isolate 8 

II RNA mini kits according to manufacturer’s protocols. All cDNA was produced 9 

using RevertAidTM H Minus Reverse Transcriptase (ThermoFisher Scientific) with 10 

random primers. For primer sequences of, GAPDH, TNF-α, IL-12p40, iNOS IL-10, 11 

IDO, IL-6, and IL-1β see Table 2.4. All samples were normalized to expression of the 12 

house-keeping gene GAPDH and made relative to iDCs. All quantitative real-time 13 

PCR was performed according to the standard program using a real-time PCR system 14 

(StepOne Plus, Applied Biosystems, ThermoFisher Scientific).   15 

16 
Table 2.4 Forward and reverse primer information for rat RT-PCR 17 
 18 

2.6.5 T Lymphocyte Co-Cultures  19 

2.6.5.1 Suppression Assays 20 

On the morning of the assay, lymph nodes and spleens were harvested from animals 21 

and single cell suspensions were obtained by mechanical disruption of the tissue. This 22 

was achieved by passing it through a 40µm cell strainer in RPMI 1640 (Fisher-Lonza) 23 

supplemented with 10% FBS (Sigma), 1% sodium pyruvate, 1% non-essential amino 24 

acids, L-glutamine, 1% penicillin/streptomycin (all Sigma) and 0.01% β-25 
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mercaptoethanol. Lymphocyte proliferation was assayed by staining the cells with 1 

CellTraceTM Violet (CTV) (Invitrogen) according to manufacturer’s instructions.  2 

Lymphocytes (1x106) were stained with 1µl of CTV in 1ml of PBS for 20 minutes in 3 

the dark with gentle agitation every 5 minutes. The staining process was terminated 4 

by adding 4mls of FBS containing culture medium. The FBS will soak up any 5 

remaining CTV in the solution. The lymphocytes were then washed twice in PBS. 6 

Lymphocytes were then activated using CD3/CD28 Mouse T-Activator Dynabeads® 7 

(Life Technologies). 2x105 CTV stained lymphocytes were placed into well of a 96-8 

well round bottom plate. MSCs or DCs were placed into the wells at different ratios 9 

(1:10, 1:20, 1:50, 1:100) and the culture was placed into an incubator for 3/4 days at 10 

37 °C following which T-cell proliferation and activation were assayed by flow 11 

cytometry. Anti-CD3/CD28 bead stimulated T cells alone served as positive controls 12 

in all T cells immunosuppression assays and unstimulated T cells in the absence of 13 

anti-CD3/CD28 beads served as negative controls.  14 

2.6.5.2 Immunogenicity Assays 15 

Lymphocytes were isolated from the spleen and lymph nodes of LEW rats. 16 

Lymphocytes were washed with phosphate-buffered saline and stained in pre-warmed 17 

(37°C) CellTraceTM Violet (CTV) phosphate-buffered saline staining solution 18 

(Invitrogen) as per manufacturer’s instructions. For positive controls 2×105 CTV-19 

stained lymphocytes were stimulated at a 1:1 ratio with anti-rCD3/anti-rCD28-labeled 20 

beads in supplemented RPMI 1640 media. Test wells did not receive anti-rCD3/anti-21 

rCD28-labeled beads. Assays were incubated at various BMDC: T-cell ratios in a 22 

humidified incubator for 4/5 days at 37 °C following which T-cell proliferation and 23 

activation were assayed by flow cytometry (mAbs CD3-PE, CD4-APC and CD8α-PE-24 

Cy7; Biolegend). T-cell proliferation, activation, and differentiation were analysed 25 

using a FACS Canto II. 26 

2.6.5.3 Inhibitor Co-Cultures 27 

For SMAD 2 inhibition, SB431542 (Cell Signalling, #14775S) was used at 10 μM two 28 

hours prior to treatment with TGF-β. To inhibit CD73 activity Adenosine 5′-(α, β-29 

methylene) diphosphate (AMP) (Sigma M3763) was added to T lymphocyte co-30 

cultures at a final concentration of 100 µM. The selective EP1 antagonist (SC-51322) 31 

and selective EP4 antagonist (L-161,982) (Both Cayman Chemicals, Ann Arbor, MI, 32 

USA) were used in T lymphocyte to assay the importance of EP/PGE2 signalling. The 33 
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EP1 antagonist was used at a final concentration of 1mM and the EP4 antagonist was 1 

used at a final concentration of 1mM.  2 

2.6.5.3 Analysis of Proliferation and Activation 3 

After the incubation period, medium was removed from the wells and stored at -80oC 4 

for further analysis. The cells were washed twice in FACs buffer (PBS supplemented 5 

with 1% FBS and 0.05% sodium azide). Cells were incubated with CD8a-APC 6 

(Biolegend) or CD4-PE-Cy7 (Biolegend) for 10 minutes at 4oC. Cells were washed 7 

twice in FACS buffer and proliferation was measured using a FACSCanto® II 8 

cytometer (Becton Dickinson).  Data was analysed using FlowJo® v10 software 9 

(TreeStar Inc.). 10 

2.7 Flow Cytometry 11 

2.7.1 General Cell Surface Antigen Staining 12 

Cells were prepared for flow cytometry as follows. Cells were washed and trypsinised 13 

or were isolated from tissue and resuspended in a single cell suspension of FACs 14 

buffer. Cells were counted and seeded in a 96-well V-bottom plate. Cells were then 15 

centrifuged at 800 x g (lymphocytes, splenocytes and lung tissue) or 400 x g (all other 16 

cells) or for 5 minutes. Surface molecules were stained with flow cytometry antibodies 17 

for 15 minutes at 4°C in 50μl FACS buffer. Cells were washed with FACS buffer three 18 

times and resuspended in 100μl of FACS buffer and transferred to a FACS tube for 19 

analysis. For lectin couple flow cytometry, the lectins listed in table 2.10 were 20 

biotinylated. PE or APC tagged streptavidin was used as secondary antibodies to allow 21 

visualization by flow cytometry.   22 

2.7.2 Viability Staining 23 

Cells were first prepared as described in section 2.7.1. Once resuspended in 100μl of 24 

FACS buffer, viability dyes such as SYTOX blue or SYTOX AADvanced was added. 25 

The FACS tube was vortexed and cells incubated at 4°C for 20 minutes in the dark 26 

prior to analysis by flow cytometry. Cells were incubated with a 1% bleach solution 27 

as a positive control for cell death. 28 

2.7.3 Intracellular Cytokine Staining for Flow Cytometry  29 

Brefeldin A (0.6µg/ml) was added to the culture 6 hours before harvesting the cells. 30 

This stops the secretion of the cytokines into the supernatant. Following this 31 
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incubation period, the cells were harvested and centrifuged at 400 x g for 5 minutes. 1 

The supernatant was carefully removed from the cells and stored at -80oC for further 2 

analysis. If surface stains were being used in combination with intracellular stains they 3 

were added at this point, following the protocol described in section 2.7.1. After 4 

surface staining the cells are washed 3 times. 100µl paraformaldehyde (2%) was added 5 

to the cells for 10 minutes to fix the cells. Cells were washed three times with 100µl 6 

of FACs buffer and centrifuged at 400 x g for 5 minutes. The supernatant was carefully 7 

discarded using a pipette and 100ul of permeabilization buffer (0.5% Saponin in 1% 8 

BSA/PBS) was added along with the intracellular antibody of interest or an isotype 9 

control.  Following 15 minutes of incubation in the dark at room temperature the cells 10 

are washed 3 times in FACs buffer and centrifuged again at 400 x g. The cells were 11 

then resuspended in 100µl of FACs buffer and ran on a FACSCanto® II cytometer 12 

(Becton Dickinson).  13 

2.7.4 Flow Cytometry Analysis of Mouse Tissue  14 

Several polychromatic flow cytometry panels were used to identify immune cell 15 

populations of interest. After the cells were prepared as discussed in section 2.10.5 the 16 

cells were staining according to section 2.7.1 with the following panels (Table 2.9). 17 

 18 
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Table 2.9 Flow cytometry panels used in immune cell distribution experiments. All antibodies 1 

were purchased from Biolegend™.  2 

2.8 Rat BMDC Lectin Micro-Array Profiling 3 

2.8.1 Membrane protein extraction and labelling 4 

Membrane proteins were extracted from iDCs, tDCs, niDCs and ntDCs using a 5 

commercial protein extraction kit (Mem-Per®, Thermo Fisher Scientific). Proteins 6 

recovered from 106 cells were labelled with 100 µg (10 mg/mL in DMSO) Alexa 7 

Fluor® succinimidyl ester 555 dye (Thermo Fisher Scientific) as per the 8 

manufacturer’s instructions. Labelled protein was separated from unconjugated dye 9 

with Bio-Gel® P6 (Bio-Rad Laboratories, Dublin, Ireland).  10 

2.8.2 Lectin microarray construction and sample interrogation 11 

Lectin microarrays were constructed essentially as described previously in [270].  12 

Forty-four lectins (see table 2.5) sourced from multiple vendors were diluted to 0.5 13 

mg/mL in PBS supplemented with 1 mM of respective haptenic sugar to maintain 14 

binding site integrity (see table 2.5) and printed on Nexterion® H (Schott, Mainz, 15 

Germany) functionalized glass substrates using a sciFLEXARRAYER S3 non-contact 16 

spotter (Scienion, Berlin, Germany). During printing, relative humidity and 17 

CD4+ T Cells CD8+ T Cells

Antigen Fluorochrome Catalog Number Antigen Fluorochrome Catalog Number 

CD3 FITC 100204 CD3 FITC 100204

CD69 PE 104508 CD69 PE 104508

Sytox PerCP S10349 Sytox PerCP S10349

CD44 PE-CY7 103030 CD44 PE-CY7 103030

CD4 APC 100412 CD8 APC 100712

CD25 BV421 102034 CD25 BV421 102034

CD62L BV410 104441 CD62L BV410 104441

FoxP3 GFP N/A

TH T Cell Subset B Cells

Antigen Fluorochrome Catalog Number Antigen Fluorochrome Catalog Number 

CD3 FITC 100204 CD19 FITC 152404

CCR6 PE 129804 CD5 PE 100608

CD4 PE-CY7 100422 CD24 PE-CY7 101822

CCR4 APC 131212 CD45.2 APC 109814

CXCR3 BV421 126522 Sytox PerCP S10349

Sytox PerCp S10349

Neutrophils/NK Cells Antigen Presenting Cells

Antigen Fluorochrome Catalog Number Antigen Fluorochrome Catalog Number 

GR1 PE 108408 CD11b FITC 108910

CD49b PE-Cy7 108922 CD11c FITC 117306

CD115 BV410 135513 MHC I PE-CY7

Sytox PerCP S10349 MHC II APC-Strep 115003

CD86 BV421 104726

CD80 BV510 105040

CD69 PE 104508

Sytox PerCP S10349
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temperature were maintained at 62% (+/- 2%) and 20 °C, respectively. Following 1 

printing, slides were incubated in a humidity chamber overnight at 20 °C to ensure 2 

completion of covalent conjugation. Unoccupied functional groups were deactivated 3 

by 1 h incubation with 100 mM ethanolamine in 50 mM sodium borate, pH 8. Finished 4 

slides were washed with PBS with 0.05% Tween-20 (PBS-T) three times for 3 min 5 

and once with PBS for 3 min, centrifuged dry (450 x g, 5 min), and stored at 4 °C with 6 

desiccant until use. 7 

Labelled cellular proteins were incubated with finished microarrays following 8 

extensive optimization as described in [270]. All processes were carried out with 9 

limited light exposure. Samples were applied to microarrays using an eight-well gasket 10 

slide and incubation cassette system (Agilent Technologies, Cork, Ireland). 70 μL of 11 

each labelled glycoprotein at 0.5 mg/mL, in incubation buffer (TBS-T; Tris-buffered 12 

saline (TBS; 20 mM Tris-HCl, 100 mM NaCl, pH 7.2, supplemented with 1 mM CaCl2 13 

and 1 mM MgCl2) with 0.05% Tween®-20), was applied to each well of the gasket. 14 

A total of 18 technical replicates were carried out for iDC and tDC profiling 15 

(encompassing samples of 5 biological replicates). Each microarray slide was loaded 16 

into a cassette with an accompanying gasket slide and placed in a rotating incubation 17 

oven (23 °C, approximately 4 rpm) for 1 h. Incubation cassettes were disassembled 18 

under TBS-T, and microarrays were washed in a Coplin jar twice in TBS-T for 2 min 19 

each and once with TBS for 2 min. Microarrays were dried by centrifugation (450 x 20 

g) and imaged immediately using an Agilent G2505B microarray scanner at 5 μm 21 

resolution (532 nm laser, 100% laser power, 90% PMT). 22 

2.8.3 Microarray data extraction and analysis 23 

Data extraction and analysis was performed essentially as previously described [270, 24 

271]. In brief, raw intensity values were extracted from high-resolution *.tif files using 25 

GenePix Pro v6.1.0.4 (Molecular Devices, Berkshire, UK) and a proprietary *.gal file 26 

(containing feature spot addresses and identities) using adaptive diameter (70–130%) 27 

circular alignment based on 230 mm features. Numerical data were exported as text to 28 

Excel (Version 2010, Microsoft, Dublin, Ireland). Local background-corrected median 29 

feature intensity data (F543median-B543) was analysed. The median value, derived 30 

from data from six replicate spots per subarray, was handled as a single data point for 31 

graphical and statistical analyses.  32 
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Lectin microarray intensity values were normalized to the median total intensity value 1 

for all features across all subarrays. The significance of difference between relative 2 

intensity data (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was evaluated for 3 

each set of replicates on a lectin-by-lectin basis using a standard Student’s t-test (two-4 

tailed, two sample unequal variance). Unsupervised, hierarchical clustering of lectin 5 

binding data was performed with Hierarchical Clustering Explorer v3.0 6 

(http://www.cs.umd.edu/hcil/hce/hce3.html). For clustering analysis, previously 7 

normalized data was imported directly and clustered with the following parameters: 8 

no pre-filtering, complete linkage, Euclidean distance. Principal component analysis 9 

(PrCA) of previously normalized and pre-filtered data (those lectins which 10 

demonstrated p < 0.01 or better in the above t-tests, 15 in total) was performed using 11 

Minitab version 16.1.1 (Minitab, Inc., State College, PA, USA). 12 

 13 

 14 

 15 

 16 
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Table 2.10 Table listing the common names, abbreviations, origins and major ligands of the lectins used in iDC and tDC lectin microarray 
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2.9 Mouse MSC RNA Sequencing 

2.9.1 Preparing cells for RNA Sequencing 

MSCs were plated at 1x105 cells per well of a 6 well plate and placed into an incubator 

at 37oC. The cells were given 24 hours to adhere to the wells and to recover. After this 

period, TNF-α, IL-1β or TGF-β was added to the MSCs at 50ng/ml. The MSCs were 

incubated with the cytokines for 72 hours. After this time period, the cells were 

scraped off the bottom of the wells and lysed using lysis buffer from the Bioline Isolate 

II RNA mini kits (Qiagen) according to manufacturer’s protocols. RNA was then 

extracted according to manufacturer’s instructions and stored at -80oC until shipping. 

2.9.2 Experiment Workflow 

RNA Sequencing (RNASeq) was performed on several MSC groups that were either 

untreated, pro-inflammatory cytokine treated or TGF-β MSC treated (Table 2.9). 

Group Name Samples in Group 

MSC MSC1/MSC2/MSC3 

TGF-β MSC 

TGF-β MSC1/TGF-β MSC2/TGF-β 

MSC3 

TNF-α MSC 

TNF-α MSC 1/ TNF-α MSC2/ TNF-α 

MSC3 

TNF-α + IL-1β MSC 

TNF-α + IL-1β MSCs 1/TNF-α + IL-1β 

MSCs 2/TNF-α + IL-1β MSCs 3 

Table 2.11 RNASeq group information.  

RNASeq was carried out by the sequencing company ArrayStarTM. Briefly, total RNA 

samples were quantified using a Nanodrop and qualified by agarose gel 

electrophoresis. The mRNA was then enriched by oligo(dT) magnetic beads or the 

total RNA was depleted of rRNAs by rRNA removal kits if the RNA sample was 

degraded. ArrayStarTM. used Illumina kits for the RNA-seq library preparation, which 

included procedures of RNA fragmentation, random hexamer primed first strand 

cDNA synthesis, dUTP based second strand cDNA synthesis, end-repairing, A-tailing, 

adaptor ligation and library PCR amplification. Finally, they prepared RNA-seq 

libraries by using the Agilent 2100 Bioanalyzer and the samples were quantified by 
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the qPCR absolute quantification method. The sequencing was performed using 

Illumina Hiseq 4000. 

2.10 Development and Optimisation of Corneal 

Transplantation in Mice 

2.10.1 Mouse corneal transplantation 

A fully allogeneic major histocompatibility complex class I/II disparate mouse model 

of corneal transplantation was established for these studies (figure 2.5). Female 

BALB/c C.Cg-Foxp3tm2Tch/J mice served as recipients of female C57BL/6J grafts 

leading to approximately 68% rejection in untreated animals (32% spontaneous 

acceptance). All animals were 8-14 weeks old, sourced from Envigo and were housed 

in a specific pathogen-free facility and fed a standard chow diet.  

2.10.2 Surgical procedure 

All animal surgeries were performed by a fully trained and qualified surgeon. For 

induction, animals were placed in an anaesthesia box connected to an isoflurane 

vaporizer and pre-filled with a mixture of oxygen and isoflurane (5% anaesthetic in 2 

L/min medical oxygen). For surgical anaesthesia, a mixture of ketamine (90mg/kg) 

and xylazine (7.5mg/kg) was injected intraperitoneal under isoflurane anaesthesia. 

Deep anaesthesia was achieved when limb withdrawal and eye reflexes were 

abolished. Depth of anaesthesia was monitored by the breathing pattern of the animals. 

Donor animals were humanely euthanised by CO2 asphyxiation and corneas were 

excised using a 2 mm trephine and a small angled scissors. Recipient animals were 

transferred to a heated operating table which maintained a body temperature of 37oC 

during the surgery. Tetracaine drops were administered along with pupil dilating 

drops. The recipient graft bed was prepared by marking the central cornea with a 1.5 

mm trephine followed by excision of the corneal tissue using a small angled scissors. 

The donor cornea was then sutured onto the recipient eye with a continuous looped 

suture. The recipient eye was kept moist throughout the surgery using sterile saline. 

Once the graft was in place and sutured, Atropine drops and antibiotic ointment 

containing chloramphenicol were applied to the ocular surface. The eyelids were 

sutured closed to prevent the animals from scratching the graft. These were removed 

two days after the surgery. Following surgery, transplanted animals were placed in 
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clean cages, on heating pads. Animals remained in the recovery cage until fully awake, 

which was determined by observing normal inquisitive behaviour. 

 

Figure 2.5 Schematic of mouse corneal transplantation and injection strategy. 

2.10.3 Post-operative monitoring of transplanted animals  

Post-surgery animals were anaesthetised and inspected under an operating microscope 

every 2/3 day and the status of the graft was assessed. Corneal opacification, oedema 

and progression of neovascularisation was recorded, and images were taken. Animals 

with surgical complications were excluded from the study and euthanized by CO2 

inhalation. Graft transparency was used as the primary indicator of rejection and this 

was evaluated every 2/3 days and graded on a scale of 0-3 (Figure 2.6). 

Neovascularization was also evaluated and calculated based on the number of 

quaternary segments of donor corneas in which the vessels were present and scored 

between 0 and 4 (Figure 2.7), with 4 indicating that there were blood vessels present 

in all 4 segments. Grafts were considered rejected if they had an opacity scoring of 2 

or above. 
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Figure 2.6. Corneal opacity grading. 

 

 
Figure 2.7 Neovascularization scoring. 

 

2.10.4 Intravenous administration of MSCs  

MSCs were isolated and expanded from BALB/c mice as described in Section 2.3.1 

and where appropriate were pre-activated with either pro-inflammatory cytokines 

TNF-α and IL-1β or TGF-β as described in Section 2.5.4. MSCs were washed in DPBS 

(x3) and filtered through a 40μm filter before administration. Mice were given some 

time to relax after taking them out of their cages and then were placed into a cylindrical 

restraining devise. 1x106 cells in 100µl of PBS were injected i.v. through the lateral 

tail vein using a 30.5G needle. Mice were monitored for 25-30 minutes before 

returning them back to their cages.  
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2.10.5 Isolation of Mouse Tissues for Analysis 

Mice were humanely sacrificed by CO2
 asphyxiation followed by cervical dislocation. 

The ipsilateral submandibular lymph node was excised by first spraying the fur of the 

mouse with 70% ethanol and then cutting away the fur and making an incision along 

the length of the neck. Once submandibular lymph node was identified, it was grasped 

with a forceps and the fat was cut away with a scissors as previous described by us 

[265] and others [272]. The lymph node was stored in DPBS in a 15ml tube at 4°C. 

To isolate the spleen, again the body of the mouse was sprayed with 70% ethanol and 

the fur was cut away on the left side of the body. Then an incision was made on the 

left side of the body midway between the front and back legs. The spleen was 

identified by its deep red colour and district shape, using some scissors and forceps 

the adjacent fat was cut away. The spleen was stored in PBS in a 15ml tube at 4°C. To 

isolate and harvest the lung, the skin was removed from the chest cavity. An incision 

was made to open the body cavity at the bottom of the rib cage. The rib cage was cut 

on the left and right side of the body up towards the shoulder to expose the lungs and 

heart. Holding the trachea with some forceps the tissue connecting the lung to the 

diaphragm was cut away. The blood vessels and connecting tissue between the heart 

and lung were removed and the lung was excised. The lung was stored in a 50ml tube 

at 4°C. 

Single cell suspensions of the lymph node and spleen were easily generated by passing 

the organs through a 40µm cell strainer. The lung needs to be enzymatically digested 

first before passing through a cell strainer. The lung was cut into 1mm pieces in a petri 

dish using some forceps and a scalpel. The remnants of the trachea and bronchioles 

were removed with the help of some forceps and a scalpel. The 1mm pieces were 

washed in at least 3mls of Hank’s Balanced Salt Solution (HBSS). The lung is then 

placed into a 15ml tube in 3mls of HBSS and collagenase IV was added to the tube to 

a final concentration of 200U/ml. DNase I was also added to a final concentration of 

200U/ml. The tube was incubated at 37°C for 2 hours at 150rpm. After this incubation 

the lung, like the spleen and lymph node is passed through a 40μm filter with a 1ml 

syringe plunger in 5mls of DPBS and stored on ice. The single cell suspensions are 

then centrifuged at 800 x g for 5 minutes. The red blood cells in both the lung and 

spleen suspensions were lysed using ACK buffer for 5 minutes on ice. After the lysis, 

the cells in all suspensions were counted and seeded in the wells of a 96-well plate for 
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flow cytometry staining as described in section 2.7.4. Remaining cell suspension was 

centrifuged, and the supernatant removed, and the pellets stored at -80°C for RNA 

isolation followed by RT-PCR analysis as described in section 2.6.4. 

Material Supplier Code Manufacturer/Supplier 

Vannas scissors: 8 cm, 

45°angle 

500260 World Precision 

Instruments 

Dumont #7 curved student 

forceps 

91197-00 World Precision 

Instruments 

Iris scissors 500216 World Precision 

Instruments 

Iris forceps 15915 World Precision 

Instruments 

Colibri forceps w/ needle 

holder 

G-18950 Geuder AG, Germany 

3 mm Elliot trephine custom made Geuder AG, Germany 

2.5 mm Elliot trephine G-17155 Geuder AG, Germany 

toothed forceps; model 

Bonn; tip width 0.3mm 

11084-07 Fine Science Tools, UK 

Halsey micro needle 

holder 

12075-14 Fine Science Tools, UK 

suture tying forceps 18025-10 Fine Science Tools, UK 

10-0 ETHILON polyamid 

monofilament suture 

W1770 Ethicon, UK 

6-0 Coated Vicryl W9752 Ethicon, UK 

BD Visispear, eye sponges 581089 BD Biosciences, UK 

 Ophthalmic Surgery 

Pharmaceuticals 

 

1% Atropine single dose 

units 

 Chauvin 

Pharmaceuticals 

1% Tropicamide single 

dose units 

 Chauvin 

Pharmaceuticals 



Chapter Two 

 

60 

 

2.5% Phenylephrine single 

dose units 

 Chauvin 

Pharmaceuticals 

1% Tertacaine single dose 

units 

 Chauvin 

Pharmaceuticals 

Chloramphenicol 

antibiotic ointment 

  

Balance salt solution 

(BSS®) 

0065082650 Alcon, UK 

Isoflurane   

Medical oxygen  BOC Gases, Ireland 

Table 2.12. Surgical Materials.  

2.8 Statistical Analysis 

All statistical analysis was performed using GraphPad Prism software (La Jolla, USA). 

Data was presented as mean ± SEM. Student’s t test (paired/unpaired) one/two tailed 

was used for direct comparison between two samples in vitro. One-way ANOVA was 

used for multiple comparison tests both in vitro and in vivo followed by Tukey’s post-

test. In vivo data was confirmed to come from a Gaussian distribution by applying the 

Kolmogorov-Smirnov test for normality. Kaplan-Meier survival analysis was used for 

analysis of allograft survival and log-rank (Mantel Cox) test applied. Significance was 

denoted as: *p≤0.05, **p≤0.01 and ***p≤0.001. 
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3.0 Chapter Experimental Design 

 

 

Schematic overview of chapter experimental design | A schematic presenting the sequence 

and progression of experiments described in this chapter.   
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3.1 Introduction  

Dendritic cells (DCs) are professional antigen presenting cells which are a component 

of the innate immune system which induce adaptive immune responses [273]. DCs 

were first described by Steinman and Cohn in 1973 [128] and were subsequently 

identified to be potent activators of the immune system when employed in mixed 

lymphocyte reactions (MLRs) [274]. DCs are a heterogeneous population classified in 

different subsets dependent on the origin [275]. DCs have been extensively 

investigated for potential use as a cellular therapy due to their ability to maintain 

peripheral tolerance, which is of importance in the field of transplantation and 

autoimmunity. Since mature DCs are potent activators of the T-cell responses, 

pharmacological approaches have been used to maintain DCs in a maturation resistant 

state [276-278]. The glucocorticoid dexamethasone (Dexa) has been widely used in 

this context [279-282]. Glucocorticoids are potent immunosuppressive drugs that are 

used in clinical regimens to treat both Th1 and Th2 mediated inflammatory diseases 

including allograft rejection [283]. Dexa is known to exert potent effects on many 

immune cells including DCs [169, 279]. It has been consistently described in the 

literature that Dexa has inhibitory effects on the development of immature DCs (iDCs) 

[276, 279, 283, 284] and that it also impairs LPS (TLR4) stimulation of DCs which 

would otherwise lead to their maturation (mDCs) [285-287]. In addition to this, Dexa 

treated DCs have a reduced capacity to activate naïve T lymphocytes by interfering 

with Signals 1-3 important for T-cell activation [287].  

In the context of transplantation, pre-clinical experiments suggested the potential 

therapeutic use of both donor and recipient derived tolerogenic dendritic cells to 

prevent organ graft rejection [288]. In a rat model, we have recently shown that pre-

treatment of donor DCs with Dexa ex-vivo prevents the maturation of DCs and 

prolongs rat corneal allograft survival upon injection in corneal transplant recipients 

[169]. However, the mechanisms of how tolerogenic dendritic cells engage with other 

immune cells and exert their immunomodulatory effects are not completely 

understood. Despite this, tolerogenic dendritic cells have been already tested in 

humans suffering from various diseases. As of this writing, there are currently 8 

tolerogenic DC cell therapies listed in Phase I/II clinical trials for treatment of 

autoimmune disease and graft rejection (clinicaltrials.gov. April 2017, search for key 
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words tolerogenic dendritic cells) which highlights the importance and urgency of 

understanding the mechanisms associated with the therapeutic effect.   

Glycosylation is one of the most vital and frequent forms of post-translational 

modification and is involved in the function of many immune associated molecules. 

Some of the functions of glycosylation include, but are not limited to, protein folding 

and molecular trafficking to the cell surface [171-173, 289, 290]. Glycosylation has 

also been implicated in the stability of proteins and protection from proteolysis [174]. 

All immune cells are coated by a glycocalyx composed of a complex assortment of 

oligosaccharides (glycans), of which one frequent terminal component is sialic acid 

(Sia). Sias are a broad family of negatively-charged, 9-carbon monosaccharides that 

are exposed to the cellular microenvironment and are involved in communication and 

in cellular defence [175]. It has been reported that a typical somatic cell surface 

presents millions of Sia molecules [291] and also that they have long been noted to be 

important in immune cell behaviour [292]. It has been suggested that Sias can play 

important roles in both acting as a recognisable molecule for cellular interactions but 

also as a biological shield preventing receptors on cells recognising their ligands [144]. 

Large amounts of Sias on the cell surface of immune cells will result in an overall 

negative charge, which can have biophysical effects, such as the repulsion of cells 

from each other and subsequently  disrupting  cellular interactions [176].  

Since immune cell interactions form the basis of immune responses, glycosylation is 

therefore likely to play a major role in dictating these responses. However, there is a 

significant knowledge gap as to how glycosylation modulates immune responses. 

Currently little information exists on how DC glycosylation patterns change after 

Dexa treatment. In this chapter we present a comprehensive profile of bone marrow 

derived dendritic cells (BMDCs), examining their cell surface glycosylation before 

and after Dexa treatment as resolved by both lectin microarrays and lectin-coupled 

flow cytometry.  

In this work, the composition of the glycocalyx of both iDCs and tDCs was altered 

using neuraminidase (sialidase) treatment and the functional consequences in 

immunogenicity and inhibition of T-cell proliferation were observed. We show that 

Sia is upregulated on tDCs contributing to the tolerogenic state of tDCs. However, 

removal of Sia leads to increased stimulatory activity of iDCs leading to enhanced T-
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cell activation and proliferation. These findings have important implications in 

strategies aimed at increasing tolerogenicity where it is advantageous to reduce 

immune activation over prolonged periods. These findings are also relevant in 

therapeutic strategies aimed at increasing the immunogenicity of cells, for example, in 

the context tumour specific immunotherapies. 

3.2 Hypothesis and Objectives 

3.2.1 Hypothesis 

iDCs and tDCs have significant differences in glycosylation profiles and that these 

differences have a role to play in their therapeutic benefits. If we were to have a better 

understanding of the relationship between glycosylation and therapeutic efficacy, we 

could modulate cells in such a way as to exploit this, leading to a more efficacious cell 

therapy.     

3.2.2 Objectives 

• Profile iDCs and tDCs and to characterise them functionally in immune assays. 

• Analyse the differences in glycosylation between iDCs and tDCs. 

• After identification of the key changes in glycosylation, modulate the more 

significantly important glycans and study the functional consequences. 
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3.3 Results 

3.3.1 Isolation, ex vivo Generation and Characterisation of iDCs 

To generate iDCs, bone marrow was flushed from the long bones of the tibia and femur 

of DA rats and cultured in medium supplemented with GM-CSF, IL-4 and Dexa (for 

tDCs) as required (Figure 3.1A). This method of differentiation is well established 

and has been used by us [169] in the past and by others [293, 294]. By day 4, cell 

aggregates are visible and by day 8 these aggregates have grown considerably in size 

(Figure 3.1B). On day 10, iDCs were analysed by flow cytometry by gating according 

to size and granularity, followed by live/dead discrimination based on Sytox negative 

cells (live). After single cell selection, cells were selected by CD11b/c (APC) and 

CD45 (FITC) positivity (Figure 3.1C). The positivity of the classical DC markers 

expressed by iDCs were examined; these included lymphocyte common antigen 

CD45, antigen presentation molecules MHCI and MHC II, co-stimulatory molecules 

CD80 and CD86 and phagocytosis associated CD47 and SIRPα (Figure 3.1D). HIS36, 

a macrophage marker was also used to assess the level of contaminating macrophages 

(Figure 3.1D). HIS36 was very lowly expressed on the iDC preparations indicating a very 

pure iDC population [295, 296]. 

3.3.2 Generation and Characterisation of Tolerogenic DCs (tDCs) and 

Stimulated DCs (mDCs). 

Dexa treatment of iDCs is reported to generate tolerogenic DCs (tDCs) [297]. iDCs 

were supplemented with Dexa on day 5 and day 7 to generate tDCs as described 

(Figure 3.1A). As Dexa has been consistently described in the literature to have 

inhibitory effects on the development of immature DCs and that it also impairs LPS 

(TLR4) stimulation of DCs which would otherwise lead to their maturation (mDCs), 

iDCs and tDCs were stimulated with LPS (10ng/ml) on Day 9. tDC generation did not 

result in any significant changes in cell size (Figure 3.2(i)) but the number of cells 

harvested from wells that were treated with Dexa was significantly lower than that of 

wells that were Dexa-free (Figure 3.2(ii)). This may be due to Dexa induced apoptosis 

of the DCs, which has been reported by other groups [298]. While lower numbers of 

cells were obtained from tDC wells, after harvesting and washing of the cells no 

significant changes in viability was noted (Figure 3.2(iii)). 
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Figure 3.1 Isolation, generation and characterisation of immature DCs (iDCs). | (A) Bone 

marrow was flushed from the femur and tibia of 8-14-week-old DA rats and cultured in IL-4 
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and GM-CSF culture media for 10 days. (B) Brightfield microscopy images of iDC culture on 

day 10 (C) Representative gating strategy. Cells were selected according to size and 

granularity, followed by live/dead discrimination based on Sytox negative cells (live). After 

single cell selection, cells were selected by CD11b/c (APC) and CD45 (FITC) positivity. (D) 

Representative flow cytometry analysis histograms for the cell surface expression (Black = 

control (unstained cells), mustard = iDCs) of MHCI, MHC II, CD80, CD86, CD47, SIRPα 

and HIS36. (n=3).  

 

 
Figure 3.2 Effect of tDC generation on morphology, yield and viability. | Changes in cell 

size (n=3) (i), the number of cells harvested (n=8) (ii) and viability of iDCs to tDCs (n=4) (iii) 

was compared. Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001 one-

way ANOVA, Tukey’s multiple comparisons test 

We also analysed the expression levels of the costimulatory molecules CD80/CD86 

and the major histocompatibility complex class I and II molecules (MHCI/II) as an 

indicator of the maturation status of generated iDCs and tDCs (Figure 3.3A). The 

expression levels of CD80, CD86, MHC I, and MHC II indicate that the iDCs display 

a semi-mature phenotype. However, when the cells were treated with Dexa, a 

significant reduction in the expression level of MHC II was observed with no changes 

in MHC I (Figure 3.3A). To mature iDCs or tDC in vitro, LPS was added to the 

cultures (10 ng/mL) for 24h. A significant increase in both CD80/CD86, MHC I and 

MHC II as noted. However, tDCs following LPS treatment showed significantly 

reduced expression levels of CD80/CD86 and MHC I/II molecules compared to 

stimulated iDCs indicating a phenotype that is maturation resistant. iDC and tDC 

populations were also assessed for expression of pro- and anti-inflammatory markers 

with and without Dexa-treatment by qRT-PCR (Figure 3.3B). 
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Figure 3.3 Characterisation of tolerogenic DCs (tDCs), and stimulated DCs (mDCs). | 

(A) Both immature DCs (iDCs) and tDCs were analysed by flow cytometry for their cell 

surface expression of MHC I (FITC), MHC II (PE), CD 80 (PE) and CD 86 (PE). 

Representative histograms and bar charts displaying relative fluorescence intensity (RFI) for 

flow cytometric analysis of DC cell surface (n=4). Median fluorescence intensities were 

established relative to iDCs. (B) The mRNA expression of interleukin 6 (IL-6), Indoleamine 

2,3-dioxygenase (IDO), interleukin 1 beta (IL-1β), inducible nitric oxide synthase (iNOS), and 

IL-12p40 was analysed in iDCs and tDCs. Normalized to GAPDH and fold change relative to 

iDCs. Error bars: mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way 

ANOVA, Tukey’s multiple comparisons test. 

Results indicate that LPS stimulation of iDCs leads to an increase in mRNA expression 

of pro-inflammatory molecules such IL-6, IL-12p40, and iNOS. In contrast, tDCs are 

less sensitive to TLR4 stimulation compared to mDCs, indicated by no observed 

increases in IL-6, IL-12-p40, and iNOS after LPS treatment. Higher levels of IDO 

mRNA, which is a known marker in tolerogenic cells, is present in LPS-treated tDCs 

when compared to mDCs. Interestingly, IL-1β mRNA expression does not seem to be 

regulated by Dexa, as LPS stimulation leads to a profound increase, which cannot be 

blocked by Dexa. All together these data indicate that Dexa treatment of iDCs leads 

to the generation of a tolerogenic DC phenotype with reduced expression of markers 
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of immunogenicity and reduced expression of pro-inflammatory molecules but 

increases in immunoregulatory molecules. 

3.3.3 tDC Generation Modulates the Glycocalyx, Significantly Increasing Levels 

of α2-6-Linked Sia 

Changes in DC glycocalyx after induction of tolerogenic phenotype have not been 

investigated to date. To address this knowledge gap, lectin microarray profiling of 

proteins extracted from the membranes of iDCs and tDCs and lectin-coupled flow 

cytometry of intact iDCs and tDCs was undertaken.   

 
Figure 3.4 tDC generation leads to significant increases in α2-6 -linked sialic acid. | Both 

iDCs and tDCs were analyzed by flow cytometry for their expression of α2-3-linked Sia 

(MAL-II) and α2-6-linked Sia (SNA-I) (n = 3). Streptavidin controls were used for non-

specific fluorescence. Representative histograms and bar charts displaying median 

fluorescence intensity (MFI) for flow cytometric analysis of DC cell surface. Error bars: mean 

± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA, Tukey’s 

multiple comparisons test. 

Using lectins specific to Sia residues, we assayed the changes in both α2-3-linked Sia 

(MAL-II) and α2-6-linked Sia (SNA-I) using lectin-coupled flow cytometry. 

Significant increases in SNA-I was observed after Dexa treatment, this increase was 

not observed for MAL-II (Figure 3.4). To confirm this result, but to also investigate 

other glycosylation changes on the surfaces of these cells, lectin microarrays (Lectin 

names and abbreviations in Table 2.8, chapter 2) were performed. Comparisons of 

all lectin microarray replicate profiles were made by unsupervised hierarchical 

clustering. This clustering approach revealed two major clusters with separation at 

53% minimum similarity (Figure 3.5A). 
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Figure 3.5 Tolerogenic DC (tDC) generation leads to pronounced changes in 

glycosylation. | (a) Unsupervised, hierarchical clustering of previously normalized lectin data 

(all replicates) was performed with the following parameters: no pre-filtering, complete 

linkage, Euclidean distance. (B) Median responses (n = 18) for iDC and tDC glycoproteins at 

44 lectins, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars: median ± average 

deviation. (c) Principal component analysis performed using the 15 lectins, which 

demonstrated significant signal changes (all p < 0.01) and the resulting division of replicate 

profiles into distinct groups containing predominantly immature DCs (iDCs) (gray border) or 

tDCs (blue border) with minimal overlap. 

With the complete linkage method employed, two untreated iDC replicates were 

placed into the tDC group while only three of the iDC replicates, two from biological 

set 2 and one from set 5 (Figure 3.5A), showed outlier behaviour and were excluded 

from the major cluster containing the balance of the iDC replicate data. However, the 

well-defined separation of the clear majority of the iDC and tDC replicates into two 
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groups (Figure 3.5A, Group 1 and 2) supports the solidity of the subtle profile 

differences and also the high level of reproducibility for the lectin profiling method in 

distinguishing membrane glycoprotein samples from iDCs and tDCs. Median values 

obtained from normalized lectin microarray profile data (n = 18) for iDCs and tDCs 

were broadly similar with only small, but significant, differences in intensities noted 

at a subset of the lectin panel (Figure 3.5B). The general profiles of tDC glycoproteins 

remained similar to those of iDCs across lectin features. Furthermore, the lectin 

profiles displayed no obvious signs of cell stress as evidenced by a lack of elevation 

of signals suggesting increased endoplasmic reticulum and proximal Golgi-associated 

glycan structures (i.e., increased evidence of high mannose structures). However, 

SNA-I showed a consistent intensity increase with tDC surface glycoproteins (p = 2 × 

10−10) relative to iDCs, which is in line with previous findings from our group. PrCA 

performed using the 15 lectins, which demonstrated p < 0.01 (SNA-II, BPA, PNA, 

DSA, LEL, SNA-I, RCA-I, CPA, ECA, LTA, UEA-I, EEA, GS-I-B4, MPA, and 

VRA) revealed a division of replicate lectin profiles dominated by distinct groups 

containing iDCs or tDCs with minimal overlap and further reinforced the ability of 

these lectins to distinguish untreated iDCs from tDCs (Figure 3.5C). 

In short, these lectin microarray profiles demonstrate that the glycocalyxes of the iDC 

and tDCs are distinct. These changes were validated using lectin-coupled flow 

cytometry as stated above. The increase in SNA-I binding suggests an increase in 

quantity or better accessibility to α2-6-linked with no significant change suggested for 

α2-3-linked Sia. 

3.3.4 ManNAc sugar supplementation does not increase 2-6 linked Sia 

As stated previously, Sia is an essential terminal sugar on the glycan moieties of many 

functional and structural glycoproteins. A key intermediate in the biochemical process 

to form sialic acid is the monosaccharide, ManNAc, which is formed by the 

bifunctional enzyme UDP- N-acetylglucosamine. ManNAc is an intermediate in the 

formation of the 9-phosphate of Sia (Figure 3.6). At this point, Sia is either modified 

to form other Sias or is activated in the cell nucleus to form the nucleotide CMP-Sia. 

This is normally the last step in the biosynthesis of a wide range of glycoproteins 

which are found in all human tissues [299]. 
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Figure 3.6 Schematic of ManNAc treatments | ManNAc at varying concentrations 

(0.1mM, 1mM, 5mM, 10mM and 20mM) was supplemented to the media at day 5 and 

day 7 of culture. 

Considering the significant increases in 2-6-linked Sia observed in both lectin coupled 

flow cytometry and the lectin microarrays after Dexa treatment, we wanted to study 

the functional consequences of an increase in Sia independent of Dexa treatment. 

Synthesis of Sia was encouraged by adding the precursor sugar N-acetylmannosamine 

(ManNAc) to the media during culturing in hope to naturally increase cell surface Sia. 

ManNAc was added on day 5 and day 7 of the culture and on day 10 the cells were 

analysed by both lectin microarray and flow cytometry. Membrane proteins were 

extracted from iDCs and iDCs treated with the various concentrations of ManNAc and 

analysed by lectin microarray as previously described. 2-6-linked Sia did not 

significantly increase after ManNAc treatment except in the cases of the 1mM and 

20mM (Figure 3.7 A). To verify this result, lectins specific to Sia residues were used 

to analyse the cells via flow cytometry. Similar to the microarray results, ManNAc did 

not significantly increase 2-6-linked Sia (Figure 3.7 B). 
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Figure 3.7 ManNAc treatment failed to increase 2-6-linked Sia significantly on iDCs. | 

ManNAc at varying concentrations (0.1mM, 1mM, 5mM, 10mM and 20mM) was 

supplemented into the media at day 5 and day 7 of culture. (A) ManNAc treated cells were 

analysed by lectin microarray for modulation of 2-6-linked Sia. (B) Day 10 ManNAc treated 

cells were analysed by flow cytometry for modulation of 2-6-linked Sia. Error bars: mean +/- 

SEM *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001 one-way ANOVA, Tukey’s multiple 

comparisons test. Test samples were compared to iDCs. 
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3.3.5 Neuraminidase Treatment of iDCs and tDCs Modulates Levels of α2-6-

Linked Sia and Alters Expression Levels of Immunogenicity Markers 

ManNAc treatment did not significantly increase Sia after addition to the media. 

Subsequently, we tried to increase Sia content by mechanically inserting 2-6, Sia using 

lipid tail constructs (data not shown) to no avail. Considering that Sia has long been 

reported to be important in DC biology [144] and the dramatic increase observed after 

Dexa treatment (Figures 3.4 and 3.5C), we cleaved Sia using neuraminidase to study 

phenotypical and functional changes upon removal.  

 
Figure 3.8 Schematic of enzymatic digestion of sialic acid from the cell surface of DCs. | 

iDCs or tDCs were treated with neuraminidase for 90 min at 37°C to cleave Sia residues on 

the surface.  

iDCs and tDCs were treated with neuraminidase (designated niDC and ntDC, 

respectively) (Figure 3.8) and lectin binding profiles for SNA-I and MAL-II were 

analysed using flow cytometry (Figure 3.9). Both niDCs and ntDCs showed a 

significant reduction in SNA-I binding intensities (Figure 3.9 (i + iii)) and trend 

decreases in MAL-II binding intensities (Figure 3.9 (ii + iv)) suggesting the successful 

removal of α2-6-linked and α2-3-linked Sia, respectively. 
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Figure 3.9 Neuraminidase treatment of immature DCs (iDCs) and tolerogenic DCs 

(tDCs) decreases levels of α2-6-linked Sia significantly. | α2-6-linked Sia (SNA-I) (i) and 

α2-3-linked Sia (MAL-II) (ii) was measured on iDCs and niDCs after neuraminidase treatment 

(n = 3). α2-6-linked Sia (SNA-I) (iii) and α2-3-linked Sia (MAL-II) (iv) was measured on 

tDCs and ntDCs after neuraminidase treatment (n = 3). Representative histograms and bar 

charts displaying median fluorescence intensity (MFI) for flow cytometric analysis of DC cell 

surface. Error bars: mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-

way ANOVA, Tukey’s multiple comparisons test. Data sets with two groups were analysed 

using an unpaired t-test. 

Based on these results, we further investigated if the removal of Sia resulted in a 

detectable increase of the expression of MHC I, MHC II, CD80, and CD86 

immunogenicity markers after treatment with neuraminidase. niDCs (Figure 3.10) 

had small but significant increases in MHC II and CD86 expression when compared 

to iDCs. MHC I showed a trend increase in expression on niDCs compared to iDCs, 

and there was no change in CD80 expression after treatment with neuraminidase. 

ntDCs (Figure 3.10) displayed a significant increase in both MHC I and MHC II with 

no changes in CD80 and a trend increase in CD86 after neuraminidase treatment.  
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Figure 3.10 Neuraminidase treatment of immature DCs (iDCs) and tolerogenic DCs 

(tDCs) significantly alters phenotype. | Both iDCs and tDCs were analysed by flow 

cytometry for their expression of MHC I (FITC), MHC II (PE), CD 80 (PE), and CD 86 (PE) 

after neuraminidase treatments. Representative histograms and bar charts displaying relative 

fluorescence intensity (RFI) for flow cytometric analysis of DC cell surface. Median 
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fluorescence intensities were established relative to iDCs in the case of niDCs and tDCs in the 

case of ntDCs. Error bars: mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

one-way ANOVA, Tukey’s multiple comparisons test. Data sets with two groups were 

analyzed using an unpaired t-test. 

 
Figure 3.11 Neuraminidase treatment of immature DCs (iDCs) and tolerogenic DCs 

(tDCs) significantly altered mRNA expression. | The mRNA expression of interleukin 6 

(IL-6), interleukin 1 beta (IL-1β), inducible nitric oxide synthase (iNOS), tumour necrosis 

factor alpha (TNF-α), interleukin subunit beta (IL-12p40), and interleukin 10 (IL-10) was 

analysed in iDCs, niDCs, tDCs, and ntDCs. Normalized to GAPDH and fold change relative 

to iDCs. Error bars: mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-

way ANOVA, Tukey’s multiple comparisons test. Data sets with two groups were analysed 

using an unpaired t-test.  

niDC and ntDC populations were also assessed for expression of pro- and anti-

inflammatory markers by qRT-PCR (Figure 3.11). Although there was some sample-

to-sample variation, our data indicate that neuraminidase treatment of iDCs leads to 

dramatic increases in pro-inflammatory mRNA expression of IL-6, IL-1β, iNOS, 
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TNF-α, and IL-12-p40. However, ntDCs were protected from this strong increase in 

pro-inflammatory cytokine expression in the case of iNOS and IL-12-p40, but mRNA 

levels of IL-6, IL-1β, and TNF-α were increased. Interestingly, levels of anti-

inflammatory IL-10 are lost after neuraminidase treatment in both iDCs and tDCs. In 

summary, these results indicate that neuraminidase treatment reduces Sia on the cell 

surface of both iDCs and tDCs and leads to the stimulation of pro-inflammatory 

cytokine mRNA expression, which can be largely inhibited by Dexa treatment.  

3.3.6 Neuraminidase Treatment Alters Immunomodulatory Properties of iDCs 

and tDCs 

Considering that the removal of Sia altered the immunogenic phenotype of both iDCs 

and tDCs, we further analysed the effects of neuraminidase treatment on iDCs and 

tDCs through in vitro allogeneic coculture experiments. iDCs or tDCs from DA rats 

were treated with neuraminidase and cocultured with allogeneic lymphocytes. The 

immunogenic potential or the ability of niDCs and ntDCs to induce the proliferation 

and/or the activation of allogeneic lymphocytes was analysed by T-cell proliferation 

assays (Figure 3.12). 

 
Figure 3.12 Schematic representation of experimental design. | DA iDCs, niDCs, tDCs, 

and ntDCs were placed in cocultures for 5 days with allogeneic LEW lymphocytes isolated 

from the spleen and lymph nodes. 

Responder LEW rat T cells were analysed based on their co-expression of CD3+CD4+ 

or CD3+CD8+. Proliferation of lymphocytes was measured using CellTraceTM Violet 

(CTV) (Figure 3.13) and activation of lymphocytes was measured using CD25 as an 

activation marker. DA iDCs (Figure 3.14(i)) and tDCs (Figure 3.14(ii)) did not 

induce an allogeneic response as indicated by a lack of changes in LEW CD3+CD4+ 

or CD3+CD8+ T cell proliferation when compared to unstimulated lymphocytes 

alone. Additionally, we observed no significant changes in CD3+CD4+CD25 or 

CD3+CD8+CD25 expression (data not shown) supporting our data on reduced 
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immunogenicity of iDCs and tDCs. However, niDCs (Figure 3.14(i)) significantly 

stimulated both CD3+CD4+ and CD3+CD8+ T cell proliferation when compared to 

both unstimulated lymphocyte controls and iDCs. This indicates the importance of Sia 

in the maintenance of an iDCs phenotype. 

 
Figure 3.13 Representative gating strategy for analysis of immunogenicity assays. | Cells 

were selected according to size and granularity (i) followed by live/dead discrimination based 

on Sytox AADvancedTM negative cells (live) (ii). After single cell selection (iii) cells were 

selected by CD3 (PE) positivity (iv). Further selected by CD4 (APC) and CD8 (PE-CY7) and 

proliferation was measured by successive generations of CellTraceTM Violet positive cells. 

While ntDCs show a trend increase to stimulate CD3+CD8+ T cells there were no 

significant changes noted (Figure 2.14(ii)). To eliminate the possibility of cell death 

as a potential cause of this increase in proliferation we assessed cell death using Sytox 

Blue. We observed iDCs have less cell death after neuraminidase treatment than tDCs 

(Figure 3.15) enabling us to exclude this possibility.  
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Figure 3.14 Neuraminidase treatment alters immunogenic properties of immature DCs 

(iDCs) and tolerogenic DCs (tDCs). | The ability of iDCs, niDCs, tDCs, and ntDCs to 

stimulate allogeneic LEW T-cells was analysed using unstimulated splenocytes/lymphocytes 

as a negative control (n = 3). (i) Representative histograms and bar charts displaying CD4+ 

and CD8+ T cell proliferation following a 5-day coculture with iDCs and niDCs. (ii) 

Representative histograms and bar charts displaying CD4+ and CD8+ T cell proliferation 

following a 5-day co-culture with tDCs and ntDCs. Error bars: mean ± SEM *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA, Tukey’s multiple comparisons test. 

 

Figure 3.15 Resultant cell death due to neuraminidase treatment of iDCs and tDCs | Both 

iDCs and tDCs were treated with neuraminidase for 90 mins. These cells were then washed 

and placed into culture for 48 hours. Cells were prepared for flow cytometry as previously 

described and stained with the live/dead indicator Sytox blue (n=1, technical replicate of 2). 
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Figure 3.16 Neuraminidase treatment alters T-cell suppression properties of immature 

DCs (iDCs) and tolerogenic DCs (tDCs). | To test the T-cell suppression properties of iDCs, 

niDCs, tDCs, and ntDCs, they were placed into stimulated MLR cultures for 4 days. 

Splenocytes/lymphocytes were stimulated with CD3/CD28 beads. (a) Schematic 

representation of experimental design. DA iDCs, niDCs, tDCs, and ntDCs were placed in 

cocultures for 4 days with CD3/CD28-stimulated allogeneic LEW lymphocytes isolated from 

the spleen and lymph nodes. (B) The ability of iDCs, niDCs, tDCs, and ntDCs to suppress 

CD3/CD28 stimulated allogeneic T-cells was analyzed using stimulated 

splenocytes/lymphocytes as a positive control. Error bars: mean ± SEM *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001 one-way ANOVA, Tukey’s multiple comparisons test. (i) 

Representative histograms and bar charts displaying stimulated CD4+ and CD8+ T cell 

proliferation following a 4-day coculture with iDCs and niDCs. (ii) Representative histograms 

and bar charts displaying stimulated CD4+ and CD8+ T cell proliferation following a 4-day 

coculture with tDCs and ntDCs. 
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Finally, we investigated if niDCs and ntDCs can regulate the proliferation of 

stimulated T cells. LEW T cells were labelled with CTV, stimulated with CD3/CD28 

labelled beads and co-cultured with niDCs and ntDCs (Figure 3.16A) and CD3+CD4+ 

and CD3+CD8+ proliferation was measured by flow cytometry. Neuraminidase 

treatment completely abrogates the T cell inhibitory effect of iDCs leading to full 

restoration of T cell proliferation (Figure 3.16A (i)). Interestingly, Dexa treatment is 

not sufficient to enable iDCs to inhibit the proliferation of activated T cells as no 

differences were observed between tDCs and ntDCs (Figure 3.16B (ii)).  

In summary, these data indicate that the removal of Sia from iDCs increases the 

immunogenicity by its ability to stimulate CD4 and CD8 T cell proliferation which 

can be prevented by Dexa treatment. In contrast, neuraminidase treatment completely 

restores the proliferation of polyclonally activated T cells which cannot be prevented 

by Dexa treatment. 
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3.4 Discussion 

Organ transplantation is often considered as the only therapeutic option for patients 

with life-threatening organ disease and is now performed on a routine basis. Due to 

incompatibilities between donor and recipient MHC-molecules, patients are required 

to take immunosuppressive drugs to prevent the destruction of the transplanted organ 

by the recipient’s immune system. Immunosuppressive drug regimens are associated 

with severe side effects long term [300-302]. As a result, alternative 

immunosuppressive treatment strategies have been researched and developed 

including the use of therapeutic DCs in the treatment of autoimmune diseases and in 

the prevention of allograft rejection. DCs promote central and peripheral tolerance 

through various mechanisms, such as T cell anergy, inhibition of memory T cell 

responses and clonal deletion amongst others [146]. These characteristics form the 

basis of the use of DCs in the induction of tolerance. iDCs even have displayed the 

ability to convert naïve conventional T cells to regulatory T cells (Tregs) both in vitro 

[303, 304] and in vivo [305]. As shown here, and as shown by others, iDCs in non-

inflammatory conditions display a poor immunogenic phenotype. One of the major 

barriers for use of iDCs in cellular therapies is that they respond to inflammatory 

stimuli, exemplified here by TLR4 (LPS) stimulation. In the context of autoimmunity 

and transplantation, iDCs are bound to encounter inflammatory environments if 

employed in therapeutic regiments. A potential solution to overcome this is the use of 

tDCs, which are maturation resistant. 

Using tDC cellular therapies for the treatment of organ transplantation looks 

promising [306]. tDCs are now routinely generated using different induction 

protocols, including the use of corticosteroids such as Dexa [282, 284, 285, 287, 307] 

and in fact we have recently shown in a rat model of corneal transplantation that Dexa 

generated tDCs significantly prolonged allograft survival without the need for 

additional immunosuppression [169].  In this chapter, we generate tDCs using Dexa 

and we characterise their maturation resistant phenotype by analysing the expression 

of the immunogenicity markers MHCI, MHCII, CD80 and CD86 before and after 

TLR4 stimulation. We also analyse the expression of several immunomodulatory 

cytokine mRNAs. Dexa generated, maturation resistant, tDC have been well 

characterised by us [169, 297] and by other groups [287]. However, to our knowledge 

little is known on how Dexa induction of tDCs may affect the glycosylation profile of 



Chapter Three 

 

85 

 

these cells and what functional consequences this may have. Glycosylation changes 

are not routinely assayed but are likely to play crucial roles in iDC and tDC biology.  

We describe here for the first time, using both lectin microarray and flow cytometry, 

that generation of tDCs by Dexa treatment leads to significant alterations in the cell 

surface glycosylation profile when compared to iDCs. We noted highly significant 

changes in lectin binding for α2-6-linked Sia (SNA-I) with no significant changes in 

lectin binding for α2-3-linked Sia (MAL-II). Interestingly, Jenner et al [308] when 

comparing human iDCs with iDCs matured with a cytokine cocktail (IL-6, IL-1β, 

TNF-α and prostaglandin E2) noted decreased α2-6-linked Sia with no changes in α2-

3-linked Sia on the more immunogenic DC. This study also showed that Tregs have 

higher levels of α2-6-linked Sia when compared to activated conventional T cells. This 

suggests a possible link between α2-6-linked Sia content and tolerogenicity, where the 

increased α2-6-linked Sia may potentially serve as ligands for inhibitory sialic acid 

binding proteins (Siglecs) on the surface of effector cells [308]. In fact, hyper-

sialylated antigens loaded onto dendritic cells were recently shown to impose a 

regulatory program in the DCs. This resulted in the inducement of Tregs via Siglec-E 

and the inhibition of effector T cells [309]. 

Looking more closely at the lectin microarray analysis, other differences in lectin 

profiles observed here also hint at significant changes in the total abundance or 

potential branching alterations of underlying oligosaccharide structures, particularly 

N-acetyllactosamine (LacNAc), which may have occurred because of Dexa treatment. 

The relationship of responses among the fifteen lectins (SNA-II, BPA, PNA, DSA, 

LEL, SNA-I, RCA-I, CPA, ECA, LTA, UEA-I, EEA, GS-I-B4, MPA and VRA) 

which demonstrated the most significant differences between untreated iDCs and tDCs 

may hold further clues as to the nature of these variations in the glycocalyx and it is 

possible that a portion of such variations exist among the membrane glycolipid 

structures as well as membrane proteins which were analysed here. With extracted 

glycoproteins, only one of the three lectins on the microarray which has been reported 

to be indicative of Sia presence, SNA-I, demonstrated a significant intensity increase 

for tDCs. This was also demonstrated by lectin coupled flow cytometry showing how 

highly regulated Sia metabolism is in DCs. However, responses at lectins which bind 

to structures which are the most frequent attachment points for sialylation, those which 

bind to galactose (Gal) or N-acetylgalactosamine (GalNAc) (SNA-II, BPA, PNA) and 
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those which bind to the associated disaccharide Type II LacNAc (RCA-I, CPA, ECA) 

or poly-LacNAc (LEL), are particularly interesting because the expected relationship 

of higher SNA-I binding and simultaneously lower Gal/GalNAc and LacNAc lectin 

binding did not consistently hold true across the lectin microarray profiles for DCs. 

The binding profiles and behaviour of SNA-I and MAL-II in these experiments 

strongly infer quantitative differences between iDC and tDC surface Sia content, 

however absolute quantitation will ultimately require chromatographic (e.g. HPLC) or 

chromatography-conjugated mass spectrometric analysis (LC-MS). 

Because of the reported importance of Sias in DC pattern recognition [179, 308], 

endocytosis, phagocytosis [180, 182, 183, 310], antigen presentation [311], migration 

[144, 189, 191, 192, 312] and T cell interactions [144, 194]. But also, considering that 

α2-6-linked Sia was the most significantly increased change after tDC generation by 

Dexa, we choose to investigate Sia’s importance in iDC and tDC immunogenicity in 

an allogeneic setting which would have potential implications in iDC and tDC cellular 

therapies.  

Initially, we attempted to naturally increase the abundance of cell surface Sia by 

supplementing the culture media with the monosaccharide ManNAc. This method has 

been used by others to increase the activity, performance and yield of recombinant 

human proteins produced by cells by increasing Sia on these glycoconjugates [313, 

314]. ManNAc was fed to iDCs at varying concentrations on day 5 and day 7 of culture 

and analysed by microarray and flow cytometry. 2-6-linked Sia did not significantly 

increase after ManNAc supplementation when analysed by flow cytometry. The 

second lowest concentration (1mM) and the highest concentration (20mM) showed 

significant increases on the lectin microarray. Considering the slight increase observed 

and that the difference in concentrations where we observed significance were so far 

apart we concluded that the small significant increases were biologically insignificant.   

Our second attempt to increase 2-6-linked Sia on the surface of the iDCs involved 

using Function Spacer Lipid constructs (FSLs). FSLs are a technology developed by 

Kode Technology, they are water dispersible bio-surface engineering constructs that 

can be used to engineer the surface of cells. In short, they allow us to spontaneously 

and stably incorporate Sia moieties into the iDCs membranes using lipid tails [315, 
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316]. The FSL constructs failed to increase Sia on the surface of iDCs (data not 

shown).    

Considering our lack of success in trying to naturally or mechanically increase Sia on 

the surface of iDCs, we decided to remove it and study the functional consequences. 

For this we removed Sia from the surface of the cells by enzymatic digestion using 

neuraminidase (sialidase). These experiments showed that Sia is involved in 

maintaining the tolerogenic phenotype of both iDCs and tDCs, as removal of Sia 

resulted in an increase in immunogenicity markers and increases in pro-inflammatory 

TH1 mRNA transcripts notably IL-6, IL-1β, iNOS (iDCs only), TNF-α and IL-12p40 

(iDCs only) with significant decreases in anti-inflammatory or tolerogenic IL-10. In 

experiments where neuraminidase treated human monocyte derived DCs were 

cultured with ovalbumin [182] or Escherichia coli [310] there were reported increases 

in immunogenicity markers and cytokine gene expression also. Here we show that 

even after Dexa treatment and tDC generation the removal of Sia from the cell surface 

results in increases in both cell surface immunogenicity markers and TH1 pro-

inflammatory cytokine gene expression, underpinning the importance of Sia in a non-

immunogenic phenotype.  

In the context of allogeneic cell therapy for the treatment of autoimmune diseases and 

in the prevention of allograft rejection it is important that the cell therapy itself does 

not elicit a deleterious immune response. In unstimulated allogeneic co-cultures using 

LEW responder lymphocytes, we show that iDCs and tDCs are non-immunogenetic 

and do not elicit either CD3+CD4+ nor CD3+CD8+ proliferation. This attribute makes 

them ideal candidates in DC cellular therapies. We show that removal of Sia from 

iDCs is sufficient enough to stimulate the allogeneic responders, again showing the 

importance of Sia in a non-immunogenic phenotype. This may indicate that the 

removal of Sia uncaps underlying structures which are then recognized as a signal for 

T-cell proliferation or that the Sias may act as ligands for inhibitory Siglecs on the 

surface of effector cells and once removed, this inhibitory effect is lost. Sia removal 

of tDCs did not induce CD3+CD4+ proliferation but we noted a trend increase in 

CD3+CD8+ proliferation. Interestingly, this indicates that, despite the increase of 

immunogenicity markers and the transcript increase in several pro-inflammatory 

mRNAs, Dexa treatment of iDCs was sufficient to keep the cells, at least partially, in 

a non-immunogenic state.  
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In CD3/CD28 stimulated (hyper stimulated) allogeneic co-cultures using LEW 

responder lymphocytes, we show that iDCs had an impressive ability to suppress 

stimulated allogeneic lymphocytes. Sia is critical in maintaining this suppressive 

ability as when it was absent we observed complete restoration of T cell proliferation 

for both CD3+CD4+ and CD3+CD8+ populations. These results are supported by the 

fact that Crespo et al [182] showed increased T-lymphocyte proliferation in 

autologous mixed lymphocyte cultures using human monocyte-derived DCs where the 

lymphocytes were stimulated with tetanus toxoid, inactivated with mitomycin C and 

co-cultured with neuraminidase monocyte-derived DCs. Interestingly, we showed that 

tDCs do not have the ability to suppress hyper stimulated allogeneic lymphocytes to 

the same extent as iDCs. Sia removal had little effect on tDCs suppressive ability and 

did not exaggerate proliferation. Together these experiments highlight that the 

tolerogenic properties between iDCs and tDCs are not inherently the same and 

understanding these characteristics and limitations will inform us on how to optimise 

therapy strategies.    

The findings outlined here could also have numerous implications for our 

understanding of DC phenotype and function in the tumour microenvironment. 

Efficient induction of anti-tumour responses requires that DCs in the tumour undergo 

proper maturation and activation [317]. Understanding DC activation is important 

both in terms of their role in regulating immune responses locally in the tumour 

microenvironment [318], and also their use in ex vivo cellular and vaccination 

strategies to induce tumour specific immune responses.  

In the context of tumour vaccination strategies using DCs, the required response is to 

induce tumour-specific effector T cells that can eliminate tumour cells specifically and 

that can induce immunological memory to control tumour relapse. Our findings 

suggest that Dexa, a common component of chemotherapy regimens, could suppress 

DC maturation and activation, their ability to present antigen [319], as well as their 

ability to induce T cell proliferation and activation. Interestingly, our data indicates 

that these potent Dexa induced effects could be somewhat reversed in the presence of 

a neuraminidase, suggesting a key role for sialylation in Dexa generated tDCs. 

Removal of sialic acid has also previously been shown to increase tumour antigen 

specific T cell responses [311] . Our data also shows that as well as a more potent 

ability to induce CD8+ T cell activation. In terms of modulating the tumour 
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microenvironment directly, local delivery targeted approaches using sialyltransferase 

inhibitors delivered either to the tumour or the local lymph nodes could be exploited. 

In terms of ex vivo generated DCs for either cellular therapy or in vaccination 

strategies, treatment of DCs with sialyltransferase inhibitors could be sufficient to 

allow efficient priming of T cells systemically. As DCs provide an essential link 

between innate and adaptive immunity, these findings could have important 

implications in our understanding of the suppressive mechanisms within the tumour 

microenvironment that hinder adaptive anti-tumour immune responses and potential 

mechanisms by which they could be overcome.  

Together, these results highlight the importance of Sia’s in DC biology, especially in 

the context of iDC allogeneic cellular therapy. While the precise implications of 

increased or decreased Sia expression on iDCs and tDCs remain to be elucidated in 

vivo, we show here strong evidence that supports a function of Sia in the therapeutic 

aspects of DC cellular therapies. Identification of the molecular mechanisms and 

factors which are regulated by Sia’s are important to exploit this phenomenon in the 

clinic. This study points towards the potential of DC surface sialylation as a 

therapeutic target to improve and diversify DC-based therapies and treatments. In the 

context of disease, cell glyco-engineering could have positive implications in the 

treatment of autoimmunity, DC-based vaccines, the tumour microenvironment and 

transplant biology. 

3.5 Summary: Limitations and Further Studies 

 

In this chapter, the data confirm the hypothesis that iDCs and tDCs have significant 

differences in glycosylation profiles and that these differences have a role to play in 

their therapeutic benefits. However, all work in this chapter has been discussed in an 

in vitro context. To confidently conclude that 2-6-linked Sia plays an important role 

in the therapeutic efficacy of iDCs and tDCs we would need to test these cells in an 

appropriate model. As stated previously, we have recently shown that both iDCs and 

tDCs can prolong corneal allograft survival in an allogeneic model of corneal 

transplantation. It would be interesting to cleave 2-6-linked Sia from both cell 

populations and inject them in the same manner and study if they can still prolong 

survival.  
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Figure 3.17. Graphical summary of significant results discussed in chapter 3 
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We used neuraminidase to cleave Sia from the surface of iDCs and tDCs. Two 

potential questions that arise with this method are: is the harsh treatment by the 

neuraminidase activating the iDCs indirectly? And the other question is what of 

glycoconjugates that are synthesised inside the cell and secreted afterwards? The 

neuraminidase would not be able to cleave the Sia on these conjugates. A potential 

solution to both questions is to use a sialyltransferase inhibitor such as 3Fax-Peracetyl 

Neu5Ac (SI). This SI is cell permeable and acts on the enzymes responsible for 

capping proteins and lipids with Sia. While the SI was not readily available at the 

beginning of our study, it is widely available now. Preliminary results (data not shown) 

using this SI show that it efficiently and significantly down regulates Sia on the surface 

of the cells without effecting proliferation rates or cell viability. It is a less harsh way 

of achieving a Sia deficient cell. It would be interesting to repeat this study using this 

SI and see if the results indicating the importance of α2-6-linked Sia on iDC cell 

surface would be replicated. A graphical summary of the more significant results 

presented and discussed in this chapter is found above (Figure 3.17) 
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Chapter Four: 

Elucidating the Immunomodulatory 

Potential of Pre-Activated MSCs in 
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4.0 Chapter Experimental Design 

 

Schematic overview of chapter experimental design | A schematic presenting the sequence 

and progression of experiments described in this chapter.   
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4.1 Introduction 

MSCs can be isolated from multiple different tissues, including bone marrow, muscle, 

fat, placenta, and umbilical cord. They were initially identified by their tri-lineage 

differentiation potential into mesenchymal tissues such as bone and adipose tissue 

[196, 320]. They are defined by their proliferative capacity, multilineage potential and 

their plastic adherence [321]. In steady state conditions MSCs reside in perivascular 

spaces surrounding almost every region of the body where they are thought to maintain 

tissue homeostasis by sensing tissue damage and then acting to promote tissue repair 

and healing after insult [255, 256]. The inflammatory environment of damaged tissue 

is what activates MSCs allowing them to become potent immune regulators. 

Intravenously infused MSCs become trapped in the lung and migrate to a variety of 

organs, prioritising inflamed tissues [320]. Here they become activated due to the 

inflammatory environment and via both contact dependent and contact independent 

mechanisms exert their immunosuppressive properties [320]. This information 

promoted the idea that MSC-mediated suppression of immune cells is not innate and 

that the pre-activation of MSCs before in vivo administration could promote their 

efficacy. This has been demonstrated using pro-inflammatory cytokines such as IFN-

γ, TNF-α and IL-1β [236, 243, 322].  

IFN-γ is secreted by activated CD4+ and CD8+ lymphocytes and is a predominant 

cytokine in the inflammatory milieu. The pre-treatment of MSCs with IFN-γ is perhaps 

one of the most studied methods of MSC pre-activation. Krampera et al. demonstrated 

that IFN-γ MSCs significantly inhibit T lymphocyte and NK cell proliferation whereas 

non IFN-γ MSCs did not. Furthermore, IFN-γ blockade abrogated this observed effect 

[242]. Supportively, it was observed that IFN-γ MSCs significantly suppress IFN-γ, 

TNF-α, and IL-2 production by T lymphocytes and inhibits their proliferation [323]. 

Chinnadurai et al. [324] demonstrated that IFN-γ MSCs have a greater ability to 

generate Tregs in vitro compared to non IFN-γ MSCs. Interestingly, Fan et al. 

demonstrated in a mouse model of colitis that IL-1β MSCs had a greater ability to 

induce the numbers of Tregs and Th2 cells in vivo with decreased numbers of Th1 and 

Th17 cells in the spleens and lymph nodes of treated mice compared to control mice 

[325].  
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Pre-treatment of MSCs with cytokine combinations have yielded more promising 

results leading to the secretion and upregulation of multiple immunoregulatory 

molecules such as NO, IDO, PD-L1, PD-L2, PGE2, CCL5, CXCL9, CXCL10, and 

CXCL11 [326]. Cuerquis et al.[327], Li et al. [328], Prasanna et al.[329], and Jin et 

al. [330] have all demonstrated that combinations of IFN-γ and TNF-α induce the 

upregulation of immunomodulatory molecules leading to increased T lymphocyte 

suppression or Treg induction [328] by pre-treated MSCs. 

These studies demonstrated that the inflammatory environment stimulates the 

immunoregulatory attributes of MSCs. To summarise, MSCs can secrete and 

upregulate chemokines and molecules which induce the accumulation of immune cells 

in close association with MSCs forming a microenvironment where MSCs can exert 

their immunoregulatory molecules which leads to strong immunosuppression [326].  

Therefore, the hypothesis for this chapter was that pre-activated BALB/c MSCs 

acquire potent immunosuppressive properties and that pre-activated MSCs can 

prolong corneal allograft survival.   

To test the hypothesis, MSCs were pre-treated with different combinations of the pro-

inflammatory cytokines IFN-γ, TNF-α and IL-1β or singly with the anti-inflammatory 

cytokine TGF-β. The phenotype of the pre-treated MSCs was characterised to 

determine if pre-treatment negatively impacted the function of the MSCs. Pre-treated 

MSCs were co-cultured with activated syngeneic T lymphocytes and macrophages to 

determine which combination of cytokines induced the most immunosuppressive 

phenotype. The most potently immunosuppressive MSCs were chosen to be used in 

our established pre-clinical model of corneal allograft transplantation.  

 

4.2 Hypothesis and Objectives 

4.2.1 Hypothesis 

The potent immunosuppressive properties of BALB/c MSCs are only acquired upon 

pre-activation by cytokines. Pre-activated MSCs can prolong rejection free survival in 

a model of corneal transplantation via the modulation of the alloantigen immune 

response.   
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4.2.2 Aims 

To pre-treat MSCs with the cytokines IFN-γ, TNF-α, IL-1β and TGF-β and 

characterise the pre-activated MSC phenotype 

To test the immunosuppressive capacity of pre-activated MSCs to modulate syngeneic 

innate and adaptive immune effector cells 

Administer the most potent immunomodulatory pre-activated MSC in our pre-clinical 

model of corneal transplantation  
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4.3 Results 

4.3.1 Isolation and Characterisation of BALB/c MSCs 

To generate MSCs, bone marrow was flushed from the long bones of the tibia and 

femur of BALB/c mice and cultured in MSC culture medium (Figure 4.1A). This 

protocol of isolation and passaging is well established and has been optimised by us 

in the past [18, 19].  By passage 4 (P4) we can see that all hematopoietic and myeloid 

cell contamination has been removed by selection for plastic adherent cells (Figure 

4.1B). At P4 the cells were harvested and prepared for flow cytometry analysis as 

discussed in section 2.7.1. The MSCs were characterised by flow cytometry for 

markers that the International Society for Cellular Therapy (ISCT) have used to define 

MSCs. These included the negative markers MHC II, CD45, F4/80, CD11c, CD80 and 

CD86 (Figure 4.1C) and the positive markers CD105. CD73, CD90. CD44, SCA-I 

and MHC I (Figure 4.1D). All cells expressed the characterisation markers CD105. 

CD73, CD90. CD44, SCA-I and MHC I while being negative for MHC II, CD45, 

F4/80, CD11c, CD80 and CD86. 

4.3.2 Osteogenic Differentiation of BALB/c MSCs 

To differentiate MSCs to osteocytes, MSCs were cultured in specific osteogenic 

differentiation medium or control medium. After the culturing period, the MSCs were 

stained with Alizarin Red, which is used to identify calcium present in cells in vitro. 

MSCs treated with osteogenic medium stained positive for Alizarin Red (Figure 

4.2A(i)) while MSCs cultured in normal MSC medium did not. MSCs cultured in 

osteogenic medium also had a higher concentration of calcium as tested by a StanBio 

Calcium Liquicolour kit (Figure 4.2 B+C) when compared to MSCs cultured in MSC 

normal culture medium.  

4.3.3 Adipogenic differentiation of BALB/c MSCs 

To differentiate MSCs to adipocytes, MSCs were cultured in specific adipogenic 

induction and maintenance medium. After the culturing period, the cells were fixed 

with formalin and were stained with Oil Red O which stains lipids and triglycerides 

red. Again, MSCs showed multipotent capacity as they differentiated into adipocytes 

as observed by brightfield microscopy (Figure 4.3A(i+ii)) and in an absorbance assay 

to quantify lipids (Figure 4.3B). 
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Figure 4.1 Isolation and characterisation of BALB/c MSCs. | (A) Schematic showing the 

process by which BALB/c MSCs are isolated from the bone marrow. (B) 4x brightfield 

microscopy of passage (P) 4 MSCs 24 hours after seeding. (C) Representative flow cytometry 

histograms for the cell surface expression of negative MSC antigens, MHCII, CD45.2, F4-80, 

CD11c, CD80, CD86. (D) Representative flow cytometry histograms for the cell surface 

expression of positive MSC antigens, CD105, CD73, SCA-1, CD90, CD44 and MHC I. (n=4) 
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Figure 4.2 Osteogenic differentiation of BALB/c MSCs. | BALB/c MSCs were cultured in 

specific osteogenic differentiation medium (detailed in Materials and Methods section). (A) 

Brightfield microscopy of Alizarin Red staining. Osteocytes stain red (ii) while MSCs remain 

Alizarin Red staining free (i). (B) Picture of calcium quantification assay. (C) Colum graph 

quantifying calcium in MSCs vs MSCs cultured in osteogenic medium. Error bars: mean +/- 

SEM *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. Unpaired, two tailed student’s t test. 

(n=3). 
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Figure 4.3 Adipogenic differentiation of BALB/c MSCs. | BALB/c MSCs were cultured in 

specific adipogenic induction and maintenance differentiation medium (detailed in Materials 

and Methods section). Oil Red O solution was used to determine adipogenic differentiation. 

(A) Brightfield microscopy images of Oil Red O stained control (i) and adipogenic 

differentiated wells (ii). (B) Quantification of Oil Red O solution absorbance read by plate 

reader. Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. Unpaired, 

two tailed student’s t test (n=3) 

 

4.3.4 BALB/c MSCs Do Not Suppress Stimulated Syngeneic Lymphocyte 

Proliferation, nor Induce Regulatory T Lymphocytes but Do Reduce IFN-γ 

Secretion While Increasing PGE2 Secretion 

MSCs are defined as self-renewing cells that have multilineage potential and exist in 

vivo as resident adult stem cell progenitors. In this resting state, MSCs do not possess 

potent immunosuppressive properties [321, 331]. This being the case, MSCs have 

been reported to modulate many different immune cells in vitro and in vivo [203, 332, 

333]. To assess this, we assayed the ability of MSCs to modulate activated CD4+ and 

CD8+ lymphocytes and also their ability to induce regulatory T lymphocytes (Tregs). 
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Figure 4.4 Experimental setup and representative gating strategy of mixed lymphocyte 

reaction for flow cytometry analysis | (A) BALB/c MSCs cultured in normoxia or hypoxia 

were placed in T lymphocyte co-culture for 96 hours with CD3/CD28 stimulated lymphocytes 

(B) Firstly, cells were selected according to size and granularity, followed by single cell 

selection. After live/dead discrimination based on SYTOX negative cells (live), cells were 

selected by TCR-β and CD4/CD8 positivity. Proliferation was measured by CTV. FoxP3 

expression was determined by GFP-FoxP3 expression.  

BALB/c MSCs cultured under both normoxic and hypoxic conditions were co-

cultured in T lymphocyte co-culture at different ratios with CD3/CD28 stimulated 

lymphocytes isolated from the spleens and lymph nodes of C.Cg-Foxp3tm2Tch/J 

BALB/c mice (Figure 4.4A). After optimisation, the ratio of 1 MSC to 10 

lymphocytes was found to be the ratio were MSCs exerted potent immunosuppressive 

effects. At ratios greater than 1:50, the immunomodulatory effects of MSCs was lost. 

For this reason, results will be discussed in the context of 1:10 ratio. T lymphocyte co-

cultures were incubated for 96 hours. Following incubation, proliferation of TCR-

β+CD4+ and TCR-β+CD8+ lymphocytes and the frequency of TCR-β+CD4+FoxP3+ 

lymphocytes (Tregs) were analysed by flow cytometry (Figure 4.4B). BALB/c MSCs 

did not inhibit the proliferation of activated TCR-β+CD4+ (Figure 4.5(i)) and TCR-

β+CD8+ (Figure 4.5(ii)) lymphocytes. In fact, when the percentage of CD4+ 
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lymphocytes in each generation was analysed, it was observed that a lower percentage 

of lymphocytes were present in the 1st, 2nd and 3rd generations (Gen) (Figure 4.5(ii)) 

of wells where MSCs where added. This would indicate the MSCs are stimulatory 

rather that inhibitory. 

 
Figure 4.5 Normoxic or hypoxic cultured BALB/c MSCs do not suppress stimulated 

lymphocyte proliferation | BALB/c MSCs (1 MSC to 10 lymphocytes) cultured in normoxia 

or hypoxia were placed in T lymphocyte co-culture for 96 hours with CD3/CD28 stimulated 

lymphocytes. CTV was used to determine lymphocyte proliferation. (i) % proliferation of 

TCR-β+CD4+ lymphocytes. (ii) % of TCR-β+CD4+ lymphocyte proliferation per generation 

(Gen). (iii) % proliferation of TCR-β+CD8+ lymphocytes. (iv) % of TCR-β+CD8+ lymphocyte 

proliferation per generation. Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. Multiple unpaired, two tailed student’s t test and One-way ANOVA, Tukey’s 

Post Hoc test (n=3). 

Utilising the C.Cg-Foxp3tm2Tch/J BALB/c mouse, TCR-β+CD4+FoxP3+ (Tregs) cells 

were analysed after T lymphocyte co-culture. It was observed that MSCs do not 

increase the frequency of Tregs compared to stimulated lymphocyte controls (Figure 
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4.6). IL-2 was added to some cultures to study the effect of this potent T lymphocyte 

growth factor on the ability of MSCs to increase Treg frequency.   

 
Figure 4.6 BALB/c MSCs do not induce Regulatory T lymphocyte frequency | Hypoxic 

or normoxic cultured BALB/c MSCs (1 MSC to 10 lymphocytes) were co-cultured in T 

lymphocyte co-culture in the presence or absence of IL-2 for 96 hours with CD3/CD28 

stimulated lymphocytes. The frequency of Tregs was analysed by flow cytometry. Error bars: 

mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s 

Post Hoc test (n=3).  

While the presence of IL-2 significantly increases Tregs in MSC wells compared to 

IL-2 deficient MSC wells, there was no significant increase observed when compared 

to stimulated controls. Normoxic or hypoxic culturing of the MSCs did not show any 

differences in the frequencies of Tregs (Figure 4.6). 

Supernatants from the T lymphocyte co-culture were saved and assayed via ELISA. 

Quantification of Interferon gamma (IFN-γ), Prostaglandin E2 (PGE2) and Granzyme 

B was performed. Significantly lower levels of IFN-γ was observed in wells where 

MSCs were present compared to stimulated lymphocytes alone. No significant 

changes in the cytotoxic T-cell molecule Granzyme B were detectable. Significantly 

higher levels of the T-cell modulating PGE2 was observed in wells where MSCs were 

present compared to stimulated lymphocytes alone (Figure 4.7). To summarise, 

despite significantly reducing IFN-γ and increasing PGE2 in the T lymphocyte co-

cultures, BALB/c MSCs were unable to inhibit syngeneic T lymphocyte proliferation  
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Figure 4.7 BALB/c MSCs significantly reduce IFN-γ, increase PGE2 and has no effect 

on Granzyme B secretion in T lymphocyte co-culture | BALB/c MSCs (1 MSC to 10 

lymphocytes) were co-cultured in T lymphocyte co-culture for 96 hours with CD3/CD28 

stimulated lymphocytes. Supernatants were analysed for the presence of IFN-γ, PGE2 and 

Granzyme B by ELISA. Error bars: mean +/- SEM *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test. Representative graphs of three 

individual experiments (n=3). 

4.3.5 BALB/c MSCs Do Not Modulate Activated Macrophage Phenotype but Do 

Modulate the Pro-Inflammatory Secretome 

MSCs have been reported to modulate inflammatory macrophages (φ) in vitro [332, 

334]. Macrophages have also been shown to play an important role in the transplant 

rejection process in rodents [83, 335, 336].  To assess this, we assayed the ability of 

MSCs to modulate activated syngeneic macrophages in vitro by directly co-culturing 

MSCs and macrophages for 3 days followed by flow cytometry and supernatant 

analysis. Macrophages were generated from the bone marrow of BALB/c mice 

(Figure 4.8A). Macrophages were stimulated by the addition of IFN-γ (50ng/ml) for 

24 hours prior to co-culture, followed by LPS (10ng/ml) stimulation for 4 hours. 

Following a 3-day incubation, macrophages were analysed by flow cytometry (Figure 

4.8B). Median fluorescence intensities of the activation markers MHC I, MHC II, 

CD80 and CD86 were analysed on stimulated macrophages and compared to 

stimulated macrophages that were co-cultured with MSCs at a ratio of 1 MSC to 5 

macrophages (Figure 4.8C). No significant changes were observed in the expression 

of MHC I, MHC II, CD80 and CD86. Co-culture supernatants were assayed for the 

pro-inflammatory cytokines TNF-α, IL-1β, IL-12/23 and IL-6 (Figure 4.8D). In the 

presence of MSCs all four pro-inflammatory cytokines were significantly reduced.  
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Figure 4.8 BALB/c MSCs do not modulate the activated phenotype of stimulated 

macrophages but do modulate the pro-inflammatory secretome | (A) BALB/c MSCs were 

cultured with activated bone marrow derived macrophages for 72 hours. (B) Cells were 

selected according to size and granularity, followed by single cell selection. After live/dead 

discrimination based on SYTOX negative cells (live), cells were selected for F4/80 positivity. 

(C) MHC I, MHC II, CD80 and CD86 expression was analysed on macrophage cell surface 

by flow cytometry. (D) Supernatants from MSC-macrophage co-cultures were analysed by 

ELISA for TNF-α, IL-1β, IL-12/23 and IL-6. Error bars: mean +/- SEM *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test. ELISA: representative 

graphs of three individual experiments. All experiments (n=3).  
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4.3.6. Corneal Allograft Transplant Setup and Mode of Rejection  

A fully MHC mismatched model of corneal transplantation was established and 

optimised. Briefly, BALB/c mice served as recipients to fully allogeneic C57BL/6 

donor corneas. After eyelid sutures were removed, corneal checks were performed 

every 2/3 days (Figure 4.9A). Graft transparency (opacity) was used as the primary 

indicator of rejection (Figure 4.9B), if the graft presented with modest corneal opacity 

where the iris vessels were still visible it was classified as rejected (Figure 4.9D, Day 

17). Rejection free survival (RFS) of corneal grafts was observed over 40 days. 

Untreated allogeneic control grafts were uniformly rejected (RFS 32.5±7.75d, n=12) 

(Figure 4.9C). We observed spontaneous acceptance of some allografts, this was 

expected as it has been reported quite frequently in the literature [32, 337].  

4.3.7. Untreated MSCs Were Not Efficacious in Prolonging Rejection Free 

Survival  

Due to the modulation of both inflammatory T lymphocyte (Figure 4.7) and 

macrophage (Figure 4.8D) secretome, syngeneic MSCs were administered to 

recipient mice at day +1 (1x106 cells intravenously) and +7 (1x106 cells intravenously) 

post operation day (POD). Corneal grafts were observed POD for 40 days (Figure 

4.10A). Untreated MSCs were not only non-efficacious in prolonging survival (RFS 

18.28±6.71d, n=14), but showed a trend decrease in RFS compared to untreated 

animals (Figure 4.10A). No significant differences in corneal opacity were noted 

between treated and untreated animals (Figure 4.10B+C). Neovascularization was 

also noted and compared to untreated animals (Figure 4.10D). No significant 

differences were observed.  
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Figure 4.9 Experimental setup for allogeneic corneal transplantation, rejection criteria 

and mode of allograft rejection | (A) Schematic of allogeneic corneal transplantation setup. 

Female BALB/c mice served as recipients of female C57BL/6J corneas. Average day of 

rejection resided between days 16 and 19. Corneal checks started on day 4 and ceased on day 

40. (B) Rejection criteria. Graft transparency was evaluated every 2/3 days. Rejection was 

defined as one scoring of 2. (C) Kaplan-Meier curve showing mode of allograft rejection. 

(n=12). (D) Representative corneal images of a recipient rejecter.  



 Chapter Four  

108 

 

 

Figure 4.10 BALB/c MSCs fail to prolong rejection free survival | Female BALB/c mice 

served as recipients of female C57BL/6J corneas. 1x106 syngeneic MSCs were injected 

intravenously day +1 and day +7 POD. Mice were observed every 2/3 days. (A) Kaplan-Meier 

curve showing RFS after administration of MSCs compared to untreated animals. (B) 

Representative images from a transplanted animal showing rejection at day 17. (C) Opacity 

scores over 40 days POD for untreated and MSC treated animals. (D) Neovascularization 

scores POD for untreated and MSC treated animals. Circle schematic shows how the cornea 

was divided into four sections to score neovascularization.  
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4.3.8. Cytokine Pre-activation of MSCs 

It has been successfully demonstrated that pre-activation of MSCs with cytokines can 

improve their immunosuppressive capacity and efficacy [236, 250, 338]. To increase 

MSCs immunomodulatory potential, MSCs were treated with various cytokines. The 

proinflammatory cytokines IFN-γ, IL-1β, TNF-α and the anti-inflammatory cytokine 

TGF-β were used either singly or combination to pre-activate BALB/c MSCs (Figure 

4.11).  

Figure 4.11 Schematic of cytokine pre-activation strategy | MSCs were seeded at 

50,000 cells/ml in a T175 in 20ml of MSC medium. MSCs were given 24 hrs to adhere 

in either hypoxic or normoxic conditions. After this incubation time, pro-inflammatory 

cytokines were added alone or in combination (All cytokines were used at 50ng/ml.) 

TGF-β was only added alone. After addition of the cytokine, the MSCs were incubated 

for 72 in hypoxia or normoxia.  

MSCs were pre-activated for 72 hours. Brightfield images were taken at 24 hours, 48 

hours and 72 hours during the pre-activation protocol to study growth kinetics and 

morphological changes. Viewing the images from the 72-hour time point (Figure 

4.12), MSCs, IFN-γ MSCs and IL-1β MSCs did not show any morphological changes, 

however, TNF-α MSCs cell density was observed to be lower compared to IFN-γ 

MSCs and IL-1β MSCs (Figure 4.12). IFN-γ + IL-1β MSCs cell density was the 

highest when compared to the other in combination treatments such as IFN-γ + TNF-

α MSCs and TNF-α + IL-1β MSCs suggesting that TNF-α may stress the MSCs 

(Figure 4.12). IFN-γ + TNF-α + IL-1β MSCs were observed to be heavily stressed 

with cell density being very low and the MSCs had taken on a highly spindle-like 

morphology (Figure 4.12). Considering the highly inflammatory and stressful 

environment caused by IFN-γ + TNF-α + IL-1β treatment and because of the low 
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numbers of cells retrieved after harvest, this pre-activation strategy was discontinued. 

TGF-β MSCs were observed to have a significant change in morphology, where MSCs 

became more elongated and organised into “swirls”, however, no visible effects on 

cell density was observed. 

 
Figure 4.12 Cytokine treatment induces morphological changes in MSCs and affects 

growth rates. | Representative brightfield microscopy images taken at 4x magnification 72 

hours after treatment. 

Due to observed conformational changes, cell size, granularity, cell yield (Figure 

4.13) and viability (data not shown) was examined. Cell size and granularity was 

examined via flow cytometry. FSC-A (cell size) and SSC-A (granularity) was used to 

assess any changes. No significant changes were observed in either cell size (Figure 

4.13A) or cell granularity (Figure 4.13B) of the cells, however, there was a trend 

decrease observed in cell size of TNF-α + IL-1β MSCs (Figure 4.13A). At the end of 

the pre-activation process cells were counted on a haemocytometer after harvesting 

and the number of cells per ml of culture medium was calculated (Figure 4.13C). IFN-
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γ + TNF-α MSCs, IFN-γ + IL-1β MSCs and TNF-α + IL-1β MSCs all had significantly 

lower cell yields when compared to untreated MSCs. IL-1β MSCs and TGF-β MSCs 

displayed trend increases in cell yield when compared to untreated MSCs (Figure 

4.12C). Due to lower cell yield after pre-activation, viability of the cells was assessed 

via the use of the viability dye SYTOXTM and a combination of annexin V and 

propidium iodide (data not shown). No changes in viability or apoptosis was observed 

in any of the pre-activation treatments.  

 
Figure 4.13 Cytokine pre-activation does not significantly affect cell size or 

granularity but does affect cell yield. | BALB/c MSCs were cultured with cytokines for 

72 hours. Following this incubation period, cell size, granularity and yield were assessed. (A) 

Forward-scattered light representing cell size and (B) side-scattered light representing cell 

granularity was assessed by flow cytometry. (C) Haemocytometer cell counts of both pre-

activated MSCs and MSCs. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test (n=3).   
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4.3.8. In Vitro Identification of a Candidate Pre-activation Strategy for In Vivo 

Application  

 

Figure 4.14 PD-L1 upregulation is dependent on IFN-γ treatment and synergises with 

TNF-α and IL-1β treatments. | BALB/c MSCs were cultured with cytokines for 72 hours. 

Following this, PD-L1 was assayed by flow cytometry. Median fluorescence intensity for the 

cell surface expression of PD-L1 and representative flow cytometry analysis histograms for 

the cell surface expression of PD-L1. Error bars: mean +/- standard deviation *p<0.05, 

**p<0.01 ***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test (n=3). All 

samples were compared to untreated MSCs. 

We observed that untreated MSCs failed to prolong allograft survival (Figure 4.10). 

Identification of the most immunomodulatory efficacious pre-activation strategy was 

important before administering the MSCs in vivo. A list of criteria was devised to test 

the immunomodulatory potential of the cytokine pre-activated MSCs. This included, 

(i) the upregulation of the T lymphocyte inhibitory programmed death ligand 1 (PD-

L1), (ii) secretion of immunomodulatory molecules such as IL-10, PGE2 and nitric 

oxide (NO) and (iii) inhibition of T lymphocyte proliferation. MSCs exert 

immunomodulatory effects via contact-dependent and independent mechanisms. PD-

L1 or CD274 is a transmembrane protein that is known to play a major role in 

suppressing the immune system and a ligand that has been reported to be important in 

transplantation acceptance [339-341]. PD-L1 is known to be upregulated by IFN-γ 

stimulation in other cell types [342]. PD-L1 is present on the surface of MSCs and it 

is also secreted into the microenvironment [241]. To assess if PD-L1 was increased 

on MSCs after cytokine pre-activation, we cytokine treated MSCs and examined PD-

L1 expression via flow cytometry (Figure 4.14). It was observed that cytokine pre-

activation that included IFN-γ significantly upregulated PD-L1 expression on the 

surface of the MSCs when compared to untreated MSCs. TNF-α MSCs, IL-1β MSCs 
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and TNF-α + IL-1β MSCs displayed a trend increase in PD-L1 expression, however, 

this was not statistically significant. Interleukin-10 (IL-10), prostaglandin E2 (PGE2) 

and nitric oxide (NO) are molecules that have been reported to be major players in 

MSC immunomodulation [236, 332, 343-345]. To examine if these molecules are 

secreted to higher levels by cytokine pre-activation, MSCs were treated with cytokines 

and the supernatants were examined 72 hours after (Figure 4.15A). No detectable 

levels of IL-10 (data not shown) was present in the supernatants of any of the samples. 

Cytokine pre-activation increased the levels of PGE2 significantly in all samples 

except for IFN-γ MSCs compared to untreated MSCs (Figure 4.15B). TNF-α + IL-1β 

MSCs produced the highest levels of PGE2 and had significantly higher levels when 

compared to TGF-β MSCs which secreted the second highest quantity. TNF-α + IL-

1β MSCs were also one of the highest producers of NO when compared to untreated 

MSCs (Figure 4.15C). IL-1β in combination with other proinflammatory cytokines 

seemed to be the mediator of NO secretion. 

 
Figure 4.15 Cytokine pre-activation of MSCs increases both PGE2 and NaNO2 in 

monoculture. | BALB/c MSCs were cultured with cytokines for 72 hours. Following this, the 

supernatant was collected. ELISAs were carried out to assay PGE2 and Griess assays were 

carried out to assay nitric oxide production. Error bars: mean +/- standard deviation *p<0.05, 

**p<0.01 ***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test. ELISA: 

representative graphs of three individual experiments. All experiments (n=3). 
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Figure 4.16 TGF-β MSCs and TNF-α + IL-1β MSCs decrease lymphocyte frequency in 

co-culture independent of MSC culture conditions. | Pre-activated or untreated BALB/c 

MSCs (1 MSC to 10 lymphocytes) cultured in normoxia or hypoxia were placed in T 

lymphocyte co-culture for 96 hours with CD3/CD28 stimulated lymphocytes. CD3+CD4+ and 

CD3+CD4+ cells were used to determine lymphocyte frequency. Error bars: mean +/- standard 

deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. All experiments (n=1, technical 

replicate of 3-4). 
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Figure 4.17 TGF-β MSCs and TNF-α + IL-1β MSCs inhibit lymphocyte proliferation in 

co-culture independent of MSC culture conditions. | Pre-activated or untreated BALB/c 

MSCs (1 MSC to 10 lymphocytes) cultured in normoxia or hypoxia were placed in T 

lymphocyte co-culture for 96 hours with CD3/CD28 stimulated lymphocytes. CTV was used 

to determine lymphocyte proliferation. Error bars: mean +/- standard deviation *p<0.05, 

**p<0.01 ***p<0.001 ****p<0.0001. All experiments (n=1, technical replicate of 3-4).   

Cytokine pre-activated MSCs have been reported to inhibit T lymphocyte proliferation 

and function [346-348]. To assess the effect of each of the pre-activation strategies on 

T lymphocyte frequency and proliferation, untreated and pre-activated MSCs were 
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placed in co-culture with activated lymphocytes (Figure 4.16 and Figure 4.17). The 

largest decreases in lymphocyte frequency were observed in the wells where TGF-β 

MSCs and TNF-α + IL-1β MSCs were present (Figure 4.16). The stimulated control 

wells where no MSCs were present had frequencies of 47.2% ± 0.75% SD for 

CD3+CD4+ and 19.6% ± 0.5% SD for CD3+CD8+ lymphocytes. TGF-β MSCs wells 

had 29.2% ± 0.05% SD for CD3+CD4+ and 17.3% ± 0.06% for CD3+CD8+ while TNF-

α + IL-1β MSCs had 28.5% ± 0.1% SD for CD3+CD4+ and 21.1% ± 0.22% SD 

CD3+CD8+ (Figure 4.16). These results suggest that TGF-β MSCs and TNF-α + IL-

1β MSCs effect lymphocyte proliferation.  To study if pre-activated MSCs modulate 

T lymphocyte proliferation, CTV was used to track the proliferation of lymphocytes 

in the wells of the co-cultures (Figure 4.17). Again, TGF-β MSCs and TNF-α + IL-

1β MSCs were the treatments that resulted in the largest inhibition of T lymphocyte 

proliferation with proliferation of stimulated CD4+ lymphocytes being reduced from 

94.4% ± 1% SD to 67% ± 1.7% SD in TGF-β MSCs wells and 65.4% ± 1.7% SD in 

TNF-α + IL-1β MSCs. A similar trend was observed with CD8+ lymphocytes, with 

stimulated CD8+ lymphocytes being reduced from 88.4% ± 0.8% SD to 63% ± 1.7% 

SD in TGF-β MSCs wells and 61.4% ± 1.2% SD in TNF-α + IL-1β MSCs (Figure 

4.17). 

4.3.9. TNF-α + IL-1β as a Candidate Pre-activation Strategy for In Vivo 

Application  

On review of the data collected on the different pre-activation strategies, TNF-α + IL-

1β was picked as a candidate strategy for in vivo application. IFN-γ used singly and in 

combination resulted in the largest upregulation of PD-L1 on the MSC cell surface. 

This being the case, this did not correlate with T lymphocyte suppression, as seen in 

(Figure 4.17). TNF-α + IL-1β MSCs produced the highest amounts of both PGE2 and 

NO, not only this, TNF-α + IL-1β MSCs reduced lymphocyte frequency and 

proliferation in co-cultures to a higher degree compared to other treatments (Figure 

4.16 and Figure 4.17). Hypoxic environments did not increase or decrease the potent 

immunomodulatory attributes of pre-activated MSCs, as a result, culturing of MSCs 

in hypoxic environments was discontinued from the study. In this part of the study, 

we investigated further the ability of TNF-α + IL-1β MSCs to modulate immune cells 

before administering the cells in vivo. Firstly, TNF-α + IL-1β MSCs were 

characterised by flow cytometry to study the effects of pre-activation on markers that 
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are used to define MSCs (Figure 4.18). MHC II, CD45, F4/80, CD11c, CD80 and 

CD86 expression did not change after TNF-α + IL-1β treatments (Figure 4.18A). 

However, the expression of CD73, CD44 and CD90 were significantly upregulated 

(Figure 4.18B) while the expression of SCA-I was significantly downregulated 

(Figure 4.18B). CD105 and MHCI expression was not significantly changed (Figure 

4.18B).  

 
Figure 4.18 Characterisation of TNF-α + IL-1β MSCs. | (A) Representative flow cytometry 

histograms for the cell surface expression of negative MSC antigens, MHCII, CD45.2, F4-80, 

CD11c, CD80, CD86. (B) Histograms showing median fluorescence intensity for the cell 
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surface expression of positive MSC antigens, CD105, CD73, SCA-1, CD90, CD44 and MHC 

I. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. 

(n=3).   

TNF-α + IL-1β MSCs had previously been observed to decrease T lymphocyte 

frequency and suppress activated T lymphocytes (Figure 4.16 + Figure 4.17). 

However, these experiments were pilot studies (n=1) to guide us to which treatment 

was more efficacious at suppressing T lymphocytes. To see if this observation was 

statistically significant and not just an artefact, TNF-α + IL-1β MSCs were placed in 

T lymphocyte co-culture and their effects on T lymphocytes was studied more 

intensively.  

 
Figure 4.19 TNF-α + IL-1β MSCs significantly decrease lymphocyte frequency in T 

lymphocyte co-culture. | Untreated BALB/c MSCs or TNF-α + IL-1β MSCs (1 MSC to 10 

lymphocytes) were cultured in normoxia and placed in T lymphocyte co-culture for 96 hours 

with CD3/CD28 stimulated lymphocytes. CD3+CD4+ and CD3+CD4+ cells were used to 

determine lymphocyte frequency. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. All experiments (n=4). 

TNF-α + IL-1β MSCs significantly reduced both CD4+ and CD8+ lymphocyte 

frequency in T lymphocyte co-culture (Figure 4.19). Stimulated CD4+ lymphocytes 

frequency was reduced from 37.8% ± 1.85% SD to 16.6% ± 5.19% SD in wells that 

contained TNF-α + IL-1β MSC. Stimulated CD8+ lymphocytes frequency was 

reduced from 39.8% ± 2.52% SD to 31.3% ± 5.28% SD in wells that contained TNF-

α + IL-1β MSCs  
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Figure 4.20 TNF-α + IL-1β MSCs inhibit lymphocyte proliferation in T lymphocyte co-

culture. | Untreated BALB/c MSCs or TNF-α + IL-1β MSCs (1 MSC to 10 lymphocytes) 

were cultured in normoxia and placed in T lymphocyte co-culture for 96 hours with 

CD3/CD28 stimulated lymphocytes. CTV was used to determine lymphocyte proliferation. 

(A) Representative flow cytometry plots showing gating strategy for total lymphocyte 

proliferation and >3 generations proliferation. (B) Bar charts and histograms showing total 

lymphocyte proliferation, >3 generation proliferation and representative flow cytometry plot 

overlays. (C) % of CD3+CD4+ and CD3+CD8+ lymphocyte proliferation per generation Error 

bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. Multiple 

unpaired, two tailed student’s t test and One-way ANOVA, Tukey’s Post Hoc test (n=3-6). 

TNF-α + IL-1β MSCs cultured in normoxic conditions were placed in T lymphocyte 

co-culture at different ratios with CD3/CD28 stimulated lymphocytes and were 
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incubated for 96 hours. Following culture period, proliferation of CD4+ and CD8+ 

lymphocytes were analysed by flow cytometry using CTV to track proliferation. Both 

total proliferation and proliferation greater than three (>3) generations of lymphocytes 

were analysed (Figure 4.20A). The results demonstrated that TNF-α + IL-1β MSCs 

significantly inhibited the total proliferation of activated CD4+ and CD8+ 

lymphocytes (Figure 4.20B). Stimulated CD4+ lymphocyte total proliferation was 

reduced from 97.5% ± 0.55% SD to 45.3% ± 16.48% SD in wells that contained TNF-

α + IL-1β MSC. Stimulated CD8+ lymphocytes total proliferation was reduced from 

98.7% ± 0.3% SD to 31.3% ± 5.3% SD in wells that contained TNF-α + IL-1β MSC 

(Figure 4.20B). Subsequently, when T cell proliferation was analysed >3 generations, 

it was determined that TNF-α + IL-1β MSCs significantly suppressed activated CD4+ 

and CD8+ lymphocytes also. Stimulated CD4+ lymphocyte >3 generations 

proliferation was reduced from 64.2% ± 3.1% SD to 7.83% ± 2.48% SD in wells that 

contained TNF-α + IL-1β MSC. Stimulated CD8+ lymphocytes >3 generations were 

reduced from 84.4% ± 1.3% SD to 20.3% ± 8.93% SD in wells that contained TNF-α 

+ IL-1β MSC (Figure 4.20B). When each generation was analysed individually, we 

can see that for both CD4+ and CD8+ lymphocytes, a large proportion of cells do not 

leave the 1st generation, 59.5% ± 13% SD and 47.3% ± 9.2% SD respectively, 

demonstrating how inhibitory the TNF-α + IL-1β MSCs are on lymphocyte activation 

and proliferation (Figure 4.20C). It was also observed that very few CD4+ and CD8+ 

lymphocytes proliferate past the 3rd generation with significantly less lymphocytes in 

generation 4, 5, 6, and 7 in TNF-α + IL-1β MSC wells compared to MSC wells (Figure 

4.20C). 

Supernatants from T lymphocyte co-cultures were collected, Griess assays, PGE2, 

granzyme B and IFN-γ ELISAs were performed (Figure 4.21). Significantly higher 

levels of nitrates were detected in the supernatants of TNF-α + IL-1β MSC wells 

compared to stimulated lymphocytes or MSC wells. Significantly higher levels of 

PGE2 was detected in TNF-α + IL-1β MSCs wells when compared to MSCs or 

stimulated controls (Figure 4.21). Furthermore, the levels of TH1 cytokine IFN-γ and 

cytotoxic CD8+ granzyme B was significantly lower in the TNF-α + IL-1β MSCs 

wells when compared to stimulated lymphocytes or MSC wells. 
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Figure 4.21 TNF-α + IL-1β MSCs increase NO and PGE2 while decreasing Granzyme B 

and IFN-γ in T lymphocyte co-culture. | BALB/c MSCs were cultured with cytokines for 

72 hours. Following this, the supernatant was collected. ELISAs were carried out to assay 

PGE2, Granzyme B and IFN-γ and Griess assays were carried out to assay nitric oxide 

production. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test. ELISA: representative graphs of 

three individual experiments. All experiments (n=3). 

 

MSCs have been reported to polarize macrophages [349-351] to a tissue repair or anti-

inflammatory phenotype. To investigate this phenomenon, we co-cultured MSCs or 

TNF-α + IL-1β MSCs with macrophages that had been pre-activated with IFN-γ (100 

ng/ml) and LPS (10 ng/ml). It was observed that TNF-α + IL-1β MSCs had the ability 

to decrease the expression of MHC I, MHC II, CD80 and CD86 on activated 

macrophages (Figure 4.22). 
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Figure 4.22 TNF-α + IL-1β MSCs suppress activated M1 macrophages. | TNF-α + IL-1β 

BALB/c MSCs were cultured with activated bone marrow generated macrophages for 72 

hours. MHC I, MHC II, CD80 and CD86 expression was analysed on macrophage cell surface 

by flow cytometry. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test (n=3). 
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4.3.10 TNF-α + IL-1β MSCs Do Not Prolong Rejection Free Survival in a Mouse 

Model of Corneal Transplantation  

We observed that MSCs upregulated immunoregulatory markers such as CD73 and 

CD44 (Figure 4.18) after TNF-α + IL-1β treatment. We observed that TNF-α + IL-1β 

MSCs had an increased ability to suppress not only activated macrophages (Figure 

4.22) but also the activation and proliferation of both CD4+ and CD8+ lymphocytes 

(Figure 4.20). TNF-α + IL-1β MSCs also reduced the levels of pro-inflammatory 

cytokines while increasing the levels of anti-inflammatory molecules in the 

supernatants of T lymphocyte co-cultures (Figure 4.21).  

TNF-α + IL-1β MSCs proved immunomodulatory in vitro, as a result we administered 

1x106 TNF-α + IL-1β MSCs on day +1 and day +7 post operation day (POD) and 

monitored both the opacity and neovascularization over a 40-day observation period 

(Figure 4.23A). TNF-α + IL-1β MSCs were not only non-efficacious in prolonging 

RFS, rejection of the corneal button was accelerated (Figure 4.23A). All animals had 

rejected their transplant by day 18 (n=8). No significant differences in corneal opacity 

were noted between treated and untreated animals (Figure 4.23B+C). 

Neovascularization was also noted and compared to untreated animals (Figure 

4.23D). No significant differences were observed. 

 

 

 

 

 

 

 

 

 

 



 Chapter Four  

124 

 

 
Figure 4.23 TNF-α + IL-1β BALB/c MSCs fail to prolong rejection free survival | Female 

BALB/c mice served as recipients of female C57BL/6J corneas. 1x106 TNF-α + IL-1β MSCs 

were injected intravenously day +1 and day +7 POD. Mice were observed every 2/3 days. (A) 

Kaplan-Meier curve showing RFS after administration of MSCs compared to untreated 

animals. (B) Representative images from a transplanted animal showing rejection at day 17. 

(C) Opacity scores over 40 days POD for untreated and MSC treated animals. (D) 

Neovascularization scores POD for untreated and MSC treated animals.  
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4.4 Discussion 

In this chapter we observed that while non-activated syngeneic MSCs have mild 

immunomodulatory attributes, they needed either a pro-inflammatory or anti-

inflammatory stimulus to become potently immunosuppressive. Non-activated MSCs 

failed to prolong RFS in our model of corneal transplantation. While our in vitro 

screening identified TNF-α + IL-1β MSCs as the most potently immunosuppressive 

strategy they surprisingly failed to prolong RFS, in fact, they accelerated rejection, 

with all mice who received treatment rejecting their grafts faster than untreated 

animals. The results of Chapter 4 will briefly be discussed here and discussed in more 

detail in Chapter 6 in the context of the broader literature. 

Due to the many different methods of isolation and expansion of MSCs, The 

International Society for Cellular Therapy (ISCT) proposed a set of minimal criteria 

for the isolation and definition of MSCs [321]. These criteria were proposed to allow 

the scientific community to be able to compare study outcomes more easily with less 

variation. The first criterion is that cells isolated from the tissue in question must be 

plastic adherent. MSCs can be isolated from many different tissues, such as the bone 

marrow [352, 353], adipose tissue [354-356] and the umbilical cord [357]. In this study 

we isolated MSCs from the bone marrow of 8-14-week-old female BALB/c mice 

(Figure 4.1A) and over successive passaging and selecting plastic adherent cells 

(Figure 4.1B), the population was purified. The second criterion was that the cells 

must be negative for myeloid and haematopoietic progenitor antigens but also positive 

for a list of MSC defining antigens set out by the ISCT. After sufficient passaging 

(P4), to ensure that all myeloid and haematopoietic contaminating populations had 

been removed, the MSCs were characterised by flow cytometry for markers that the 

ISCT have used to define MSCs. These included the negative markers MHC II, CD45, 

F4-80, CD11c, CD80 and CD86 (Figure 4.1C) and the positive markers CD105. 

CD73, CD90. CD44, SCA-I and MHC I (Figure 4.1D). The third criterion is that the 

cells must demonstrate a multipotent capacity. BALB/c MSCs were cultured in 

specific osteogenic differentiation medium to differentiate the MSCs to osteocytes. 

After the culturing period, the presence of osteocytes was demonstrated by Alizarin 

Red staining (Figure 4.2). To demonstrate adipogenic differentiation potential 

BALB/c MSCs were cultured in specific adipogenic induction and maintenance 

medium and adipocytes were identified using Oil Red O (Figure 4.3).  
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While early reports by Di Nicola et al. [199] and Bartholomew et al. [198] 

demonstrated that human/baboon bone marrow derived MSCs had an innate ability to 

suppress activated lymphocytes in vitro, this was not the case in our hands. The bone 

marrow is a hypoxic environment, MSCs grown in hypoxic conditions have been 

reported to be optimally primed for immunomodulation [358], not only this, they have 

been reported to increase their ability to suppress CD4+ T lymphocyte proliferation 

while expanding Tregs [358]. We observed that in either normoxic or hypoxic 

conditions, MSCs failed to suppress CD3/CD28 stimulated T lymphocytes in vitro 

(Figure 4.5 i-iv). This has been described in the past by others [242] and in fact, 

Krampera et al. described that MSCs needed a pro-inflammatory stimulus in order to 

become potently immunomodulatory [242]. Many different groups have reported that 

MSCs can induce Tregs in vitro [245, 246, 359] and in vivo [254, 263, 265, 360]. The 

exact mechanisms of how MSCs induce Tregs is still not fully understood, however 

secreted molecules such as NO, PGE2, TGF-β1 and cell-cell contact are known to play 

vital roles [245, 246, 359]. In transplantation studies, MSC induced Treg populations 

have been linked to greater survival of grafts in models of corneal [263, 265], kidney 

[360] and heart [254, 360]. Analysing the CD4+FoxP3+ populations by flow cytometry 

(Figure 4.4) after T lymphocyte co-culture, we observed (even in the presence of IL-

2) no significant increases in Treg populations compared to the stimulated lymphocyte 

control regardless of MSC culturing conditions (Figure 4.6). While MSCs did not 

suppress stimulated lymphocytes or induce Tregs in T lymphocyte co-cultures, they 

did secrete significant levels of PGE2 (Figure 4.7) and significantly decreased the 

levels of IFN-γ (Figure 4.7). This has been reported in the literature in both in vitro 

and in vivo studies, MSCs have been shown to shift the balance from a pro-

inflammatory Th1 cytokine response (IFN-γ and TNF-α) to anti-inflammatory Th2 

response [260, 361-363].  

As previously mentioned in chapter 1, MSCs have a capacity to modulate many 

components of the innate immune system including toll-like receptor signalling, 

complement, macrophages, dendritic cells, mast cells, NK cells and neutrophils [260]. 

Macrophages play a role in the early phase of corneal allograft rejection [335] and it 

has been reported that macrophage depletion using clodronate liposomes induces 

tolerance to corneal grafts [83, 336], highlighting their crucial role. We observed that 

untreated MSCs do not modulate MHC I, MHC II, CD80 or CD86 on macrophages 
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that have been stimulated with IFN-γ and LPS (Figure 4.8). Inflammatory (M1) 

macrophages are characterised by the secretion of high levels of pro-inflammatory 

cytokines including TNF-α, IL-1β, IL-12/23 and IL-6 [364]. It was observed that 

untreated MSCs significantly modulated the secretome of stimulated macrophages, 

significantly decreasing the levels of TNF-α, IL-1β, IL-12/23 and IL-6 (Figure 4.8), 

possibly via PGE2, suggesting that MSCs were potentiating M1 inflammatory 

macrophages to anti-inflammatory (M2) macrophages.  

During this study we successfully established a mouse model of corneal allo-

transplantation (Figure 4.9). Graft transparency was used as the primary indicator of 

rejection and was evaluated every 2/3 days. Opacity was indicative of immune cell 

infiltrate. A scoring system was established (Figure 4.9B) and a single scoring of 2 

was defined as rejection (Figure 4.9D (Day 17)) where the graft would have modest 

corneal opacity and the iris vessels were still visible. We observed that untreated graft 

recipients uniformly rejected donor corneal buttons between day 16 and day 19 after 

transplantation (Figure 4.9C+D).   

Previously in our lab, in a rat model of corneal transplantation, Treacy et al. concluded 

that syngeneic MSCs administered pre-transplantation day (day -7 and day 0) failed 

to prolong allograft survival as they were administered to an immunologically 

identical non-inflamed host and hence did not receive adequate activation stimulus 

needed upon exposure to acquire their immunomodulatory properties enabling them 

to prolong graft survival [265]. However, Omoto et al. described that syngeneic MSCs 

administered POD (day 0 and day 7) were capable of prolonging graft survival by 

suppressing the maturation of DCs resulting in the inhibition of direct and indirect 

allo-sensitisation of alloreactive T cells [269]. We further hypothesised that on-going 

inflammation caused by the transplant may stimulate the administered MSCs, 

activating them, hence acquiring potent immunomodulatory potential. We chose POD 

+1 as the innate immune response, specifically APC mediated presentation of 

alloantigen, begins within hours after transplantation and MSCs had demonstrated an 

ability to inhibit TNF-α, IL-1β, IL-12/23 and IL-6 concentrations when cultured 

directly with macrophages. POD+7 was chosen as the adaptive immune response 

instigates later and can take up to 7 days, we observed that MSCs could modulate IFN-

γ secretion while increasing the levels of the potent immunoregulatory molecule 

PGE2.  For these reasons we administered 1x106 untreated MSCs POD day +1 and 
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1x106 untreated MSCs POD day +7 (Figure 4.10). However, untreated MSCs failed 

to prolong RFS (Figure 4.10A+B) and no significant difference in opacity score 

(Figure 4.10C) or neovascularisation (Figure 4.10D) was observed.  

It has been demonstrated that pre-activation of MSCs by pro-inflammatory cytokines, 

especially IFN-γ [266] can improve their immunosuppressive capacity. Duijvestein et 

al. observed that pre-activation of MSCs with IFN-γ enhances their capacity to inhibit 

T lymphocyte inflammatory responses in vitro, resulting in reduced mucosal damage 

in an in vivo model of experimental colitis [266]. This data demonstrated that IFN-γ 

activation of MSCs increases their immunosuppressive capabilities and importantly, 

their therapeutic efficacy in vivo. To investigate if the pre-activation of MSCs would 

increase their immunomodulatory capacity we devised a strategy for the cytokine pre- 

activation of MSCs (Figure 4.11). We used the pro-inflammatory cytokines IFN-γ, 

TNF-α and IL-1β singly or in combination or the anti-inflammatory cytokine TGF-β 

singly. Pre-activation of MSCs induced morphological changes (Figure 4.12), non-

significant change in cell size and cell granularity (Figure 4.13 A+B) and a significant 

reduction in cell number per well (Figure 4.13 C). The morphological changes were 

most striking in the IFN-γ + TNF-α + IL-1β and TGF-β MSC treated MSC wells.  IFN-

γ + TNF-α + IL-1β MSC growth and proliferation was heavily effected due to 

treatment, as a result, this pre-activation strategy was discontinued due to concerns 

that we would not be able to generate sufficient number of cells if we were to take this 

strategy to in vivo application and that the overall health of the cells was not optimal. 

Interestingly, Klinker et al. have recently demonstrated that IFN-γ treated MSCs 

exhibited morphological changes and these changes are indicative of 

immunosuppressive capacity [365]. Interestingly in our study, while FSC and SSC 

were not significantly changed, TGF-β MSCs demonstrated to be more elongated and 

organised into “swirls”. These cells were potently suppressive to both T lymphocytes 

and activated bone marrow derived macrophages (BMDMs) (which will be further 

discussed in chapter 5). 

Apoptosis of MSCs following i.v. injection has gained attention recently with reports 

that MSC immunomodulatory properties are dependent upon APC phagocytosis of 

apoptotic MSCs [366, 367]. However, in these studies if the MSCs were apoptotic 

before administration their efficacy was hindered indicating that the site of apoptosis 

and phagocytosis by APCs is paramount [366]. Therefore, we hypothesised it is 
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important that our pre-activated MSCs were viable at the time of injection. 

Combinations of pro-inflammatory cytokines resulted in significantly lower MSC 

yields (Figure 4.12C). It was thought that this reduction in cell number was due to the 

cytokines inducing cell stress causing cell death or apoptosis which would not be ideal. 

However, when the viability of the MSCs was checked by flow cytometry all cells 

were viable indicating that perhaps the cytokine combinations were slowing the 

proliferation of the cells.  

To identify which pre-treatment strategy would be best for in vivo administration we 

devised a list of criteria. The first criterion was to assess if cytokine treatment resulted 

in the upregulation of the co-inhibitory molecule PD-L1. We observed that the 

expression of PD-L1 on MSCs was IFN-γ dependent and synergises with other pro-

inflammatory cytokines (Figure 4.14). Using single cell qRT-PCR Jin et al. recently 

demonstrated that that the combination of IFN-γ and TNF-𝛼 is effective for induction 

of the expression of high levels PD-L1 [330]. In preliminary experiments (Figure 4.16 

+ 4.17) where we tested the ability of normoxic or hypoxic cultured IFN-γ MSCs, 

IFN-γ + TNF-α MSCs or IFN-γ + IL-1β MSCs to suppress activated T lymphocytes 

we observed that while they suppressed T lymphocytes slightly, TNF-α + IL-1β MSCs 

and TGF-β MSCs suppressed proliferation to a higher degree. Interestingly, neither 

TNF-α + IL-1β MSCs nor TGF-β MSCs had significant increases PD-L1 expression 

(Figure 4.14) indicating that other factors or combinations of factors were important 

in the modulation of the T lymphocyte responses.  

Immunoregulatory molecules such as IL-10, PGE2 and NO are reported to be, in part, 

responsible for the ability of MSCs to modulate immune cell populations [364]. In a 

model of sepsis, Nemeth et al. [253, 368] demonstrated that MSCs can ameliorate 

symptoms via a PGE2 dependent mechanism. They demonstrated that LPS and TNF-

α activate TLR4 and TNFR1 on MSCs to activate nuclear factor-κB signalling (NF-

κB) resulting in an increase of secreted PGE2 via upregulation of cyclooxygenase 

(COX)-2. They reported that PGE2 acts on the prostaglandin receptors EP2 and EP4 

on macrophages to increase IL-10 secretion.  

NO is a gaseous bioactive molecule and it was first described as a mediator of MSCs 

suppression of T cell proliferation by Sato et al. who also demonstrated it inhibited 

Stat5 phosphorylation in T cells [104]. It was demonstrated that the production of NO 
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by MSCs is dependent on pro-inflammatory cytokine stimulation [79]. Also, NO has 

been shown to induce Tregs from naïve CD4+CD25- T cells [105].  

For these reasons, the second criterion was to investigate if cytokine treatment of 

MSCs resulted in increases in the secretion of IL-10, PGE2 and NO (Figure 4.15). 

Interestingly, pre-activation of MSCs with all strategies except for IFN-γ (singly) 

produced significant increases in PGE2 and the secretion of NO was dependent on IL-

1β in combination with either IFN-γ or TNF-α (Figure 4.15B). It was noted that the 

secretion of IL-10 was not observed under any of the pre-activation conditions. 

The third criterion and the principal finding in this chapter was that BALB/c MSCs 

only gained the ability to suppress activated T cells after pre-treatment with pro- or 

anti-inflammatory cytokines and this was independent of oxygen culturing conditions 

(Figure 4.16+ Figure 4.17). TNF-α + IL-1β in combination and TGF-β singly were 

the most potent (Figure 4.17). Interestingly, IL-1β was the key pro-inflammatory 

cytokine needed to activate MSCs immunosuppressive function and not IFN-γ which 

as has been reported previously in the literature [236, 242, 250, 348]. 

In this study, pre-treatment of MSCs with TNF-α + IL-1β resulted in the most 

immunosuppressive MSC phenotype. This was indicated by a trend increase of PD-

L1, the highest levels of secreted NO and PGE2 and the greatest suppression of T 

lymphocytes in preliminary experiments. Therefore, TNF-α + IL-1β MSCs were 

selected for further analysis and in vivo administration. 

Firstly, TNF-α + IL-1β MSCs were characterised by flow cytometry to study the 

effects of cytokine pre-treatment on cell surface identification markers. It was 

observed that TNF-α + IL-1β treatment did not significantly change MHC II, CD45, 

F4/80, CD11c, CD80 or CD86 on the surface of the MSCs. Interestingly, both MHC 

I and MHC II were significantly upregulated on MSCs treated with IFN-γ singly or in 

combinations with other cytokines (Appendix Figure 1) but not on TNF-α + IL-1β 

MSCs. If pre-activated MSCs were used in an allogeneic setting this phenomenon 

would have to be taken into consideration as this could increase the likelihood of an 

antigen specific donor response via alloreactive T lymphocytes [369]. TNF-α + IL-1β 

MSCs remained positive for cell surface characterisation marker CD105 while they 

had increased expression of CD73, CD44 and CD90 and decreased expression of 

SCA-I. One of the less studied immunosuppressive mechanisms of MSCs is mediated 
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by the adenosinergic pathway via the ectonucleotidases CD73 and CD39. Kerkela et 

al. demonstrated that adenosine (ADO) is actively produced from adenosine 5′‐

monophosphate (AMP) by CD73 on MSCs and ADO produced by MSCs can 

suppresses activated T lymphocytes in vitro [370]. The effect of CD73 in our study 

will be examined in greater detail in chapter 5 using specific CD73 inhibitors. CD44 

is known to be involved in MSC migration and cell-cell interactions [371, 372] and 

CD90 is expressed on many different cell types and it has implication in regulating 

cell adhesion, migration, apoptosis and cell-cell interactions [373], this being case, the 

specific contributions that these two markers have in MSC immunomodulation is only 

speculative at this point and further investigation is needed.  

As mentioned previously, the key finding in this study was that cytokine pre-treated 

MSCs were potently immunosuppressive. In preliminary experiments (Figure 4.16+ 

Figure 4.17) we observed that TNF-α + IL-1β MSCs decreased both the frequency 

and proliferation of CD4+ and CD8+ lymphocytes to a greater degree than other pre-

treatments. To investigate if this observation was statistically significant and not just 

an artefact, TNF-α + IL-1β MSCs were placed in T lymphocyte co-cultures and their 

effects on T lymphocytes were studied more intensively. We demonstrated that TNF-

α + IL-1β MSCs were potently immunomodulatory, suppressing activated T 

lymphocytes significantly (Figure 4.19 + Figure 4.20). TNF-α + IL-1β MSCs also 

significantly increased the concentrations of the anti-inflammatory molecules NO and 

PGE2 while decreasing the concentration of cytotoxic granzyme B and pro-

inflammatory IFN-γ (Figure 4.21). 

In rodents, Sato and colleagues were the first to demonstrate that NO was a crucial 

molecule in MSC modulation of T lymphocytes [237]. Our observed increases in NO 

are in line with previous studies from Ren et al., this study demonstrated that the 

secretion of NO by MSCs was dependent by pro-inflammatory cytokines IFN-γ, TNF-

α and IL-1β [236]. Zinocker et al. demonstrated convincingly that MSCs lost their 

immunoregulatory properties when in the presence of NO inhibitor again highlighting 

the importance of NO in MSC immunomodulatory abilities [374]. In MSC-T 

lymphocyte co-cultures we noted that the majority of T lymphocytes in TNF-α + IL-

1β MSC wells do not proliferate, even in the presence of the CD3/CD28 activation 

beads, presumably remaining in a naïve undifferentiated state evident from a large 

proportion of cells remaining in generation 1 (Figure 4.20 C). We hypothesise this is 
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due to high levels of NO. PGE2 is a lipid-based immunomodulatory molecule 

produced by cyclooxygenases (COX). It has been reported to be important in MSC-

mediated suppression of both innate and adaptive immune cells [364]. Our 

observations that PGE2 increased after pro-inflammatory pre-treatments are in line 

with a number of different lab groups as they have also shown that PGE2 secretion is 

increased after pro-inflammatory pre-activation, mainly IFN-γ and IL-1β [375-378]. 

Again, our observation that TNF-α + IL-1β MSCs decrease the levels of activated Th1 

cytokines has also been reported by others, Kong et al. reported that MSCs modulate 

Th1/Th2/Th17/Treg cell balance by modulating the local secretome [379].  

It was demonstrated that TNF-α + IL-1β MSCs had a capacity to modulate stimulated 

BMDMs (Figure 4.22). After incubation with IFN-γ and LPS BMDMs become 

stimulated, upregulating MHC I, MHC II, CD80 and CD86. TNF-α + IL-1β MSCs 

significantly reduced MHC I, MHC II, CD80 and CD86 expression after 72-hour co-

culture. As macrophages are the primary innate immune cell involved in corneal 

allograft rejection, an enhanced capacity to inhibit macrophage differentiation could 

lead to enhanced capacity to prolong corneal allograft survival [83]. As previously 

discussed, multiple studies have reported that MSCs undergo apoptosis and are 

phagocytosed in the lung following i.v. administration which confers the MSCs 

immunomodulatory properties to the phagocyte [366, 367, 380]. Taking this 

information along with recent reports stating that MSCs, via the action of TNF-

stimulated gene 6 protein (TSG-6) and PGE2, induce regulatory macrophages in the 

lung highlights the importance of APCs as intermediaries of MSCs 

immunomodulatory properties [253, 267]. Therefore, the ability of TNF-α + IL-1β 

MSCs to modulate BMDMs may indicate a more potent capacity to modulate APCs 

of the lung following i.v. administration. 

TNF-α + IL-1β MSCs proved to be potent modulators of both adaptive and innate 

immune cells. Therefore, TNF-α + IL-1β MSCs were selected for in vivo 

administration. We administered 1x106 TNF-α + IL-1β MSCs POD day +1 and 1x106 

TNF-α + IL-1β MSCs POD day +7. TNF-α + IL-1β MSCs did not prolong RFS, 

surprisingly on the contrary the administration of TNF-α + IL-1β MSCs accelerated 

rejection, with all animals rejecting on or before POD 18 (Figure 4.23A-B). A trend 

increase in overall corneal opacity was also observed (Figure 4.23C) indicating a 
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higher number of infiltrating immune cells. This result was unexpected as TNF-α + 

IL-1β MSCs had shown promise in vitro.  

It has been previously reported by multiple studies that MSCs induce Tregs both in 

vitro and in vivo as mentioned previously, when we analysed if TNF-α + IL-1β MSCs 

had the ability to increase the frequency of Tregs in vitro in comparison to stimulated 

lymphocytes, we observed that they did not (Figure 5.3). Tregs have been reported in 

multiple studies to important in the prolongation of graft survival, including corneal 

allograft survival [62, 263, 265, 381-383]. Jia et al. observed that postoperative 

injection of MSCs reduced Th1 pro-inflammatory cytokines and elevated IL-4 

cytokine secretion from T lymphocytes derived from cornea-transplanted rats [263]. 

Also, they noted that Tregs were upregulated in the DLNs after MSC treatment. They 

attributed this increase in Tregs to the observed prolongation of corneal allograft 

survival. Not only this, Obermajer et al. attribute the prolonged survival of heart 

allografts to be associated with reversal of the Th17/Foxp3 ratio, they observed a 

potent induction of Tregs in the hearts and spleens of mice after the administration of 

MSCs and MMF [383]. In a separate study investigating if the administration of MSCs 

in a semi-allogeneic heart transplant model could prolong survival, Casiraghi et al. 

associated the MSC induced expansion of Tregs and impaired anti-donor Th1 activity 

with increased survival [360, 381]. Previously in our lab, Tracey et al. demonstrated 

that allogeneic MSCs administered 7 days before transplantation and on the day of 

transplantation resulted in a significant prolongation of corneal allograft survival, in 

this study both splenic and corneal Tregs were elevated in MSC treated animals [265]. 

These studies amongst others highlight that MSCs ability to prolong allograft survival 

is partially due to their ability to generate or induce Tregs. This may be a potential 

reason as to why TNF-α + IL-1β MSCs did not have the ability to prolong corneal 

allograft survival in our model.



 Chapter Four  

 

-  134 - 

 

 
Figure 4.24. Summary of results discussed in chapter 4. | 
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5.0 Chapter Experimental Design 

 
Schematic overview of chapter experimental design | A schematic presenting the sequence 

and progression of experiments described in this chapter.   
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5.1 Introduction 

Pre-activation of MSCs ex vivo by hypoxia, cytokines, or other factors prior to their 

use in therapy is gaining popularity as it prepares MSCs to survive and enhance their 

regulatory function of the local immune responses [384]. Multiple different factors 

have been used to increase the efficacy of MSCs in vitro and in vivo including vitamin 

E [385], LPS [386], stromal‐derived factor‐1 [387], TNF‐α [388], IFN‐γ [266, 376], 

IL‐1β [389], IL‐1β + TNF‐α [390, 391], TNF‐α + IFN‐γ [392] and migration inhibitory 

factor [393]. As listed, most cytokines used in the pre-activation of MSCs are pro-

inflammatory in nature and are used singly or in combination. Not many studies have 

investigated the effects of anti-inflammatory cytokine pre-activation in the context of 

MSC therapeutic efficacy.  

TGF-β1 (TGF-β) is a pleiotropic molecule involved in multiple biological processes 

including development, regulation of stem cell behaviour, carcinogenesis, tissue 

homeostasis, and immune responses [394, 395]. It has been reported that MSCs secrete 

TGF-β and it has been demonstrated that TGF-β promotes fibroblast proliferation 

while also playing multiple roles in MSC immunomodulation including a role in the 

induction of Tregs [199, 396-398]. TGF-β is also known to directly influence MSCs 

themselves, modulating their migration and differentiation [399, 400].  

To date, several studies have investigated the effects of TGF-β treatment on MSCs. 

Dubon et al. [401] demonstrated that TGF-β activated human MSCs had increased 

migratory capacity into remodelling sites, synergising bone formation and 

reabsorption. They also noted that both the canonical and non-canonical pathways of 

TGF-β signalling were activated in the study suggesting a dual mechanism of action 

[401]. Van Zoelen et al. [402] performed experiments that demonstrated that TGF-β 

treatment of MSCs potentiated them towards osteoblast differentiation and inhibited 

adipogenic differentiation and that this was dependent on small mothers against 

decapentaplegic (SMAD) signalling. Interestingly, in a rat model of LPS-induced 

acute lung injury Li et al. demonstrated that low concentrations of TGF‑β (0.1 ng/ml) 

enhanced fibronectin production by MSCs leading to increased MSC survival in vivo, 

increasing the effective therapy time in the damaged lungs [403].  
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These studies demonstrate that TGF-β is important in the differentiation, survival and 

migration of MSCs, however, to our knowledge no studies have documented the 

changes in immunoregulatory potency after pre-activation with TGF-β. 

Therefore, the hypothesis for this chapter was that TGF-β MSC treated BALB/c MSCs 

acquire unique potent immunosuppressive properties that set them aside from pro-

inflammatory pre-activated MSCs and that TGF-β pre-activated MSCs can prolong 

corneal allograft survival by modulating immune cells in vivo via the action of PGE2.   

To test the hypothesis, MSCs were pre-treated with the anti-inflammatory cytokine 

TGF-β. The phenotype of the TGF-β MSCs was characterised. TGF-β MSCs were co-

cultured with activated syngeneic T lymphocytes and macrophages to determine if 

they were immunomodulatory. TGF-β MSCs were then administered into an 

allogeneic model of corneal transplantation. It was observed that TGF-β MSCs had 

the ability to significantly prolong RFS in our model. To gain some clarity as to how 

TGF-β MSCs were prolonging RFS, a full immune cell distribution study was 

performed in the DLNs, spleens and lungs of treated and non-treated animals. Cells of 

both the adaptive and innate immune system were analysed.  

Finally, as we had observed high levels of PGE2 secretion and CD73 expression in 

vitro, we selectively inhibited prostaglandin receptors (EP) on T lymphocytes or CD73 

on MSCs to study if either of these molecules were important for the observed 

inducement of Tregs or suppression of T lymphocytes.   
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5.2 Hypothesis and Objectives 

5.2.1 Hypothesis 

The potent immunosuppressive properties of TGF-β MSCs are only acquired upon 

pre-activation by cytokines. Pre-activated TGF-β MSCs can prolong rejection free 

survival in a model of corneal transplantation via the modulation of the alloantigen 

immune response. This prolongation of RFS is in part due to the action of 

immunomodulatory molecules such as CD73 and PGE2   

5.2.2 Aims 

I. To pre-treat MSCs with TGF-β and characterise the pre-activated phenotype. 

II. To test the immunosuppressive capacity of TGF-β MSCs to modulate 

syngeneic innate and adaptive effector cells. 

III. Administer TGF-β MSCs in our pre-clinical model of corneal transplantation. 

IV. To investigate the mechanisms of immune modulation which mediate MSCs 

ability to prolong allograft survival 

V. Investigate if CD73 and/or PGE2 play an important role in TGF-β MSC 

immunomodulation.  
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5.3 Results 

5.3.1. TGF-β as a Candidate Pre-activation Strategy for In Vivo Application 

We observed in the last chapter that TNF-α + IL-1β MSCs failed to prolong RFS in a 

fully allogeneic MHC I/II mismatched model of corneal transplantation despite very 

promising in vitro indications. In this chapter, it is demonstrated that TGF-β licensing 

of MSCs display unique characteristics that indicated its potential as another candidate 

for in vivo administration. MSCs were treated with TGF-β at 50ng/ml for 72 hours, 

following this TGF-β MSCs were characterised by flow cytometry for the expression 

of negative markers MHC II, CD45, F4-80, CD11c, CD80 and CD86 (Figure 5.1A) 

and the expression of positive markers CD105. CD73, CD90. CD44, SCA-I and MHC 

I (Figure 5.1B). No significant changes in MHC II, CD45.2, F4/80, CD11c CD86 or 

CD80 were observed. We observed highly significant increases in the ecto-nuclease 

CD73 with significant decreases in SCA-I and MHC I. No significant changes in 

CD44, CD90 and CD105 expression were observed. 

Next TGF-β MSCs were placed in T lymphocyte co-cultures with anti CD3/CD28 

stimulated lymphocytes and were incubated for 96 hours. Following culturing period, 

proliferation of CD4+ and CD8+ lymphocytes were analysed by flow cytometry using 

CTV to track proliferation. Both total proliferation and proliferation greater than three 

(>3) generations of lymphocytes were analysed. The results demonstrated that TGF-β 

MSCs significantly inhibited the total proliferation of activated CD4+ and CD8+ 

lymphocytes (Figure 5.2A). Stimulated CD4+ lymphocyte total proliferation was 

reduced from 97.5% ± 0.55% SD to 68% ± 9.6% SD in wells that contained TGF-β 

MSC. Stimulated CD8+ lymphocytes total proliferation was reduced from 98.7% ± 

0.3% SD to 76% ± 5.5% SD in wells that contained TGF-β MSC (Figure 5.2A). 

Subsequently, when T cell proliferation was analysed >3 generations, it was 

determined that TGF-β MSCs significantly suppressed activated CD4+ and CD8+ 

lymphocytes also. Stimulated CD4+ lymphocyte >3 generations proliferation was 

reduced from 64.2% ± 3.1% SD to 15.85% ± 6.3% SD in wells that contained TGF-β 

MSC. Stimulated CD8+ lymphocytes >3 generations were reduced from 84.4% ± 

1.3% SD to 16.3% ± 7.7% SD in wells that contained TGF-β MSC (Figure 5.2A). 

When each generation was analysed individually, it was observed for CD4+ 

lymphocytes that a large proportion of cells do not leave the first three generations. 
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Figure 5.1 TGF-β MSCs display a unique phenotype when compared to MSCs. | (A) 

Representative flow cytometry histograms for the cell surface expression of negative MSC 

antigens, MHCII, CD45.2, F4-80, CD11c, CD80, CD86. (B) Histograms showing median 

fluorescence intensity for the cell surface expression of positive MSC antigens, CD105, CD73, 

SCA-1, CD90, CD44 and MHC I. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. (n=3). 

In the 1st generation, CD4+ lymphocyte proliferation in the TGF-β wells was 22.42% 

± 5.58 SD compared to 5.8% ± 0.18 SD in the MSC wells. In the 2nd generation, 

CD4+ lymphocyte proliferation was 17.98% ± 2.17 SD compared to 9.4% ± 1.7 SD 
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and in the 3rd generation CD4+ lymphocyte proliferation was 24.2% ± 4.8 SD 

compared to 15.78% ± 1.5 SD.  

 
Figure 5.2 TGF-β MSCs inhibit lymphocyte proliferation in T lymphocyte co-cultures. | 

Untreated BALB/c MSCs or TGF-β MSCs (1 MSC to 10 lymphocytes) were cultured in 

normoxia and placed in T lymphocyte co-cultures for 96 hours with anti CD3/CD28 stimulated 

lymphocytes. CTV was used to determine lymphocyte proliferation. (A) Bar charts and 

histograms showing total lymphocyte proliferation, >3 generation proliferation and 

representative flow cytometry plot overlays. (B) % of CD3+CD4+ and CD3+CD8+ lymphocyte 

proliferation per generation (C) Following co-culture, supernatant from the cultures was 



Chapter Five 

- 143 - 

 

collected. ELISAs were carried out to assay PGE2 and Griess assays were carried out to assay 

nitric oxide production.  Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. Multiple unpaired, two tailed student’s t test and One-way 

ANOVA, Tukey’s Post Hoc test (n=3-6).   

The effect was observed to a higher degree for CD8+ lymphocytes with 31% ± 5.2 of 

cells remaining in the 1st generation compared to 7.6% ± 4.4 SD in MSC wells. Again, 

it was also observed that very few CD4+ and CD8+ lymphocytes proliferate past the 

3rd generation with significantly less lymphocytes in generation 4, 5, 6, and 7 in TGF-

β MSC wells compared to untreated MSC wells (Figure 5.2B). Supernatants from T 

lymphocyte co-cultures were collected and Griess assays and PGE2 ELISAs were 

preformed (Figure 5.2C). Low levels of nitrates were detected in the supernatants 

with no significant changes observed when compared to MSCs or stimulated controls. 

Significantly higher levels of PGE2 was detected in TGF-β wells when compared to 

MSCs or stimulated controls (Figure 5.2C). 

Utilising the FoxP3-GFP transgenic BALB/c mouse, the frequency of Tregs were 

analysed by flow cytometry. It was observed that TGF-β significantly increased the 

frequency of Tregs in T lymphocyte co-cultures when compared to stimulated 

controls, MSCs and TNF-α + IL-1β MSCs (Figure 5.3B). As it was observed that a 

significantly lower number of lymphocytes were present in TGF-β MSC wells when 

compared to stimulated control wells and MSC wells (Figure 5.3C) we were 

interested to see if this increase in frequency was due to an increase in the absolute 

number of Tregs or if it was due to an increase in the ratio between conventional T 

cells and Tregs. To investigate this, absolute numbers of Tregs was calculated. It was 

observed that TGF-β MSCs significantly increased the absolute numbers of Tregs per 

1x105 live lymphocytes (Figure 5.3D).  

Inflammatory macrophages play a vital role in corneal graft rejection [83, 336]. To 

investigate if TGF-β MSCs could modulate activated M1 macrophages they were 

placed into co-cultures with LPS + IFN-γ stimulated macrophages for 72 hours. TGF-

β MSCs significantly decreased the expression of antigen presentation molecules 

MHCI and MHCII and the co-stimulatory molecule CD80 (Figure 5.4). Expression 

levels of CD86 were not significantly altered.  
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Figure 5.3 TGF-β MSCs significantly increase both the frequency and number of Tregs 

in T lymphocyte co-cultures | Untreated BALB/c MSCs or TGF-β MSCs (1 MSC to 10 

lymphocytes) were cultured in normoxia and placed in T lymphocyte co-cultures for 96 hours 

with CD3/CD28 stimulated lymphocytes. CD3+CD4+FoxP3+ Treg frequency and number was 

calculated using flow cytometry. (A) Flow cytometry gating strategy. Cells were selected 

according to size and granularity, followed by single cell selection. Live/dead discrimination 

based on Sytox negative cells (live) was then carried out. Tregs were selected by CD3 (PE), 

CD4 (PE/CY7) and FoxP3 (GFP) positivity. (B) Frequency of Tregs. (C) Total number of live 

lymphocytes per well directly after T lymphocyte co-culture. (D) Absolute counts of Tregs 

per 100,000 live lymphocytes. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test (n=3-7).   

 
Figure 5.4 TGF-β MSCs suppress activated M1 macrophages. | TGF-β BALB/c MSCs 

were cultured with activated bone marrow generated macrophages for 72 hours. MHC I, MHC 

II, CD80 and CD86 expression was analysed on macrophage cell surface by flow cytometry. 

Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. One-

way ANOVA, Tukey’s Post Hoc test (n=3). 
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5.3.2. Administration of TGF-β MSCs Prolong Rejection Free Survival in a 

Model of Corneal Allograft Rejection 

Neither the administration of MSCs nor TNF-α + IL-1β MSCs prolonged RFS. TGF-

β MSCs demonstrated the unique attribute of increasing the absolute numbers of Tregs 

in T lymphocyte co-cultures. Considering that Tregs are a regulatory population of 

CD4+ lymphocytes that have been shown to prolong RFS in models of bone marrow 

[113],  skin [113], heart [113], liver [114], kidney [115] and cornea transplantation 

[112] we administered TGF-β MSCs in vivo. MSCs ranging from P 6-8 were treated 

with 50ng/ml of TGF-β for 72 hours. After this incubation period the MSCs were 

washed in PBS and trypsinised. Afterwards, the MSCs were washed twice in PBS and 

counted. The TGF-β MSCs were resuspended at a concentration of 1x106 cells per 

100ul of PBS. TGF-β MSCs were administered to treated animals via the tail vein at 

day +1 POD and day +7 POD. The animals were monitored every 2/3 days for a 40-

day period. TGF-β MSCs significantly prolonged RFS with 70% of the transplanted 

animals surviving until day 40 (Figure 5.5A). Accepted grafts remained transparent 

throughout the observation period (Figure 5.5B). The overall opacity of grafts in TGF-

β MSC treated animals was very low and did not increase until late into the observation 

period (Figure 5.5C) and neovascularization followed a similar trend (Figure 5.5D). 

When analysing opacity and neovascularization at the average day of rejection (day 

19 POD) it was observed that TGF-β MSC treated animals had significantly lower 

opacity when compared to untreated, MSC treated and TNF-α + IL-1β MSC treated 

animals (Figure 5.6). TGF-β MSC treated animals demonstrated significantly lower 

neovascularization at day 19 POD when compared to untreated and MSC treated 

animals and trend decreases when compared to TNF-α + IL-1β MSC treated animals 

(Figure 5.6). This is suggestive of less angiogenesis and infiltration of immune cells 

into the graft. 
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Figure 5.5 TGF-β MSCs significantly prolong RFS in a mouse model of corneal 

transplant | Female BALB/c mice served as recipients of female C57BL/6J corneas. 1x106 

TGF-β MSCs were injected intravenously day +1 and day +7 POD. Mice were observed every 

2/3 days. (A) Kaplan-Meier curve showing RFS after administration of MSCs compared to 

untreated animals. (B) Representative images from a transplanted animal receiving TGF-β 

MSCs showing RFS over a period of 40 days. (C) Opacity scores over 40 days POD for 

untreated, MSC treated and TGF-β MSC treated animals. (D) Neovascularization scores POD 

for untreated MSC and TGF-β MSC treated animals. Error bars: mean +/- standard deviation 

*p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. Gehan-Breslow-Wilcoxon test. 
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Figure 5.6 Opacity and neovascularization scores at day 19 in TGF-β MSC treated 

animals are significantly lower | Opacity scores and neovascularization scores were 

compared on Day 19, which was the average day of rejection. Error bars: mean +/- standard 

deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post 

Hoc test.  

 

To summarise, we had previously shown that MSCs and TNF-α +IL-1β MSC 

treatments did not successfully prolong RFS. In contrast, TGF-β MSCs showed 

increased potential as a cellular therapy as not only did they suppress activated 

lymphocytes and macrophages, but they also increased the absolute number of Tregs 

in T lymphocyte co-cultures. After administration in vivo, it was observed that TGF-

β MSCs significantly prolonged RFS. The process of corneal transplant rejection is a 

complex event. The draining lymph node (DLN) is a vital location in the rejection 

process where alloantigen is presented to naive T lymphocytes. This will initiate the 

effector T lymphocyte response [82]. In studies where the DLN was removed from 

cornea transplanted animals, 100% RFS was observed [93], highlighting it’s 

importance. For these reasons, immune cell populations of the DLN from transplant 

recipients receiving no treatment or TGF-β MSC treatment were analysed. It has been 

reported by us and others that systemically administered MSCs increase regulatory 

immune populations in the spleen of rodents which have received corneal transplants 

and these populations have been associated with prolonged RFS [263, 265] . As a 

result, it was investigated whether TGF-β MSCs modulated immune cell populations 
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in the spleen of treated animals. It is known that when MSCs are administered to 

rodents via tail vein injection that the majority of cells get trapped in the lungs and 

recently it was shown that the lungs are the primary site of immune modulation by 

MSCs [253, 267, 404, 405]. For these reasons we wanted to investigate if TGF-β 

MSCs influence immune cell populations in these tissues. The DLN, spleen and lungs 

were harvested from untreated and treated animals (as described in section 2.10.5) and 

the profiles of B cells, CD4 lymphocytes, CD8 lymphocytes, Tregs, macrophages, 

dendritic cells, neutrophils and NK cells were analysed (Figure 5.7). 

 
Figure 5.7 Workflow schematic following animal observation period | On the day of 

rejection, allogeneic control animals were euthanised and the draining lymph node (DLN), 

spleen and lungs were harvested and prepared for flow cytometry analysis. For TGF-β MSC 

treated animals, mice were euthanised on the average days of rejection 16-19 and DLN, spleen 

and lungs were harvested and prepared for flow cytometry analysis. 
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5.3.3. TGF-β MSCs Significantly Reduce Overall B Cell Frequencies while 

Increasing CD5+ Regulatory B Cell Frequencies in the Draining Lymph Node 

and Spleens of Transplanted Animals. 

Adaptive immune responses to transplanted tissue is the major impediment to a 

successful transplantation. In solid tissue transplantation B cells are responsible for 

the production of alloantibodies leading to both acute and chronic allograft rejection 

[406, 407]. B cells have also been shown to present graft-derived antigens to 

alloreactive T lymphocytes via the indirect pathway of allorecognition [407-409]. 

Also, as mentioned previously, B cells have a vital role to play in tolerance induced in 

ACAID. For these reasons, using multi-coloured flow cytometry we analysed both the 

frequency of CD45+CD19+CD24+ positive B cells in the DLNs, spleens and lungs of 

untreated and TGF-β MSC treated animals and the frequency of CD5+ regulatory B 

cells (Bregs) in these organs because of the link between corneal allograft acceptance 

and the role of Bregs in ACAID [56].  

The DLNs, spleen and lungs of both untreated and TGF-β MSC treated animals were 

harvested on the average day of rejection. The organs were prepared as previously 

described in section 2.10.5. B Cells were analysed by gating on CD45+CD19+CD24+ 

positive cells (Figure 5.8A). It was observed that TGF-β MSC treated animals had an 

overall decrease in the frequency of CD45+CD19+CD24+ positive B cells in both the 

DLNs (Figure 5.8B) and spleen (Figure 5.8C) while frequencies in the lung remained 

unchanged (Figure 5.8D). The expression of CD5 was analysed on these B cells 

(Figure 5.9A) and it was observed that there were increases of this Breg population in 

both the DLNs and the spleens of TGF-β MSC treated animals while there was no 

significant change in the lungs (Figure 5.9B). 
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Figure 5.8 Significantly lower percentages of B cells were observed in the DLN and 

spleens of TGF-β MSC treated animals | (A) Representative B cell gating strategy. Cells 

were selected according to size and granularity, followed by single cell selection, live cells 

were selected based on SYTOX negative cells. B cells were selected by CD45 (APC) 

positivity, followed by CD19 (FITC) + CD24 (PE/CY7) double positivity staining. Frequency 

of B cells in (B) the DLNs (C) the spleens and (D) the lungs of untreated Vs TGF-β MSC 

treated animals. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality 

test used to determine distribution of data. ROUT testing was used to identify outliers. 

Parametric unpaired two tailed students T tests used for data was normally distributed. Non-

parametric unpaired two tailed students T tests used for data that was not normally distributed 
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Figure 5.9 Significantly higher frequencies of CD5+ B cells (Bregs) were observed in the 

DLN and spleens of TGF-β MSC treated animals | (A) Representative Breg cell gating 

strategy. Cells were selected according to size and granularity, followed by single cell 

selection, live cells were selected based on SYTOX negative cells. B cells were selected by 

CD45 (APC) positivity, followed by CD19 (FITC) + CD24 (PE/CY7) double positivity 

staining. CD5 (PE) was used a as marker for the detection of Bregs. Frequency of Bregs in 

(B) the DLNs (C) the spleens and (D) the lungs of untreated Vs TGF-β MSC treated animals. 

Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. 

D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality test used to 

determine distribution of data. ROUT testing was used to identify outliers. Parametric 

unpaired two tailed students T tests used for data was normally distributed. Non-parametric 

unpaired two tailed students T tests used for data that was not normally distributed. 

5.3.4. TGF-β MSCs Significantly Increase the Expression of CD25 on CD3+CD4+ 

Lymphocytes in the Spleens and Lungs of Transplanted Animals  

CD25 (IL-2R) is known to regulate both immune tolerance and CD4+/CD8+ 

lymphocyte immunity [410]. CD25 signalling regulates differentiation of effector cells 

and aspects of memory recall responses [411]. CD25 signalling also regulates the 

development, homeostasis and function of Tregs. Thus, CD25 expression was of 

interest to us in this study. Using a multi-coloured flow cytometry panel (Figure 5.10), 

we analysed the expression of CD25 on the overall CD3+CD4+ (Figure 5.11 A-C) and 

CD3+CD8+ (Figure 5.11 D-F) lymphocyte populations in the DLNs, spleens and lungs 

of untreated and TGF-β MSC treated animals. It was observed that CD25 (BV421) 

expression was increased on CD3+CD4+ populations in the spleen (Figure 5.11 B) and 

lungs (Figure 5.11 C) of TGF-β MSC treated animals while no significant differences 
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were observed in the DLNs (Figure 5.11 A). CD25 expression on CD3+CD8+ 

remained unchanged across all populations (Figure 5.11 D-F).  

 
Figure 5.10 Gating strategies used for the comprehensive analysis of CD4+ and CD8+ 

lymphocyte activation markers on the average day of rejection | Cells were selected 

according to size and granularity, followed by single cell selection, live cells were selected 

based on SYTOX negative cells. CD3+CD4+ and CD3+CD8+ were selected on double 

positivity. CD69 and CD25 were used as marker of lymphocyte activation. CD44 Vs CD62L 

were used to divide populations up into naïve, memory and effector populations.  
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Figure 5.11 Significantly increased CD25 expression was observed on CD3+CD4+ 

lymphocytes in the spleens and lungs of TGF-β MSC treated animals | Cells were selected 

according to size and granularity, followed by single cell selection, live cells were selected 

based on SYTOX negative cells. T lymphocytes were selected by CD3 (FITC) and CD4/CD8 

double positivity (APC) positivity, followed by CD25 (BV421) staining. Percentage 

expression of CD25 on CD3+CD4+ in the DLNs (A) the spleen (B) and lungs (C). Percentage 

expression of CD25 on CD3+CD8+ in the DLNs (D) the spleen (E) and lungs (F).  Error bars: 

mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & 

Pearson omnibus normality test and Shapiro-Wilk normality test used to determine 

distribution of data. ROUT testing was used to identify outliers. Parametric unpaired two tailed 

students T tests used for data that was normally distributed. Non-parametric unpaired two 

tailed students T tests used for data that was not normally distributed. 

5.3.4. TGF-β MSCs Significantly Modulate the Expression of CD69 on 

Lymphocytes 

CD69 is type II C-lectin receptor that is an early marker of lymphocyte activation. It 

rapidly appears (30 minutes) on the surface plasma membrane after stimulation [412]. 

For this reason, it is widely used as an activation marker. The precise role of CD69 

has yet to be defined but it has been implicated in cytokine release (IFN-γ, IL-17 and 

IL-22), homing and migration of activated lymphocytes and the regulation of Tregs 
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[413-415]. Again, using a multi-coloured flow cytometry panel (Figure 5.12), we 

analysed the expression of CD69 (PE) on the overall CD3+CD4+ (Figure 5.12 A-C) 

and CD3+CD8+ (Figure 5.12 D-F) lymphocyte populations in the DLNs, spleens and 

lungs of untreated and TGF-β MSC treated animals.  

 
Figure 5.12 Significantly increased CD69 expression was observed on CD3+CD4+ and 

CD3+CD8+ lymphocytes in the organs of TGF-β MSC treated animals | Cells were selected 

according to size and granularity, followed by single cell selection, live cells were selected 

based on SYTOX negative cells. T lymphocytes were selected by CD3 (FITC) and CD4/CD8 

double positivity (APC) positivity, followed by CD69 (PE) staining. Percentage expression of 

CD69 on CD3+CD4+ in the DLNs (A) the spleen (B) and lungs (C). Percentage expression of 

CD69 on CD3+CD8+ in the DLNs (D) the spleen (E) and lungs (F). Error bars: mean +/- 

standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & Pearson 

omnibus normality test and Shapiro-Wilk normality test used to determine distribution of data. 

ROUT testing was used to identify outliers. Parametric unpaired two tailed students T tests 

used for data that was normally distributed. Non-parametric unpaired two tailed students T 

tests used for data that was not normally distributed.   

TGF-β MSC treated animals demonstrated significantly higher percentages of CD69 

expression on both CD4+ and CD8+ lymphocytes in all organs analysed (Figure 5.12). 

CD69 expression on CD3+CD4+ lymphocytes increased from 4.62% ± 2.4% SD to 
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7.97% ± 0.96% SD in the DLNs (Figure 5.12A), from 4.57% ± 2.96% SD to 8.61% 

± 1.23% SD in the spleen (Figure 5.12B) and from 4.12% ± 1.43% SD to 9.46% ± 

1.8% in the lungs (Figure 5.12C). The expression of CD69 on CD3+CD8+ 

lymphocytes (Figure 5.12D-F) followed a similar trend to CD3+CD4+ lymphocytes. 

CD69 expression increased from 4.94% ± 1.9% SD to 7.17% ± 0.83% SD in the DLNs 

(Figure 5.10D), from 3.11% ± 0.57% SD to 5.3% ± 1.37% SD in the spleen (Figure 

5.12E) and from 3.22% ± 0.3% SD to 5.36% ± 1.53% in the lungs (Figure 5.12F).  

 
Figure 5.13 The frequency of CD4+FoxP3+ lymphocytes is significantly increased in the 

DLNs and lungs of TGF-β MSC treated animals | (A) Cells were selected according to size 

and granularity, followed by single cell selection, live cells were selected based on SYTOX 

negative cells. CD4 T lymphocytes were selected by CD4 (PE/CY7) and Tregs were selected 

via FoxP3 (GFP). Frequency of Tregs in the DLNs (B) the spleen (C) and lungs (D). Error 

bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino 

& Pearson omnibus normality test and Shapiro-Wilk normality test used to determine 

distribution of data. ROUT testing was used to identify outliers. Parametric unpaired two tailed 

students T tests used for data that was normally distributed. Non-parametric unpaired two 

tailed students T tests used for data that was not normally distributed.   
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5.3.5. TGF-β MSCs Increase the Frequency of Regulatory Lymphocyte 

Populations in the Organs of Treated Animals  

Due to the observed increase in both frequency and number of Tregs in vitro (Figure 

5.3) we investigated if TGF-β MSC treated animals had an increased frequency of 

Tregs in their organs. The DLNs, spleen and lungs of both untreated and TGF-β MSC 

treated animals were harvested on the average day of rejection and prepared for flow 

cytometry. Again, taking advantage of the FoxP3-GFP transgenic mice we were 

accurately able to observe Treg frequency in these animals via flow cytometry (Figure 

5.13A). While Treg frequency in the spleens (Figure 5.13C) of TGF-β MSC treated 

animals was not significantly changed we did observe a significant increase in the both 

the DLNs (Figure 5.13B) and lungs of treated animals where frequencies increased 

from 9.7% ± 1.9% SD to 11.9% ± 1% SD and 10.83% ± 1.14% SD to 12.9 ± .98% SD 

respectively (Figure 5.13D). 

 

Figure 5.14 Significantly increased CD69 expression was observed on 

CD3+CD4+CD25Neg lymphocytes in the organs of TGF-β MSC treated animals | (A) Cells 

were selected according to size and granularity, followed by single cell selection, live cells 

were selected based on SYTOX negative cells. CD3+CD4+ T lymphocytes were selected by 

CD3 (FITC) followed by CD4 (PE/CY7). CD25 (BV421) negative cells were selected 

followed by CD69 (PE). Frequency of CD3+CD4+CD25Neg in the DLNs (B) the spleen (C) and 



Chapter Five 

- 157 - 

 

lungs (D). Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality 

test used to determine distribution of data. ROUT testing was used to identify outliers. 

Parametric unpaired two tailed students T tests used for data that was normally distributed. 

Non-parametric unpaired two tailed students T tests used for data that was not normally 

distributed. 

5.3.6. TGF-β MSCs Increase the Frequency of CD3+CD4+CD25NegCD69+ 

Lymphocytes in the Organs of Treated Animals  

One of the principal therapeutic responses hoped for upon delivery of an efficacious 

cellular therapy is the induction or increase in T lymphocyte populations that 

negatively regulate the immune responses. There have been at least four reported 

subsets of CD4 lymphocytes that are regulatory, these being, CD3+CD4+FoxP3+, Tr1, 

Tr3 Tregs and CD3+CD4+CD25NegCD69+ lymphocytes [416-419]. Regulatory 

CD3+CD4+CD25NegCD69+ lymphocytes like CD3+CD4+FoxP3+ Tregs have been 

reported to suppress the tumour mediated immune responses and suppress activated 

CD4+ lymphocytes in a cell contact dependent manner [417]. Considering the 

significant increases observed in CD69 expression on the lymphocytes of treated 

animals (Figure 5.14) we analysed the frequency of CD3+CD4+CD25NegCD69+ in the 

DLNs, spleens and lungs. CD3+CD4+ T lymphocytes were selected by CD3 followed 

by CD4 staining. CD25 expression was determined and negative cells were selected 

followed by CD69 staining (Figure 5.14A). We observed significant increases of 

CD3+CD4+CD25NegCD69+ lymphocytes in all organs. Frequencies increased from 

4.21% ± 2.52% SD to 12.6% ± 2.43% SD in the DLNs (Figure 5.14B), from 5.62% 

± 2.5% to 10.89% ± 1.65% SD in the spleen (Figure 5.14C) and from 1.35% ± 0.62% 

SD to 8.66 ± 1.96% SD in the lungs (Figure 5.14D).   
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Figure 5.15 CD3+CD4+ subsets are modulated in the organs of TGF-β MSC treated 

animals | Cells were selected according to size and granularity, followed by single cell 

selection, live cells were selected based on SYTOX negative cells. T lymphocytes were 

selected by CD3 (FITC) and CD4/CD8 double positivity (APC) positivity, followed by CD44 

(PE/CY7) and CD62L (BV510) (A). Percentage frequency of effector (B), memory (C) and 

naïve (D) subsets on CD3+CD4+ populations in the DLNs (i) the spleen (ii) and lungs (iii). 

Percentage Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality 

test used to determine distribution of data. ROUT testing was used to identify outliers. 

Parametric unpaired two tailed students T tests used for data that was normally distributed. 
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Non-parametric unpaired two tailed students T tests used for data that was not normally 

distributed. 

5.3.7. Effector Memory and Naïve Subsets are Significantly Altered in the Organs 

of TGF-β MSC Treated Animals  

CD4+ and CD8+ T lymphocytes can be rudimentarily broken up into effector, effector 

memory and naïve subsets based on their expression of CD44 and CD62L (Figure 

5.15A). It has been reported that effector cells employ a multitude of different 

mechanisms that aid in the destruction of corneal tissue, including the release of IFN-

γ, TNF-α and FasL-mediated apoptosis of corneal endothelial cells [79, 82, 420-422]. 

There is a subset of lymphocytes that can rapidly respond to antigens that have been 

previously encountered, these are known as effector memory lymphocytes and are 

characterised by their lack of CD62L. Memory T lymphocytes are a fundamental 

aspect of the allograft rejection process and as a result they are a major barrier to the 

induction of transplant tolerance due to their low activation threshold and their strong 

effector attributes [423, 424]. To investigate if these subsets of lymphocytes are 

modulated by TGF-β MSC infusion we analysed the DLNs, spleens and lungs of 

untreated and TGF-β MSC treated animals by flow cytometry (Figure 5.15). While 

trend decreases of CD4+ effector cells were observed in the DLNs and lungs, the 

populations remained significantly unchanged in all organs (Figure 5.15B i-iii). 

However, significant increases in effector memory cells were observed in the DLNs 

(Figure 5.15C i) and spleens (Figure 5.15C ii) of treated animals with trend increases 

in the lungs (Figure 5.15C iii). A significant increase in naïve CD4+ lymphocytes was 

observed in the DLNs of TGF-β MSC treated animals (Figure 5.15D i) with no 

significant changes observed in the spleens (Figure 5.15D ii) or lungs (Figure 5.15D 

iii). Looking at the CD8+ T lymphocyte subset counterpart, we observed no significant 

changes in effector CD8+ lymphocytes in any organs (Figure 5.16A), however a trend 

decrease was observed in the DLNs (Figure 5.16A i) and lungs (Figure 5.16A iii) of 

treated animals. Similar to CD4+ lymphocytes, effector memory CD8+ lymphocytes 

were significantly increased in the spleens (Figure 5.16B ii) of TGF-β MSC treated 

animals with no significant changes in the DLNs (Figure 5.16B i) or lungs (Figure 

5.16B iii). The percentage of naïve populations remained unchanged in the DLNs 

(Figure 5.16C i) and spleens (Figure 5.16C ii) and were significantly increased in the 

lungs (Figure 5.16C iii) of treated animals. 
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Figure 5.16 CD3+CD8+ subsets are modulated in the organs of TGF-β MSC treated 

animals | Cells were selected according to size and granularity, followed by single cell 

selection, live cells were selected based on SYTOX negative cells. T lymphocytes were 

selected by CD3 (FITC) and CD4/CD8 double positivity (APC) positivity, followed by CD44 

(PE/CY7) and CD62L (BV510). Percentage frequency of effector (A), memory (B) and naïve 

(C) subsets on CD3+CD4+ populations in the DLNs (i) the spleen (ii) and lungs (iii). 

Percentage Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality 

test used to determine distribution of data. ROUT testing was used to identify outliers. 

Parametric unpaired two tailed students T tests used for data that was normally distributed. 

Non-parametric unpaired two tailed students T tests used for data that was not normally 

distributed. 
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Figure 5.17 Gating strategies used for the analysis of CD4+ TH subset frequencies on the 

average day of rejection | Cells were selected according to size and granularity, followed by 

single cell selection, live cells were selected based on SYTOX negative cells. CD4+ 

lymphocytes were selected by using CD4 (PE/CY7) followed by either CXCR3 (BV421) for 

TH1-like populations or CCR4 (APC) and CCR6 (PE) for TH2-like, TH17-like and TH9 like 

lymphocytes. 

5.3.8. TGF-β MSC Treated Animals Have Significantly Altered T Helper (Th) 

Subset Populations in the Spleens and Lungs.  

The discovery of T lymphocyte subsets and our knowledge of their biology have 

increased remarkably in recent years. It is now known that Th1, Th2, Th9, Th17, Th22, 

follicular T helper (Tfh) and Treg subpopulations all interact with each other, either 

directly or indirectly, and that they can regulate each other [425]. The importance of 

these interactions has been highlighted in transplantation [425, 426].   
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Figure 5.18 Frequencies of TH Subsets are modulated in the spleens and lungs of TGF-

β MSC treated animals | Cells were selected as per figure 5.17. Percentage frequency of 

TH1-like (i), TH2-like (ii), TH9-like (iii) and TH17-like (iv) lymphocytes in the DLNs (A), 

spleens (B) and lungs (C) of animals on the average day of rejection. Percentage Error bars: 

mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & 

Pearson omnibus normality test and Shapiro-Wilk normality test used to determine 

distribution of data. ROUT testing was used to identify outliers. Parametric unpaired two tailed 

students T tests used for data that was normally distributed. Non-parametric unpaired two 

tailed students T tests used for data that was not normally distributed. 

During the corneal allograft rejection process, APCs present allo-antigen to naïve T 

lymphocytes. This primes naïve T lymphocytes to effector Th1 cells, which have been 

shown to be the main mediators of the corneal rejection process [26, 427-429] and as 

such were of interest to this study. Using CXCR3 as marker of Th1-like cells, we 

analysed frequencies of this population in the organs of treated animals and compared 

them to untreated animals that had rejected their grafts (Figure 5.18). While a trend 

decrease of Th1-like cells were observed in the spleens of treated animals, there were 
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no significant differences noted in the DLNs (Figure 5.18 A(i)) or spleens (Figure 

5.18 B(i)) of said animals. Interestingly, we observed that Th1-like cells were 

increased significantly in the lungs of treated animals compared to untreated animals 

(Figure 5.18 C(i)). Yamada et al observed that if the allo-immune response was 

shifted to a Th2 phenotype it enhanced the survival of corneal allografts in a high-risk 

model of murine corneal transplantation [105]. Due to this study it was thought that a 

Th2 phenotype would be desirable, however, more recent studies [106, 107] have 

found that if graft recipients previously suffered with allergic conjunctivitis, a disease 

that leads to an elevated Th2 phenotype, they rejected their grafts at accelerated rates. 

While it is thought that Th1 lymphocytes are the primary effector cells responsible for 

destruction of the graft, Th2 cells have a role to play in the process. We analysed the 

frequency of Th2-like cells by looking at CCR6negCCR4 positive CD4+ lymphocytes 

in the organs of transplanted animals with and without TGF-β MSC treatment. No 

significant changes were observed in DLNs, spleens or lungs of MSC TGF-β animals 

compared to untreated animals (Figure 5.18 A-C(ii)). Th9 lymphocytes are a subset 

of T lymphocytes that secrete the pleiotropic cytokine Interleukin 9 (IL-9). While a 

recently observed population, they have been found to play a role in allergic 

inflammation, autoimmune diseases, and tumour immunity [430]. Little or no 

information exists as to if they play a role in the corneal rejection process. We 

investigated if TH9-like populations were modulated in treated animals compared to 

non-treated animals. We analysed the frequency of CCR4negCCR6 positive CD4+ 

lymphocytes (Figure 5.17) in the organs of untreated and treated animals. A 

significant decrease in Th9-like cells were observed in the spleens of treated animals 

compared to non-treated animals (Figure 5.18 B(iii)). Finally, due to the reported 

involvement of Th17 cells in chronic ocular inflammatory diseases [431] and how 

their involvement in lung allograft  rejection [432] we analysed the frequency of these 

cells in the organs of untreated and treated animals. CD4+ CCR4+CCR6+ was used to 

analyse Th17-like populations (Figure 5.17). We observed no significant changes in 

Th17-like populations in the DLNs (Figure 5.18 A(iv)) or lungs (Figure 5.18 C(iv)) 

of treated animals compared to untreated animals with a significant decrease in the 

spleens of treated animals (Figure 5.18 B(iv)). 
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Figure 5.19 Gating strategies used for the analysis of granulocytes and NK Cells 

frequencies on the average day of rejection | Cells were selected according to size and 

granularity, followed by single cell selection, live cells were selected based on SYTOX 

negative cells. Neutrophils were selected by using GR-1 (PE) and NK cells were selected by 

using CD49b (PE/CY7).  

5.3.9. Natural Killer (NK) Cells and Neutrophils Are Not Significantly Changed 

in The Organs of TGF-β MSC Treated Animals Compared to Untreated 

Animals.  

While CD4+ effector lymphocytes are the main mediators of corneal allograft 

rejection, there has been reports that both NK cells [433, 434] and neutrophils [216] 

have their roles to play in the complex process. We analysed the frequency of GR-1 
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(neutrophils, granulocytes) positive cells and CD49b (NK cells) positive cells in the 

organs of untreated and treated animals on the average day of rejection (Figure 5.19). 

While trend increases, and decrease were observed in both CD49b (Figure 5.20 A(i-

iii)) positive populations and GR-1 positive populations (Figure 5.20 B(i-iii)), no 

significant changes were observed in the DLNs, spleens or lungs.  

 
Figure 5.20 No significant changes in NK cells or Neutrophils were observed in the 

organs of treated animals compared to untreated animals | Cells were selected as per 

figure 5.19. Percentage frequency of CD49b cells (A) and GR-1 (B) in the DLNs (i), spleens 

(ii) and lungs (iii) of animals on the average day of rejection. Percentage Error bars: mean +/- 

standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & Pearson 

omnibus normality test and Shapiro-Wilk normality test used to determine distribution of data. 

ROUT testing was used to identify outliers. Parametric unpaired two tailed students T tests 

used for data that was normally distributed. Non-parametric unpaired two tailed students T 

tests used for data that was not normally distributed. 

5.3.10. Macrophage and Dendritic Cell Frequencies Are Significantly Reduced in 

The Organs of TGF-β MSC Treated Animals with Significantly Lower CD80 and 

CD86 Expression Observed  

There are three essential prerequisites in the initiation of graft rejection, these are the 

presence of the non-self-antigens, the presence of antigen presenting cells (APCs) and 

host lymphocytes [435]. The indirect pathway of antigen presentation is proposed to 

be the most important in corneal allograft rejection, this occurs when recipient APCs 

process and present antigens to lymphocytes. This is speculated to happen at many 
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different sites, the DLN being considered as a very important one in corneal rejection 

[85, 93, 435]. 

 

 

 
Figure 5.21 Gating strategies used for the analysis of macrophages and dendritic cells on 

the average day of rejection | Cells were selected according to size and granularity, followed 

by single cell selection, live cells were selected based on SYTOX negative cells. Macrophages 

were selected by using CD11b (FITC) and MHC II (APC) double positivity. Dendritic cells 

were selected by using CD11c (FITC) and MHC II (APC) double positivity. CD80 (BV421) 

and CD86 (BV510) were used to analyse the expression of co-stimulatory molecules.  

For this reason, we analysed the frequency of both macrophages and DCs in the DLN, 

spleens and lungs of both untreated and TGF-β MSC treated animals. We also 

analysed the expression of the co-stimulatory molecules CD80 and CD86. 
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CD11b+MHCII+ double positivity was used to analyse macrophages (Figure 5.21) and 

CD11c+MHCII+ double positivity was used to analyse dendritic cells (Figure 5.21). 

We observed a significant reduction in the frequency of macrophages in the DLN with 

decreases from 7.14% ± 4% SD to 3.14% ±0.62% SD (Figure 5.22 A(i)). Significant 

reductions were also observed in the spleens of treated animals, decreasing from 

5.67% ± 2.1% SD to 2.47% ±0.4 SD (Figure 5.22 B(i)) Similar to the DLNs and 

spleens of TGF-β MSC treated animals, the frequency of macrophages in the lungs 

were significantly reduced from 19.16% ± 2.8% SD to 11.10% ± 6.3% SD (Figure 

5.22 C(i)). The percentage expression of CD80 (Figure 5.22 A(ii)) and CD86 (Figure 

5.22 A(iii)) on the macrophage populations in the DLN were significantly reduced in 

TGF-β MSC treated animals compared to untreated animals, being reduced from 27% 

± 4.6% SD to 12.8% ± 3.5% SD and 29.19% ± 11.1% SD to 12.92% ± 4.7% SD 

respectively. CD86 expression on macrophage populations in both the spleens (Figure 

5.22 B(iii)) and lungs (Figure 5.22 C(iii)) of TGF-β were also significantly decreased, 

reducing from 30% ± 5.19% SD to 6.8% ± 5.19% SD and 18.2% ± 7.6% SD to 3.14 

± 0.96% SD respectively. 

Very similarly, a significant decrease in the CD11c+MHCII+ populations were also 

observed in the organs of TGF-β MSC treated animals. DCs were significantly 

decreased in the DLNs (Figure 5.23 A(i)), spleens (Figure 5.23 B(i)), and lungs 

(Figure 5.23 C(i)) of TGF-β MSC treated animals when compared to allogeneic 

controls. When analysing the expression of co-stimulatory molecules on DC 

populations in the three organs it was observed that CD80 (Figure 5.23 A-C (ii)) and 

CD86 (Figure 5.23 A-C (iii)) was significantly decreased in TGF-β MSC treated 

animals also. These results taken together indicate that antigen presenting cell 

populations are being significantly modulated in the animals where TGF-β MSCs have 

been administered. The licensed MSCs seem to not only affect the frequency but also 

the activation status of these cells in all three organs, showing the potent 

immunomodulatory capacity of TGF-β MSCs.  
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Figure 5.22 Both the frequency of macrophage populations and expression of co-stimulation molecules are significantly reduced in organs of TGF-β 

MSC treated animals | Cells were selected as per Figure 5.21. Percentage frequency of CD11b+MHCII+ in the DLNs (A(i)), spleens (B(i)) and lungs (C(i)) of 

animals on the average day of rejection. CD80 (A-C (ii)) and CD86 (A-C (iii)) expression on CD11b+MHCII+ on average day of rejection. Percentage Error 

bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk normality 

test used to determine distribution of data. ROUT testing was used to identify outliers. Parametric unpaired two tailed students T tests used for data that was 

normally distributed. Non-parametric unpaired two tailed students T tests used for data that was not normally distributed. 
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Figure 5.23 Significantly reduced dendritic populations with significantly decreased expression of co-stimulation molecules are observed in organs of 

TGF-β MSC treated animals | Cells were selected as per Figure 5.21. Percentage frequency of CD11c+MHCII+ in the DLNs (A(i)), spleens (B(i)) and lungs 

(C(i)) of animals on the average day of rejection. CD80 (A-C (ii)) and CD86 (A-C (iii)) expression on CD11c+MHCII+ on average day of rejection. Percentage 

Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. D’Agostino & Pearson omnibus normality test and Shapiro-Wilk 

normality test used to determine distribution of data. ROUT testing was used to identify outliers. Parametric unpaired two tailed students T tests used for data 

that was normally distributed. Non-parametric unpaired two tailed students T tests used for data that was not normally distributed 
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5.3.11. Summary of Immune Cell Distribution Study 

Organ Increased Decreased 

DLNs 

 

CD5+ B cells 

CD4+CD69+ T cells 

CD8+CD69+ T cells 

CD3+CD4+CD25NegCD69+ 

Naïve CD4s 

Memory CD4s 

CD4+FoxP3+ T cells 

B cells 

Macrophages 

Macrophage CD80 

Macrophage CD86 

Dendritic Cells 

Dendritic Cell CD80 

Dendritic Cell CD86 

Spleen 

 

CD5+ B cells 

CD4+CD25+ T cells 

CD4+CD69+ T cells 

CD8+CD69+ T cells 

CD3+CD4+CD25NegCD69+  

Memory CD8s 

B cells 

TH9-Like 

TH17-Like 

Macrophages 

Macrophage CD86 

Dendritic Cells 

Dendritic Cell CD80 

Dendritic Cell CD86 

Lungs 

 

 

CD4+CD25+ T cells 

CD4+CD69+ T cells 

CD4+FoxP3+ T cells 

CD4+CD69+ T cells 

CD3+CD4+CD25NegCD69+ 

Naïve CD8s 

TH1-Like 

Macrophages 

Macrophage CD86 

Dendritic Cells 

Dendritic Cell CD86 

Table 5.1. A summary of signifcant results observed in immune cell distribution study. 

5.3.12. In Vitro Investigation into the Molecular Mechanisms of TGF-β MSCs  

Thus far we have shown that TGF-β MSCs prolong corneal allograft survival 

significantly, we have also shown that i.v. infusion of 1x106 TGF-β MSCs on day +1 

and on +7 POD induces profound changes in the immune cell repertoire and surface 

expression markers present in the DLNs, spleens and lungs compared to animals that 

have received no cells. In this section we identify potential factors that we hypothesize 

are influencing the immune cells which result in prolongation of graft survival. 
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TGF-β1 plays a very important role under normal physiological conditions but also 

during disease processes. TGF-β1 can regulate cell growth, differentiation, migration, 

apoptosis, and extracellular matrix production [436-438]. Typically, TGF-β1 

signalling is initiated with oligomerization of serine/threonine receptor kinases and 

phosphorylation of the signalling molecules Smad2 and Smad3 in the cytoplasm [439], 

this being the case, there are multiple non-Smad dependent signalling pathways [438]. 

These non-Smad pathways include multiple arms of the MAP kinase pathways, Rho-

like GTPase signalling pathways, and phosphatidylinositol-3-kinase/AKT pathways 

[438]. To investigate if TGF-β licensing was activating the MSCs via the canonical 

Smad2/3 signalling pathway or if it was Smad2/3 independent, we used the Smad2 

inhibitor SB431542. MSCs were treated with SB431542 (10µM final concentration) 

4 hours before treatment with TGF-β (50ng/ml). As previously described, MSCs were 

incubated for 72 hours in the presence of TGF-β before use in experiments. Light 

microscopy at 4x magnification was used to examine cell morphology 48 hours after 

the addition of either TGF-β or Smad2 inhibitor + TGF-β (Figure 5.24 A). Observing 

the images, the expected “swirled” morphology can be seen in the TGF-β MSC flask 

but is absent in the Smad2 inhibitor TGF-β MSC flask indicating that Smad2/3 

signalling was responsible for said morphological changes. To investigate if the TGF-

β MSC mediated T-lymphocyte suppression was a result of Smad2/3 signalling, 

Smad2 inhibited TGF-β MSCs were placed in T lymphocyte co-cultures at a 1 MSC 

to 10 lymphocyte ratio with CD3/CD28 stimulated lymphocytes and incubated for 96 

hours (Figure 5.24 B). Following the culturing period, proliferation of CD4+ and 

CD8+ lymphocytes were analysed by flow cytometry using CTV to track proliferation. 

Both total proliferation and proliferation >3 generations of lymphocytes were analysed 

(Figure 5.24 C). 

 

 

 

 

 



Chapter Five 

- 172 - 

 

 

Figure 5.24 The efficacious attributes of TGF-β licensed MSCs can be contributed to the 

Smad2/3 canonical signalling pathway | Untreated BALB/c MSCs, TGF-β MSCs, Smad 

inhibitor + MSCs or TGF-β MSCs + Smad2 inhibitor (1 MSC to 10 lymphocytes) were 

cultured in normoxia and placed in T lymphocyte co-cultures for 96 hours with CD3/CD28 

stimulated lymphocytes. CTV was used to determine lymphocyte proliferation (A) Light 

microscopy of TGF-β MSCs and Smad2 inhibited MSCs at 48 hours after TGF-β addition. 

(B) Schematic of how the T lymphocyte co-culture was set up. (C) Bar charts and histograms 

showing total lymphocyte proliferation, >3 generation proliferation. (C (v)) % of CD4+FoxP3+ 

cells. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. 

Multiple unpaired, two tailed student’s t test and One-way ANOVA, Tukey’s Post Hoc test 

(n=3). 
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It was observed that following Smad2 inhibition, T lymphocyte proliferation was 

significantly restored to the levels of untreated MSCs. This was demonstrated for both 

total proliferation (Figure 5.24 C (i + iii)) and >3 generations (Figure 5.24 C (ii + 

iv)) of both CD4+ lymphocytes and CD8+ lymphocytes.  Analysing the CD4+FoxP3+ 

frequencies in the lymphocyte co-cultures it was observed that following Smad2 

inhibition the frequencies of Tregs was also restored to the percentages of untreated 

MSCs (Figure 5.24 C (v)). From this experiment we concluded that TGF-β was 

signalling via the canonical Smad2/3 pathway and the therapeutic attributes that TGF-

β MSCs possess can be contributed to molecules downstream of Smad2/3 signalling. 

It has been reported that MSCs have both contact dependent and contact independent 

mechanisms of immunomodulation [203, 322, 440, 441]. To investigate if TGF-β 

MSC immunomodulation was contact dependent or contact independent we repeated 

our T lymphocyte co-cultures in a slightly modified setting. Instead of placing the 

MSCs and lymphocytes together in wells we used transwells (TW) to house the MSCs 

above the lymphocytes during the experiment (Figure 5.25 A). The pores in the TW 

were 0.8µm in diameter allowing for secreted factors to interact with the T 

lymphocytes while preventing MSC-lymphocyte contact. While not statistically 

significant, TW TGF-β MSC total CD4+ proliferation was partially restored (Figure 

5.25 B (i)). When examining TW TGF-β MSCs >3 generations proliferation, CD4+ 

proliferation was a significantly restored in comparison to contact dependent TGF-β 

MSCs (Figure 5.25 B (i)). When examining the CD8+ proliferation in the TW TGF-β 

MSC wells it was demonstrated that for both total (Figure 5.25 B (iii)) and >3 

generations (Figure 5.25 B (iv)), proliferation was partially restored, but this 

restoration was non-significant. In the TW TGF-β MSC wells no increase in 

CD4+FoxP3+ frequencies were observed, and frequencies were comparable to 

stimulated controls and TW MSC (Figure 5.25 B (v)). Together these results indicate 

that TGF-β MSC T lymphocyte immunomodulation is predominately dependent on 

cell-cell contact, indicated by the failure to inhibit T lymphocyte proliferation 

significantly when in transwells. TW TGF-β MSCs also failed to increase frequencies 

of CD4+FoxP3+ lymphocytes in cultures again indicating the significance of cell 

contact. 
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Figure 5.25 TGF-β MSCs require cell contact to elicit T lymphocyte immunosuppressive 

attributes | Untreated BALB/c MSCs or TGF-β MSCs (1 MSC to 10 lymphocytes) were 

cultured in normoxia and then placed in transwell (TW) modified T lymphocyte co-cultures 

for 96 hours with CD3/CD28 stimulated lymphocytes. (A) Schematic showing experimental 

procedure, MSCs were placed in a 0.8µm transwell and stimulated lymphocytes were placed 

in the bottom of a 24 well flat bottom plate. (B) (i) Total CD4+ proliferation, (ii) >3 CD4+ 

proliferation, (iii) Total CD8+ proliferation, (iv) >3 CD8+ proliferation and (v) CD4+FoxP3+ 

lymphocyte frequency. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. Multiple unpaired, two tailed student’s t test and One-way 

ANOVA, Tukey’s Post Hoc test (n=3).  
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5.3.13. CD73 as a regulatory factor in TGF-β MSC immunoregulation. 

Adenosine (ADO) production and signalling has been described as one of the many 

mechanisms by which MSCs modulate immune cells. One of the main molecules in 

ADO signalling is the ectonucleotidase CD73, which converts adenosine 

monophosphate (AMP) to ADO [442]. To evaluate if the increase in expression of 

CD73 on MSCs after TGF-β treatment (Figure 5.1 B) contributes to their T 

lymphocyte immunomodulation, we used the CD73 inhibitor α,β-Methyleneadenosine 

5′-diphosphate (AMP-CP). 

 
Figure 5.26 Experimental setup to investigate the importance of CD73 in TGF-β MSC 

immunomodulation | Untreated MSCs, AMP-CP MSCs, TGF-β MSCs and AMP-CP TGF-

β MSCs (1 MSC to 10 lymphocytes) were cultured in normoxia and placed in T lymphocyte 

co-cultures for 96 hours with CD3/CD28 stimulated lymphocytes. CTV was used to determine 

lymphocyte proliferation. AMP-CP/CD73 inhibitor: Blocks ecto-5'-nucleotidase-mediated 

adenosine production by preventing the conversion of AMP to adenosine. ATP: adenosine 

triphosphate, ADP: adenosine diphosphate, AMP: adenosine monophosphate, ADO: 

adenosine. 
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AMP-CP blocks ecto-5'-nucleotidase-mediated adenosine production by preventing 

the conversion of AMP to adenosine (Figure 5.26). MSCs were pre-activated for 72 

hours in the presence of TGF-β before use in experiments (Figure 5.26). TGF-β MSCs 

were placed in T lymphocyte co-cultures in the presence of AMP-CP (100 µM final 

concentration) for 96 hours, following incubation, proliferation of lymphocytes and 

the frequency of CD4+FoxP3+ lymphocytes were examined by flow cytometry. It was 

observed that proliferation >3 generations of the CD4+ lymphocytes was partially 

restored in the wells that contained AMP-CP, although this restoration was not 

significant (Figure 5.27 A). While not restored to the same percentage proliferation 

as untreated MSCs, proliferation >3 generations of the CD8+ lymphocytes were 

significantly restored in the AMP-CP wells (Figure 5.27 B). CD4+FoxP3+ frequencies 

were analysed in the AMP-CP wells and it was observed that the CD73 inhibitor had 

no observable effects on the percentages of the CD4+FoxP3+ populations 

 
Figure 5.27 Inhibition of CD73 in lymphocyte co-cultures resulted in significantly 

increased CD8+ proliferation | MSCs, MSCs + AMP-CP, TGF-β MSCs and TGF-β MSCs + 

AMP-CP (1 MSC to 10 lymphocytes) were cultured in T lymphocyte co-cultures for 96 hours 

with CD3/CD28 stimulated lymphocytes. (A) >3 CD4+ proliferation, (B) >3 CD8+ 
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proliferation and (C) CD4+FoxP3+ lymphocyte frequency. Error bars: mean +/- standard 

deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. Multiple unpaired, two tailed 

student’s t test and One-way ANOVA, Tukey’s Post Hoc test (n=3).  

5.3.14. RNASeq Analysis Potentially Identifies PGE2 as an Important Molecule 

in TGF-β MSC Immunomodulation. 

Considering the multitude of pathways activated by TGF-β and to better understand 

what potential molecules could be responsible for the prolongation of allograft 

survival we decided to investigate the mRNA expression profile of TGF-β MSCs. 

Both MSCs and TGF-β MSCs were analysed by RNA sequencing (RNASeq) 

technology. mRNA was isolated from MSCs and TGF-β MSCs in triplicate, quantified 

using a nanodrop and samples were sent to the company ArrayStar®. RNASeq 

experimental workflow (Figure 5.28) and RNASeq data analysis (Figure 5.29), 

including bioinformatics, was carried out by ArrayStar®. 

 
Figure 5.28 Experimental workflow for RNASeq analysis as carried out by ArrayStar® 

| Total RNA samples are quantified using Nanodrop and qualified by agarose gel 
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electrophoresis. Illumina kits were used for the RNASeq library preparation, which include 

procedures of RNA fragmentation, random hexamer primed first strand cDNA synthesis, 

dUTP based second strand cDNA synthesis, end-repairing, A-tailing, adaptor ligation and 

library PCR amplification. Finally, the prepared RNASeq libraries were qualified using 

Agilent 2100 Bioanalyzer and quantified by qPCR absolute quantification method. The 

sequencing was performed using Illumina Hiseq 4000. Information and diagram adapted from 

ArrayStar® sequencing report. 

 
Figure 5.29 Data analysis workflow for RNASeq analysis as carried out by ArrayStar® 

| Raw sequencing data generated from Illumina HiSeq 4000 are used for following analysis. 

Trimmed reads (trimmed 5’, 3’-adaptor bases) are aligned to reference genome. Based on 

alignment statistical analysis it was determined whether results can be used for subsequent 

data analysis. Expression profiling differentially expressed genes and differentially expressed 

transcripts were calculated. Novel genes and transcripts were also predicted. Principal 

Component Analysis (PCA), Correlation Analysis, Hierarchical Clustering, Gene Ontology 

(GO), Pathway Analysis, scatter plots and volcano plots were performed for the differentially 

expressed genes in R or Python environment for statistical computing and graphics. 

Information and diagram adapted from ArrayStar® sequencing report. 

We have only recently received the RNASeq data, as such, results will be presented 

here in a rudimentary format. 9 genes from a list of the 20 most differentially expressed 

genes comparing MSCs to TGF-β MSCs were selected based on their gene products 
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having implications in immune regulation, tissue repair, cell proliferation, 

cytoprotection or migration (Figure 5.30). Prostaglandin-Endoperoxide Synthase 2 

(Ptgs2), also known as cyclooxygenase (COX2), was the most differentially expressed 

gene when comparing the MSC Vs TGF-β MSC group, being 73-fold increased. The 

gene product being a key enzyme in prostaglandin biosynthesis [443], which 

reinforces our observed significant increase of PGE2 in T lymphocyte co-culture 

experiments (Figure 5.2 C).   

 
Figure 5.30 | Fragments Per Kilobase of transcript per Million mapped reads. The expression 

level (FPKM value) of known genes and transcripts were calculated using ballgown 
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Periostin (Postn) is a secreted extracellular matrix protein. It is important in tissue 

regeneration [444], tissue repair [445] and in the migration of fibroblasts [445]. Postn 

was increased 25-fold in TGF-β MSCs compared to MSCs. Heparin Binding EGF 

Like Growth Factor (Hbegf) is a protein coding gene whose gene product is a mitogen 

for fibroblasts [446] and stimulates proliferation and migration [447] of MSCs. It also 

has cytoprotective attributes protecting MSCs from apoptosis [447].There was 24-fold 

increase in Hbegf expression in the TGF-β MSCs compared to MSCs. Plakophilin 1 

(Pkp1) links cadherins to intermediate filaments in the cytoskeleton forming strong 

intercellular adhesion mediated by desmosomes [448]. This suggests an essential role 

for Pkp1 in tight junction formation, growth control and wound healing [448]. Pkp1 

was 17.5-fold upregulated in the TGF-β MSCs compared to MSCs. Argininosuccinate 

Synthase 1 (Ass1) encodes the enzyme that catalyses the second last step of the 

arginine biosynthetic pathway. In myeloid cells, arginine is metabolised either by 

nitric oxide synthases or by arginases and the fate of arginine metabolism is an integral 

regulator of innate and adaptive immune response [449, 450], where nitric oxide 

metabolism is linked to a pro-inflammatory outcome and arginine is linked to an anti-

inflammatory outcome. Ass1 was 15-fold upregulated in TGF-β MSCs compared to 

MSCs. Semaphorin 7A (Sema7a) or Cd108 encodes membrane bound protein. It is 

typically expressed on lymphocytes and cells of myeloid origin. It contributes to innate 

immune responses by stimulation of macrophage chemotaxis and aids cytokine 

production, it is also known to regulate both T lymphocyte function and dendritic cell 

migration [451, 452]. Sema7a was 12-fold upregulated in TGF-β MSCs compared to 

MSCs. Ectonucleotide Pyrophosphatase/Phosphodiesterase 1 (ENPP1) encodes an 

ecto-nucleotide which converts extracellular ATP to AMP [453] and as discussed 

previously (Figure 5.26) this is a process in ADO production and has been described 

as one of the many mechanisms by which MSCs modulate immune cells. A 10-fold 

increase in Enpp1 was observed in the TGF-β MSCs compared to MSCs. Epiregulin 

(Ereg) encodes a hormone peptide that is a member of the epidermal growth factor 

family and epiregulin is known to contribute to inflammation, tissue repair and wound 

healing under normal physiological conditions [454]. Ereg was observed to be 10-fold 

upregulated in TGF-β MSCs compared to MSCs. Lastly, it was observed that Nt5e 

was 4.7-fold upregulated in TGF- β MSCs compared to MSCs. The gene product of 

Nt5e is CD73, this molecule converts extracellular nucleotides like AMP into 

membrane permeable nucleosides like ADO [455].  
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5.3.15. Prostaglandin EP4 Receptor (EP4) Blockade Impedes Increases in Treg 

Frequencies Observed in T Lymphocyte Co-Cultures. 

PGE2 has been reported to be both pro-inflammatory and anti-inflammatory [456]. In 

the context of MSC immunomodulation it has been consistently reported to be one of 

the main mediators of their immunosuppressive attributes [457]. PGE2 inhibits T 

lymphocyte homing to DCs by preventing the secretion of cytokines and chemokines 

from DCs, it suppresses effector functions of neutrophils, macrophages, cytotoxic 

CD8+ lymphocytes and natural killer cells and has been reported to increase the 

frequencies of both Tregs and myeloid-derived suppressor cells in tissues where it is 

present [458]. For these reasons but also because of our observed increase of PGE2 in 

T lymphocyte co-cultures and that the largest fold increase in gene expression was 

Ptgs2, we blocked EP4, one of the 4 receptors that binds PGE2.  

To study if the observed suppression of T lymphocyte proliferation or if the increases 

of CD4+FoxP3+ frequencies was due to PGE2 signalling via the EP4 receptor the 

chemical compound L-161,982, which is a highly selective EP4 antagonist and was 

used at a final concentration of 1 mM in TGF-β MSC-T lymphocyte co-cultures. The 

cultures were incubated for 96 hours at 37oC. While the restoration was not significant, 

it was observed that EP4 blockade partially restored CD4+ lymphocyte >3 gens 

proliferation (Figure 5.31 A). EP4 blockade significantly restored CD8+ >3 gens 

proliferation to the percentages of the stimulated lymphocyte control (Figure 5.31 B). 

Interestingly, it was demonstrated that the blockade of EP4 inhibited the increase of 

CD4+FoxP3+ in the TGF-β MSC + EP4 inhibitor wells when compared to TGF-β MSC 

wells (Figure 5.31 C). 

In summary, we have observed that TGF-β signals via the canonical TGF-β1 

signalling pathway when incubated with MSCs (Figure 5.24), indicating their 

therapeutic attributes is a result of molecules downstream of this pathway. We 

observed that the T lymphocyte modulatory attributes of TGF-β MSCs is cell-cell 

contact dependent, as when they are separated in co-culture by transwells their 

inhibitory effect is lost. Also, they lose their ability to increase CD4+FoxP3+ 

frequencies (Figure 5.25). Using the CD73 inhibitor AMP-CP we demonstrated a 

restoration of CD8+ proliferation with a partial restoration of proliferation of CD4+ 

populations (Figure 5.27). While CD73 inhibition did not affect CD4+FoxP3+ 

frequencies (Figure 5.27), the blocking of the EP4 on T lymphocytes did, significantly 
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reducing the CD4+FoxP3+ frequencies (Figure 5.31). This would indicate, as one 

would expect, a multifarious mechanism of action of TGF-β MSCs.    

 

Figure 5.31 EP4 antagonist significantly restores CD8+ proliferation and prevents 

increases in CD4+FoxP3+ frequencies in TGF-β MSC T lymphocyte co-cultures. | TGF-β 

MSCs and TGF-β MSCs + EP4 Inhibitor (1 MSC to 10 lymphocytes) were cultured in 

normoxia in T lymphocyte co-cultures for 96 hours with CD3/CD28 stimulated lymphocytes. 

(A) >3 CD4+ proliferation, (B) >3 CD8+ proliferation and (C) CD4+FoxP3+ lymphocyte 

frequency. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. Multiple unpaired, two tailed student’s t test and One-way ANOVA, Tukey’s 

Post Hoc test (n=3).  
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5.4 Discussion 

In this chapter we observed that the pre-treatment of MSCs with TGF-β significantly 

modulated their phenotype and increased their ability to suppress both cells of the adaptive 

and innate immune system in vitro. We had observed and described in the previous 

chapter that MSCs and TNF-α + IL-1β MSCs could not prolong RFS, however, TGF-β 

MSCs significantly promoted RFS after administration of 1x106 cells on POD +1 and 

POD + 7. To investigate the mechanisms of immune modulation which mediate MSCs 

ability to prolong allograft survival, we performed immune cell distribution studies in the 

DLNs, spleen and lungs, investigating increases or decreases of B cells, T lymphocytes, 

Tregs, macrophages, DCs, neutrophils and NK cells along with their activation status. We 

observed that the administration of TGF-β MSCs modulated multiple immune cell 

populations as summarised in Table 5.1. Of note, we observed significant increases in 

Breg populations in the DLNs and spleens of TGF-β MSCs treated animals, significant 

increases in Tregs in the DLNs and lungs of TGF-β MSCs treated animals, we observed 

significant increases in an alternative Treg (CD3+CD4+CD25NegCD69+) population in all 

organs examined and significant decreases in not only the frequencies of both DCs and 

macrophages but also their activation status (decreases in CD80 and CD86).  

Lastly, when investigating a potential mechanism by which TGF-β MSCs suppress 

activated T lymphocytes and induce Treg populations in vitro, we demonstrated that TGF-

β signals via the canonical TGF-β1 signalling pathway and their ability to suppress 

activated lymphocytes and to induce Tregs is cell-cell contact dependent. Not only this, 

while CD73 was mildly responsible for the suppression of CD4+ and CD8+ lymphocytes, 

the inhibition of its activity had no bearing on the ability of TGF-β MSCs to induce Treg 

populations in vitro. We had previously observed that TGF-β MSCs secrete significantly 

higher concentrations of PGE2 and after observing that the gene for COX2 (Ptgs2) was 

73-fold increased in the RNASeq reports, we decided to inhibit EP4, a prostaglandin 

receptor on T lymphocytes. We observed that inhibition of EP4 restored both CD4+ and 

CD8+ T lymphocyte proliferation but also inhibited the induction of Tregs. These results 

indicated that both CD73 and PGE2 play a role in TGF-β MSCs immunomodulation. 
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Firstly, TGF-β MSCs were characterised by flow cytometry to study the effects of TGF-

β pre-treatment on cell surface identification markers (Figure 5.1). It was observed that 

TGF-β treatment did not significantly change MHC II, CD45, F4/80, CD11c, CD80 or 

CD86 on the surface of the MSCs. Interestingly, TGF-β MSCs remained positive for 

CD105, CD44, and CD90 while they had increased expression of CD73 and decreased 

expression of SCA-I and MHC I. As discussed previously CD73 is an ectonucleotidase 

which has been implicated MSC immunoregulation, TGF-β MSCs had significantly 

elevated CD73 expression. This result will be discussed in greater detail in the context of 

CD73 inhibitors in the ensuing discussion. SCA-I is a maker of mouse MSCs, it has been 

used in the past to isolate MSCs that have increased growth potential and robust tri-lineage 

differentiation compared with MSCs that are isolated by plastic adherence alone [459]. 

Interestingly, we see large significant decreases in SCA-I after TGF-β treatment. 

Although Houlihan et al. [459] reported that SCA-I sorted MSCs have increased 

differentiation and proliferative capacity, Li and colleagues [460] demonstrated that SCA-

I negative MSCs have significant immunomodulatory capacity. In the context of 

allogeneic cell treatments, an ideal cellular therapy would have no MHC II and little or 

no MHC I, in this regard, our observed decreases in MHC I are interesting, as this would 

decrease the potential likelihood of an antigen specific donor response via alloreactive T 

lymphocytes [369].  

As discussed previously, the pre-activation of MSCs before in vivo administration has 

become a common strategy to improve therapeutic efficacy  [236, 243, 253, 266, 330, 

364, 368]. We had observed in preliminary experiments (Figure 4.16+ Figure 4.17), 

discussed in chapter 4, that both TNF-α + IL-1β MSCs and TGF-β MSCs decreased the 

frequency and proliferation of CD4+ and CD8+ lymphocytes to a greater degree than other 

pre-treatments. To investigate if this observation was statistically significant and not just 

an artefact, TGF-β MSCs were placed in T lymphocyte co-cultures and their effects on T 

lymphocytes were studied more intensively (Figure 5.2). It was demonstrated that TGF-

β MSCs significantly suppressed the activation of T lymphocytes in vitro. When the 

percentage of proliferation >3 generations were analysed for CD4+ and CD8+ 

lymphocytes it was observed that TGF-β MSCs suppressed both cell populations to the 

same extent as TNF-α + IL-1β MSCs (Figure 5.2A). Interestingly, one significant 
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difference was that while TGF-β MSCs secreted high levels of PGE2 (Figure 5.2C), they 

failed to secrete significant levels of NO while TNF-α + IL-1β MSCs had been observed 

to secrete high levels of both immunoregulatory molecules (Figure 4.21). Comparable to 

TNF-α + IL-1β MSCs, TGF-β MSCs had an enhanced ability to suppress activated 

macrophages (Figure 5.4) while non-treated MSCs did not (Figure 4.8). Analysing the 

differences between TNF-α + IL-1β MSCs and TGF-β MSCs revealed a trend decrease in 

MHC II and a significant decrease in CD80 indicating that TGF-β MSCs are slightly more 

efficient at suppressing activated macrophages. Not only this, where TNF-α + IL-1β 

MSCs had failed to induce Treg populations in vitro (Figure 5.3B), TGF-β MSCs 

significantly increased both the frequencies and numbers of Tregs (Figure 5.3B + D). 

Tregs have been reported in several studies to important in the prolongation of graft 

survival, including corneal allograft survival [62, 263, 265, 381-383] and the inducement 

of Tregs has been attributed to the immunomodulatory molecule PGE2, in which we had 

observed significant increases in our in vitro co-culture systems [364, 377]. 

Previously, we had administered untreated MSCs (Figure 4.10) and TNF-α + IL-1β 

MSCs (Figure 4.24) in our model of corneal transplantation and both treatments failed to 

prolong RFS. We observed that TGF-β MSCs had an ability to induce Tregs in vitro, that 

they suppressed the proliferation of activated T lymphocytes, that they suppressed 

stimulated macrophages to a higher degree than other treatments and that TGF-β treatment 

did not inhibit the ability of MSCs to proliferate, while TNF-α + IL-1β did (Figure 4.13). 

For these reasons, we administered 1x106 TGF-β MSCs POD day +1 and 1x106 TGF-β 

MSCs POD day +7. We observed a significant increase in RFS in TGF-β MSC treated 

animals (70%) compared to allogeneic controls (22%), MSC treated animals (18%) and 

TNF-α + IL-1β MSC treated animals (0%) (Figure 5.5A). Not only this, we also noted 

that the opacity scores and neovascularization scores on the average day of rejection were 

significantly lower in the TGF-β MSC treated group when compared to all other treatment 

groups, indicating that significantly less immune cells infiltrated the graft (Figure 5.6). 

To investigate the potential mechanisms by which TGF-β MSCs prolong RFS we 

designed an immune cell distribution study (Figure 5.7). On the day of rejection, 

allogeneic control animals were euthanised and the DLN, spleen and lungs were harvested 
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and prepared for flow cytometry analysis. For TGF-β MSC treated animals, mice were 

euthanised on the average days of rejection (d16-d19) and the DLN, spleen and lungs 

were prepared. Flow cytometry panels were designed to analyse both innate and adaptive 

immune cell populations including B cells, CD4 lymphocytes, CD8 lymphocytes, Tregs, 

macrophages, dendritic cells, neutrophils and NK cells.  

Once administered via tail vein injection, it is known that MSCs collect as a bolus of cells 

in the lungs. Recent studies have suggested that because of their size and the number of 

MSCs injected, the majority of MSCs do not migrate out of the lung, also it has been 

reported that the in vivo viability of MSCs is limited.  As a result it seems possible that 

MSCs modulate intermediary immune effector populations which then migrate to other 

organs and sites of inflammation and exert immunosuppressive effects which were 

acquired from the MSCs [404, 405]. Interestingly, we observed significant increases in 

Th1-like cells after the intravenous administration of TGF-β MSCs (Figure 5.18C (i)), 

this increase in inflammatory CD4+ positive cells may be due to the mechanical stress 

applied on the capillaries because of the large bolus of cells that was administered. Th1-

like cells could also be recruited via the secretion of chemokines by the TGF-β MSCs or 

even due to the release of soluble mediators by resident lung immune cells. 

We observed increases in CD3+CD4+CD25+ populations in the lungs of TGF-β MSC 

treated animals and increases in CD3+CD4+CD69+ populations also. Both CD25 and 

CD69 are T lymphocyte activation markers [461, 462]. CD25 also has been historically 

used as an identification marker for Tregs [462] and a recently identified population of 

Tregs have been reported to be CD25 negative but CD69+ [417]. For these reasons we 

investigated if the increases in CD25 or CD69 expression that were observed in the organs 

of TGF-β MSC treated animals were a result of increases in these populations. It was 

demonstrated that both conventional Treg populations in the lungs were increased (Figure 

5.13D) and CD3+CD4+CD25NegCD69+ cells were increased in all organs (Figure 5.14). 

This result will be discussed in further detail in chapter 6.  

It was recently demonstrated by Ko et al. that intravenously administered human MSCs 

confer long-term therapeutic benefits even though they only engraft transiently, and that 

a population of CD11b+ regulatory macrophages were enriched in the lung after 
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administration, these macrophages remain in circulation for up to 7 days and are capable 

of suppressing the T cell response and prolonging graft survival [267]. In line with this 

study but also due to the possibility of MSCs directly modulating APC populations as 

demonstrated in vitro but also because of the possibility of MSCs dying shortly after 

administration and being phagocytosed by APCs, which in turn may cause the APCs to 

become immunoregulatory, both CD11b+ (macrophages) and CD11c+ (DCs) APC 

populations were analysed. We observed significant decreases in the frequencies of both 

macrophages and DCs in the lungs of TGF-β MSC treated animals. Not only this, we 

observed significant reductions in the co-stimulatory molecule CD86 (Figure 5.22C+ 

5.23C) which is indicative of an iDC or tDC phenotype [463]. 

As recent evidence suggests [267] and as we have seen in our study, MSCs can modulate 

immune effector populations in lungs, these cells can then migrate to peripheral organs 

such as the spleen and DLNs. The spleen filters the blood removing damaged or dead 

blood cells from circulation, it can also sequester immune effector cells such as 

lymphocytes and APCs. It has been reported by us and others that systemically 

administered MSCs increase regulatory immune populations in the spleen of rodents 

which have received corneal transplants and these populations have been associated with 

prolonged RFS [263, 265]. As a result, it was investigated whether TGF-β MSCs 

modulated immune cell populations in the spleens of treated animals. A vital step in the 

corneal allograft rejection process is the presentation of alloantigen from donor or 

recipient APCs to allo-reactive T lymphocytes, this occurs either in the cornea, in the area 

surrounding the eye and conjunctiva or in the DLN [435]. The importance of the DLN in 

corneal allograft rejection has been demonstrated by Yamagami et al. [93, 94] whereby 

they removed the DLNs in both a model of low risk and high risk corneal transplantation. 

Removal of the DLNs prevents graft rejection in both models demonstrating the 

importance of the initial antigen presentation phase and the subsequent expansion of 

alloreactive effector T lymphocytes. For this reason, it was investigated whether TGF-β 

MSCs modulated immune cell populations in the DLNs of treated animals.  

While T effector cells are the main mediators of rejection, B cells are known to be 

responsible for the production of alloantibodies leading to both acute and chronic allograft 
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rejection [406, 407]. They are also known to present graft derived antigens to alloreactive 

T lymphocytes via the indirect pathway of allorecognition [407-409]. We observed 

decreases in overall B cell frequencies (Figure 5.8) but increases in Breg frequencies 

(Figure 5.9) in the DLNs and spleens of TGF-β MSC treated animals. Interestingly, 

CD19+CD24highCD5high B cells have recently been reported to be able to induce Tregs in 

vitro [464], not only this but CD19+ CD5+B220low Bregs were able to reduce symptoms of 

uveitis in mice after administration [465]. Our results may also possibly indicate that 

MSCs may induce an environment whereby ACAID is facilitated. This will be discussed 

further in chapter 6. 

Comparable to the observations in the lungs of TGF-β MSC treated animals, frequencies 

of CD3+CD4+FoxP3+ Tregs were significantly increased in the DLNs (Figure 5.13A) of 

TGF-β MSC treated animals on the average days of rejection. This observation is in line 

with a study previously published by Jia et al., in this study they demonstrated that 

postoperative injection of MSCs reduced Th1 pro-inflammatory cytokines and elevated 

IL-4 cytokine secretion from T lymphocytes derived from cornea-transplanted rats. They 

also noted that Tregs were upregulated in the DLNs after MSC treatment. They attributed 

this increase in Tregs to the observed prolongation of corneal allograft survival [263]. 

This increase in Tregs may contribute to the suppression of the alloreactive T lymphocyte 

response directly, or indirectly by acting on APCs in the DLN. We observed significant 

decreases in both DC and macrophage frequencies in the DLNs, with significant decreases 

in both CD80 and CD86 (Figure 5.22A + 5.23A). 

We observed increases in a CD8+ memory phenotype in the spleen of TGF-β MSC treated 

animals (Figure 5.16B (ii)), a recently reported CD8+CD44+CD62L+CD25Neg memory 

phenotype is capable of suppressing T lymphocyte responses [466]. However more 

investigation would be needed in order to clarify if the CD8+ memory population we 

observe is similar to this regulatory CD8+CD44+CD62L+CD25Neg memory phenotype. 

Decreases in both Th9-like and Th17-like populations were observed in the spleen in 

TGF-β MSC treated animals (Figure 5.18B(i+iv)). Th9 T lymphocytes are a recently 

observed and defined population of CD4+ lymphocytes. They were demonstrated to play 

a role in in allergic inflammation, autoimmune diseases, and tumour immunity [430]. 
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Little or no information exists as to if they play a role in the graft rejection process. 

Interestingly, in a model of allogeneic skin transplantation, Lu et al. demonstrated the 

importance of an IL-9 secreting CD4+CD25+FoxP3+ population in tolerance to the graft 

[467]. They adoptively transferred the in vitro expanded IL-9 secreting population into 

allogeneic skin transplanted animals and observed acceptance of the graft, however, after 

administering an IL-9 blocking antibody, this tolerance was lost. The caveat to this study 

was that the transferred IL-9 secreting population was selected based on the CD4+CD25+ 

expression, the concern being that FoxP3 negative cells were transferred also. Other 

studies [430, 468, 469] investigating IL-9 production from in vitro expanded Treg cultures 

were not able to demonstrate the section of IL-9, raising the question if the IL-9 transferred 

cells in the Lu et al. study were Th-9 cells Further studies would need to be completed in 

order to define the source of the IL-9 in these models and indeed if Th9 T lymphocytes 

contribute to corneal graft rejection.  

The role of Th17 cells in the corneal allograft rejection process is conflicting, with some 

studies demonstrating that IL-17 is needed for corneal allograft survival [110] while 

others demonstrate the contrary [108]. In both the renal and cardiac graft rejection process, 

Th17 cells have been identified as mediators of rejection. Cunnusamy et al. investigated 

if Th17 cells were important in mediating mouse corneal graft rejection using anti-IL17 

antibodies [110]. They demonstrated that neutralisation of IL-17 increased the incidence 

of rejection with 90% of animals rejecting their transplants and found that the inhibition 

of Th17 cells lead to an emergence of Th2 cells which independently and inevitability 

destroyed the graft. However, both Chen et al. and Yin et al. demonstrated that Th17 cells 

played a role in both the early and late stages of corneal rejection respectively [108, 470]. 

We observed that Th17-like populations were decreased in the spleen of TGF-β MSC 

treated animals. Duffy et al. demonstrated that MSCs can potently inhibit Th17 

differentiation from both memory and naïve T lymphocyte precursors and inhibit the 

differentiation of Th17 cells isolated from sites of inflammation. They also demonstrated 

that this was PGE2 dependent and could be inhibited by blocking of the EP4 receptor on 

the T lymphocytes [471]. This is interesting in the context of our study as we observed 

high levels of PGE2 secreted from TGF-β MSCs and in addition, we also observed 

increases in Tregs and inhibition of proliferation in conventional T lymphocyte 
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populations was PGE2 dependent via the EP4 receptor, this will be discussed further in 

chapter 6. 

TGF-β is a pleiotropic molecule which plays many important roles during normal 

physiological conditions but also during disease progression, it can regulate cell growth, 

differentiation, apoptosis, extracellular matrix synthesis and migration of cells [472]. 

Considering that TGF-β signals via multiple SMAD dependent and independent pathways 

[473] we inhibited SMAD2 pharmacologically (SB431542, an ALK5/Smad2 inhibitor) to 

investigate if our therapeutic effects were a result of SMAD dependent signalling. While 

in different cell types, it has been demonstrated that TGF-β can signal via SMAD2/3 [474] 

or mitogen-activated protein kinase (MAPK) [475] to induce COX-2 resulting in the 

production of PGE2. It was observed that SB431542 inhibited TGF-β MSCs lost their 

ability to suppress activated T lymphocytes and failed to induce Tregs in vitro indicating 

that TGF-β signalled via the canonical SMAD2/3 pathway and the subsequent production 

of PGE2 may be a potential mechanism of action of TGF-β MSCs.  

The beneficial effects of MSCs have been reported to be both cell-cell contact dependent 

and independent. Many studies have shown that MSCs can actively inhibit immune cells 

via growth factors, enzymes and by the secretion of cytokines. In a rat model of fulminant 

hepatic failure, it was shown that concentrated MSC conditioned medium was capable of 

reversing the adverse effects of this disease [476]. Contrastingly, Tse et al. [238] 

demonstrated that cell contact was important in MSCs ability to suppress T lymphocyte 

responses and the authors suggested that cell-cell contact was more important than soluble 

mediators secreted by the cells. Krampera et al. has also demonstrated that inhibition of 

T lymphocyte responses is cell-cell dependent [242, 322, 477]. Furthermore, both English 

et al. [246] and Zanjani et al. [478] have reported that both cell-cell contact, and mediated 

factors are important for MSC mediated immunosuppression. To investigate if TGF-β 

MSC immunomodulation was contact dependent or contact independent we used TW co-

culture systems (Figure 5.25). We observed that cell-cell contact was important for TGF-

β MSC mediated suppression of T lymphocytes (Figure 5.25B (i-iv)) and TGF-β MSC 

mediated increases in Treg frequencies (Figure 5.25B (v)).  
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Considering the highly significant increases observed in CD73 surface expression after 

TGF-β pre-treatment (Figure 5.1) and because of the 4.7-fold increase observed in 

preliminary RNASeq analysis (Figure 5.30) we decided to investigate if CD73 activity 

was important in TGF-β MSC mediated modulation of T lymphocytes. Inhibition of the 

enzymatic activity of CD73 via AMP-CP (Figure 5.26) resulted in a loss of ability to 

suppress activated T lymphocytes by TGF-β MSCs, however it did not affect the ability 

of TGF-β MSCs to induce Tregs (Figure 5.27). Interestingly, Chen et al. recently 

described that the CD73/adenosine pathway was important in MSCs mediated alleviation 

of autoimmune uveitis [479]. Inhibition of CD73 activity using AMP-CP resulted in loss 

of the therapeutic effects exhibited by MSCs in their model. Interestingly, not only did 

we observe an increase in CD73 expression on TGF-β MSCs we also observed increased 

CD73 and PD-L1 expression on the induced Tregs generated in our TGF-β MSC – T 

lymphocyte cultures (Appendix Figure 2). While inhibition of CD73 activity in our co-

cultures may not have reduced the frequencies of Tregs, it may inhibit their 

immunosuppressive function.   

Additionally, we observed high concentrations of PGE2 secreted from TGF-β MSCs 

alone (Figure 4.15) and in TGF-β MSC - T lymphocyte co-cultures (Figure 5.2C). This 

coincided with our observed 73-fold increase of ptgs2 in our RNASeq analysis (Figure 

5.30). Accordingly, we investigated if the engagement of the EP4 receptor was important 

in TGF-β MSC-PGE2 mediated suppression of activated T lymphocytes and inducement 

of Tregs. We observed a restoration of T lymphocyte proliferation for both CD4+ and 

CD8+ lymphocytes, not only this, we also observed that the previously observed induction 

of Tregs was inhibited by EP4 blockade. This result will be discussed in more detail in 

chapter 6.   

To summarise, our study demonstrated that TGF-β pre-activation of MSCs potently 

suppresses T lymphocyte proliferation and induces Tregs in vitro. TGF-β signals via the 

canonical SMAD 2/3 pathway which leads to the production of PGE2. PGE2 acts via the 

EP4 receptor and its immunomodulation of both conventional T lymphocytes and Tregs 

is cell-cell contact dependent. TGF-β MSCs potently modulated immune cells in vivo, 

increasing the frequencies of both Tregs and Bregs in the organs of treated animals. TGF-
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β MSCs reduced the frequencies of APCs in all organs analysed, also decreasing their co-

stimulation markers (Table 5.1). The results discussed in chapter five have been 

summarised below (Figure 5.32) 
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Figure 5.32. Schematic summarising results discussed in chapter 5 
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Chapter Six: 

General Discussion 
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6.1 Discussion 

Corneal blindness occurs due to physical damage to the corneal surface or due to a range 

of inflammatory, dystrophic, infectious and degenerative corneal diseases. Corneal 

transplantation is the most frequently performed transplant worldwide with 42,000 

transplants being performed in the USA alone in 2010. Putting that into perspective of 

solid organ transplantation, collectively only 12600 kidney, liver, lung, pancreas, heart, 

and intestine transplantations were performed in the same year [2]. Closer to home in the 

UK, 3565 corneal transplantations were performed in 2010 with 2671 kidney, and 689 

liver transplantations performed in the same timeframe [2]. In low-risk settings it has been 

reported that up to 80% of corneal transplantations remain rejection free without the use 

of prophylaxis due to the immune privilege status of the cornea [480]. During acute 

corneal endothelial rejection, the rapid loss of endothelial cells leads to corneal transplant 

failure due to the loss of corneal endothelial pump function. These cells do not self-renew, 

and as a result the damage is irreversible. This can occur in high-risk patients who had a 

previously inflamed corneal bed before transplantation or when the corneal stroma was 

vascularised. In these high-risk situations the recipient is at an increased risk of corneal 

rejection with 50% of grafts rejecting after 5 years in this setting [2, 481]. If topical 

steroids prove to be inadequate in circumventing rejection, systemic immunosuppressive 

therapy has then to be used. Systemic immunosuppressants such as cyclosporine [482], 

tacrolimus [122] and sirolimus [483] are administered, however, there is controversy in 

the use of systemic immunosuppressants in the treatment of corneal rejection as corneal 

blindness is a non-fatal disease and systemic immunosuppression comes with a heavy 

burden of negative side effects [2].   

The ideal outcome would be to induce a state of immune unresponsiveness without the 

use of immunosuppressive drugs. We envision that cellular therapies may fill this role. 

The work described thus far highlights how different strategies can be implemented to 

improve cellular based therapies, in the absence of immunosuppressive drugs, for the 

treatment of corneal allograft rejection in mice. The potential mechanisms of action by 

which DCs and MSCs prolong corneal allograft survival in rodents was also discussed. In 

this chapter we reflect on what we believe to be the most significant results with an 
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emphasis on how these findings could be pursued further and on how we could potentially 

improve experimental design.   

6.2 Dexamethasone Generated tDCs Have Distinct Glycosylation Patterns 

DCs have been investigated for potential use as a cellular therapy in transplantation due 

to their ability to maintain peripheral tolerance. Pre-clinical experiments suggested the 

potential therapeutic use of both donor and recipient derived tolerogenic dendritic cells to 

prevent organ graft rejection [288]. In a rat model of corneal transplantation, we have 

recently shown that pre-treatment of donor iDCs with Dexa ex-vivo prevents the 

maturation of iDCs (tDCs) and administration of these cells in vivo prolongs RFS of 

transplant recipients [169]. In this study it was observed that tDCs had increased levels of 

cell surface α2-6-linked Sia, however it was unclear if this increase in α2-6-linked Sia had 

any functional consequences.  

In chapter three, using both lectin microarray and lectin coupled flow cytometry we 

demonstrated that generation of tDCs using Dexa treatment leads to significant alterations 

in cell surface glycosylation. To our knowledge, this is the first time that this has been 

investigated. Significant differences amongst many different branching structures were 

observed with SNA-I increasing with the highest significance. For this reason, we pursued 

α2-6-linked Sia for the remainder of this study, but many other interesting observations 

were noted with changes in SNA-II, BPA, PNA, DSA, LEL, RCA-I, CPA, ECA, LTA, 

UEA-I, EEA, GS-I-B4, MPA, VRA and AAL binding. Interestingly, AAL, LTA and 

UEA-I are all lectins which bind fucosylated glycans, Conde et al. recently demonstrated 

that DC-SIGN-expressing macrophages can inhibit CD8+ T lymphocyte immunity and 

promote the induction of Tregs which resulted in transplantation tolerance in their model. 

They demonstrated that DC-SIGN engagement by fucosylated ligands was required for 

production of IL-10 and they associated this with prolonged allograft survival, as when 

DC-SIGN signalling was interrupted, tolerance was lost. This study highlights how 

glycosylation could be targeted and exploited to enhance transplantation tolerance or 

indeed enhance anti-tumour immunity.    

As mentioned, we focused on analysing α2-6-linked Sia in our study as it was the most 

significantly upregulated glycan after Dexa tDC generation (p=2x10-10). Interestingly, the 
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importance of glycosylation in Treg function has recently been investigated in our lab, 

Cabral et al. described that Treg cell surface glycosylation profiles are distinct depending 

on anatomical location and this glycosylation profile is vital for their ability to regulate 

activated T cell responses [484]. Cabral et al also investigated if α2-6-linked Sia was 

functionally important on Tregs and they noted that α2-6-linked Sia was significantly 

higher on Treg populations when compared to conventional T cell populations. When 

cleaved using sialidase, Tregs also lost their ability to suppress activated Tregs 

(unpublished data). This was in line with previous observations from Jenner et al who 

described that Tregs have higher levels of α2-6-linked Sia when compared to activated 

conventional T cells [308]. Jenner et al. also compared human iDCs with iDCs matured 

with a cytokine cocktail (IL-6, IL-1β, TNF-α and prostaglandin E2) and they observed 

decreases in α2-6-linked Sia with no changes in α2-3-linked Sia on the more immunogenic 

DC, this may suggest a possible link between α2-6-linked Sia content and tolerogenicity 

as we observed significant increases in α2-6-linked Sia on our tDCs with no significant 

changes in α2-3-linked Sia. These studies, including our own, also demonstrate how 

highly regulated Sia metabolism is as only increases in α2-6-linked Sia were observed 

and not a blanket change in Sia molecules. 

6.3 α2-6-linked Sia Deficient iDCs and tDCs elicit Immunogenic Responses  

After cleaving Sias on the cell surface using neuraminidase we observed increases in 

MHC I, MHC II and CD86 and increases in pro-inflammatory Th1 mRNA transcripts 

such as IL-6, IL-1β, iNOS (iDCs only), TNF-α and IL-12p40 (iDCs only) with significant 

decreases in anti-inflammatory or tolerogenic IL-10. The lab group directed by Paula 

Videira have investigated the effects of Sia loss on the maturation and function of human 

monocyte derived dendritic cells. They have reported in the past [144, 180, 182, 192, 310, 

311] that Sia loss increases immunogenicity markers, increases pro-inflammatory 

cytokine gene expression, negatively effects migration and increases phagocytosis. Our 

study demonstrated that neuraminidase treated iDCs not only lose the ability to suppress 

allogeneic T lymphocytes, but they become immunogenic themselves. This may indicate 

that the removal of Sia uncaps underlying structures which are then recognized as a signal 

for T-cell proliferation or that the Sias may act as ligands for inhibitory Siglecs on the 

surface of effector cells and once removed, this inhibitory effect is lost. Interestingly, very 
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recently Li et al. [485] demonstrated in a model of triple negative breast cancer that PD-

L1 is N-glycosylated and that removal of glycosylation specifically from PD-L1 blocks 

co-inhibition with its receptor PD-1. They carried out qRT-PCR arrays and analysed the 

Cancer Genome Atlas dataset on triple-negative breast cancer samples and interestingly 

the gene ST6GAL1, which codes the sialyltransferase responsible for capping lipids and 

proteins with α2-6-linked Sia, was one of the most highly expressed N-

glycosyltransferases. While the study was extensive and very impressive, they never 

identified particularly how PD-L1 was glycosylated. It would be very interesting to 

investigate if α2-6-linked Sia is a requirement of PD-L1 function.  

In our study we observed that Sia removal of tDCs did not significantly induce T 

lymphocyte proliferation. Interestingly, this indicates that, despite the increase of 

immunogenicity markers and the transcript increase in several pro-inflammatory mRNAs, 

Dexa treatment of iDCs was sufficient to keep the cells, at least partially, in a non-

immunogenic state. Neuraminidase treatment would only cleave cell surface sialic acid, 

it will not affect glycoconjugates which are secreted from the cells, also it does not prevent 

the recycling of Sia from the microenvironment. A potential solution is to use a 

sialyltransferase inhibitor such as 3Fax-Peracetyl Neu5Ac (SI). This SI is cell permeable 

and acts on the enzymes responsible for capping proteins and lipids with Sia. SI was not 

readily and cheaply available at the beginning of our study, it is widely available now. 

Enzymatic treatments such as neuraminidase are harsh on cells, one concern of ours was 

that potentially the enzymatic digestions were indirectly activating the DCs. Use of a SI 

would also circumvent this. In work that was not discussed in this thesis, we have used 

3Fax-Peracetyl Neu5Ac to treat immunosuppressive TNF-α + IL-1β MSCs (Appendix 

Figure 3). We showed that SI was non-toxic to MSCs, that it did not change morphology, 

that it did not affect proliferation and did not lead to changes in cell surface phenotype 

markers (Appendix Figure 3). In line with what we have discussed here, we observed 

that when we treated MSCs with TNF-α + IL-1β to make them more immunoregulatory 

we noticed an increase in α2-6-linked Sia. When we used SI to inhibit α2-6-linked Sia we 

observed that TNF-α + IL-1β MSCs lost their ability to suppress activated T lymphocytes 

(Appendix Figure 4). It would be interesting to repeat the iDC and tDC study using this 

SI and see if the results indicating the importance of α2-6-linked Sia on iDC cell surface 
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would be replicated, also to administer the SI treated iDCs and tDCs in our model of 

corneal transplantation and study if these SI treated cell preparations can still prolong 

allograft survival. 

 

Together, these results highlight the importance of Sia’s in DC biology, especially in the 

context of iDC allogeneic cellular therapy. In the context of disease, cell glyco-

engineering could have positive implications in the treatment of autoimmunity, DC-based 

vaccines, the tumour microenvironment and transplant biology. 

6.4 TGF-β Pre-activated MSCs Have an Altered Phenotype, Can Suppress Activated 

Immune Cells and Induce Treg Populations in vitro    

MSCs were originally discovered in murine hematopoietic stem cell studies by Caplan 

and colleagues in 1991 [486], it was only 4 years after their discovery before they were 

used as pharmaceutical agents in human bone marrow transplantation for cancer patients 

by Lazarus and colleagues [487]. MSCs are now the most clinically studied cell therapy 

candidate for which there is no marketing approval in the USA [488, 489]. As a result of 

this, there is a substantial interest in research which broadens our understanding of MSC 

biology and the mechanisms by which they mediate their beneficial effects. A substantial 

number of studies have been carried out investigating different pre-activation strategies, 

as pre-activated MSCs have been shown to have increased cell survival, increased 

differentiation capacity, enhanced paracrine capacity and an increased ability to home to 

sites of inflammation and injury [377, 384, 477, 490]. In our study we focused on cytokine 

pre-activation, but other groups have successfully shown that pre-conditioning MSCs by 

hypoxic environments, pharmacological agents, chemical agents, trophic factors and 

physical conditions can all improve their efficacy [384].     

In the fourth and fifth chapter of this thesis we pre-activated MSCs to enhance their 

therapeutic efficacy and administered them in our pre-clinical model of corneal 

transplantation. Before administration we analysed TGF-β MSC phenotype, we also 

assayed TGF-β MSCs to test if they had immunoregulatory attributes. We observed that 

TGF-β MSCs expressed the classical MSC cell surface markers such as CD73, CD105, 

CD44 and CD90 and lacked the expression of MHC II, CD45, F4/80, CD11c, CD86 and 
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CD80. We observed a significant decrease in MHC I, which is interesting in the context 

of allogeneic cell therapy and is unique to the TGF-β pre-activation strategy. In our 

transplant model, the therapeutic cell is derived from the recipient of the graft and thus 

immunogenicity is not a concern but other pre-activation studies in allogeneic models 

have demonstrated that pro-inflammatory pre-activation can increase the levels of MHC 

I and MHC II leading to a negative outcome. Work performed previously in our lab 

observed an in vivo donor-specific antibody response to IFN-γ allogeneic MSCs [491]. 

Studies by Rafei et al. reported that IFN-γ pre-activation of MSCs ablated the therapeutic 

benefits of allogeneic MSCs in an EAE model and resulted in increased CD4+ T 

lymphocyte infiltration [492]. Additionally, Cho et al.[493]. demonstrated that IFN-γ pre-

activated allogeneic MSCs resulted in an increased alloantibody response with increased 

IgG-mediated humoral responses compared to untreated allogeneic MSCs. A potential 

obstacle using autologous (syngeneic) MSCs as a therapy is that you would have to 

aspirate the bone marrow (or other tissue), isolate the MSCs, expand them in culture and 

then have them pass the required quality control/assurance before release for 

administration. However, in solid organ transplantation such as heart, lung or kidneys, 

organ failure is life threatening and the process of isolating MSCs, expanding them and 

clearing them for release is a long and tedious process. This is where allogeneic MSCs 

would be convenient as they could be cryopreserved and ready to be administered. 

Recently, we administered C57BL/6 MSCs locally (subconjunctival injection) 7 days 

before transplantation and we observed that 70% of transplanted mice experienced RFS 

over a 40-day period with single injection with doses as low as 5x104 cells (Appendix 

Figure 5). Pre-activation of C57BL/6 MSCs could improve this result dramatically. 

However, considering our observed increases of MHC I and MHC II on BALB/c MSCs 

after IFN-γ treatment (Appendix Figure 1) and the reported increases in MHC I and 

MHC II with other pro-inflammatory pre-activation strategies [369, 494-496] maybe 

TGF-β pre-activation would be the more suitable strategy.  

In this study we used the pro-inflammatory cytokines IFN-γ, TNF-α and IL-1β singly and 

in combination and the anti-inflammatory cytokine TGF-β singly to pre-activate our 

MSCs. A review of the literature shows that pro-inflammatory cytokines have been almost 

exclusively used to pre-activate MSCs before in vivo administration [236, 242, 266, 348, 



Chapter Six 

-  202 - 

 

497, 498]. Considering that T lymphocytes have been reported to be the main mediators 

of corneal graft rejection but also because T lymphocyte suppression assays are the main 

technique employed to measure MSC potency [499] we assayed the ability of pre-

activated MSCs to suppress activated T lymphocytes. We observed that both TNF-α + IL-

1β MSCs and TGF-β MSCs potently suppressed activated lymphocytes. Reviewing the 

literature it has been reported that IFN-γ appears to be the key cytokine required to pre-

activate MSCs with TNF-α or IL-1β augmenting their potency [236, 266, 348, 365, 499]. 

Recently it was reported by Jin et al. [330] that a duel combination of IFN-γ and TNF-α 

induced a potently suppressive MSC with significant increases in IDO secretion and PD-

L1 expression. This work reinforced studies by Cuerquis et al. [327] and Li et al. [328] 

who also reported on combinations of IFN-γ and TNF-α pre-activated MSCs being 

potently suppressive to T lymphocytes. However, in our study, IFN-γ MSCs were not 

selected as a candidate, as while they significantly upregulated PD-L1, this did not 

correlate with T lymphocyte suppression. 

Tregs have been reported in several studies to important in the prolongation of graft 

survival, including corneal allograft survival [62, 263, 265, 381-383] and the induction of 

Tregs has been attributed to the immunomodulatory molecule PGE2 [364, 377], in which 

we had observed significant increases in our in vitro co-culture systems. Multiple studies 

investigating the ability of pre-activated MSCs to induce or generate Tregs have been 

performed. IFN-γ treated umbilical cord derived MSCs have demonstrated an ability to 

induce Tregs in vitro [324], additionally, IL-1β treated umbilical cord-derived MSCs 

demonstrated an ability to induce Tregs in vivo [500] in a model of colitis. Similarly, IFN-

γ and TNF-α pre-activated MSCs could induce the differentiation of CD4+IL-10+ and 

CD8+IL-10+ Treg subpopulations [328]. In our study, TGF-β MSCs significantly 

increased both the frequencies and numbers of Tregs while TNF-α + IL-1β MSCs did not, 

this may be the potential reason as to why TNF-α + IL-1β MSCs enviably failed to prolong 

RFS despite such promise as a candidate in vitro. Interestingly, not only did we observe 

an increase Tregs in the TGF-β MSCs wells, we also observed increased CD73 and PD-

L1 expression on the induced Tregs generated in our TGF-β MSC – T lymphocyte cultures 

(Appendix Figure 2), indicating that TGF-β MSCs are not only increasing the number of 

Tregs in co-culture but these Tregs are potentially more immunomodulatory. 
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It is a possibility that MSCs response to cytokine pre-activation is strain and species 

specific. It was demonstrated by Hashemi et al. that adipose derived MSCs from BALB/c 

or C57BL/6 mice have different and distinct immunosuppressive properties [54]. 

C57BL/6 MSCs respond to LPS stimulation by increasing the secretion of NO while the 

BALB/c counterpart did not. Therefore, the reported in vivo therapeutic benefits from pro-

inflammatory MSCs in the literature which range across syngeneic, allogeneic and 

xenogeneic therapies and the failure of pro-inflammatory pre-activation that we reported 

here in this study may be due to a strain- and species-specific difference. This is important 

when considering MSCs as a therapeutic product for sale and hints at a possible 

personalised medicine approach where the background and immunological make-up of 

the donor and the disease in question may have to be considered when selecting an 

appropriate MSC therapy.  

6.5 TGF-β MSCs Do Not Secrete TGF-β After Pre-activation and Mediate Their 

Immunosuppressive Effects Via PGE2  

MSC mediated immunomodulation can occur via cell-cell contact, secretion of soluble 

factors or combinations of both. The soluble mediators that have been reported to be vital 

in MSC mediated immunomodulation are IDO, TGF-β, IL-10 PGE2 and NO [252]. 

Further investigation into TGF-β mediated immunosuppression of T lymphocytes and 

Treg induction revealed mechanistic insights. Along with PGE2, TGF-β itself has been 

reported to be responsible for MSC mediated immunosuppression and Treg production in 

vitro and in vivo [199, 364, 379, 397, 398]. To investigate if the exogenous TGF-β 

treatment resulted in MSC derived TGF-β secretion and in turn Treg inducement, we pre-

activated MSCs with TGF-β, incubated the MSCs for 72 hours and then washed off the 

TGF-β containing media. We replaced the TGF-β containing media with fresh media and 

then assayed the supernatants after 24 and 48 hours via ELISA (Appendix Figure 6). It 

was noted that TGF-β MSCs did not secrete MSC-derived TGF-β after pre-activation. 

Recently, glycoprotein A repetitions predominant (GARP) was shown to bind latency-

associated peptide (LAP)/TGF-β1 to the cell surface of activated Tregs [501]. It has been 

recently demonstrated that both human and mouse MSCs express GARP which presents 

LAP/TGF-β1 on their cell surface [396]. GARP can sequester and activate latent TGF-β 

produced by the cell or in the local microenvironment, this process has been reported to 
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be important for Treg mediated suppression of T lymphocytes [502]. Carrillo-Galvez et 

al. demonstrated that GARP expression on MSCs contributed to their ability to inhibit T-

cell responses in vitro [396]. In line with the previous experiment we investigated if TGF-

β pre-activation increased the GARP/LAP complex on the surface of MSCs via flow 

cytometry (Appendix Figure 6). We noticed no significant changes, concluding that 

TGF-β MSC mediated immunosuppression and Treg induction was MSC-derived TGF-β 

independent. 

Mechanisms of MSC-mediated immunosuppression vary among different species [243]. 

Traditionally, IDO has been described one of the main mediators of immunosuppression 

by human MSCs, whereas NO is one of the main mediators of immunosuppression by 

mouse MSCs under the same culture conditions [243]. Ren et al. demonstrated that mouse 

MSCs are potently immunosuppressive both in vitro and in vivo and that suppression was 

mediated by NO after pre-conditioning with pro-inflammatory cytokines [236]. As our 

study confirmed, Ren et al. reported that MSCs secrete high levels of NO and chemokines 

in response to pro-inflammatory pre-activation and they convincingly proved that MSCs 

directly suppress proliferation and cytokine production by lymphocytes in a NO 

dependent manner using knockout studies [236]. NO is a temperamental and rapidly 

diffusing gaseous molecule [503] and studies have demonstrated that NO can modulate 

many enzymes, ion channels, and receptors [236]. NO is known to affect T cell receptor 

signalling, cytokine receptor expression and to modulate T lymphocyte phenotype and 

importantly it is a highly unstable immunoregulatory molecule and its effects are mediated 

locally [236]. Although TNF-α + IL-1β MSCs secreted high levels of NO and were 

potently immunosuppressive, when administered in our model they failed to prolong 

corneal allograft survival whereas TGF-β MSCs secreted no detectable NO and 

significantly prolonged corneal allograft survival indicating the NO is not important in 

TGF-β MSC mediated prolongation in RFS. Interestingly, we observed an increase in 

Argininosuccinate Synthase 1 (Ass1) in TGF-β MSCs which encodes the enzyme that 

catalyses the penultimate step of the arginine biosynthetic pathway. In myeloid cells, it 

has been reported that arginine is metabolised either by nitric oxide synthases or by 

arginases and the fate of arginine metabolism is an integral regulator of innate and 

adaptive immune response [449, 450], where nitric oxide metabolism is linked to a pro-
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inflammatory outcome and arginine is linked to an anti-inflammatory outcome. Ass1 was 

15-fold upregulated in TGF-β MSCs compared to MSCs with Nos2 being undetectable, 

potentially explaining why NO was not produced by TGF-β MSCs as the arginine was 

potentially being competitively catalysed by arginases. 

We observed that TGF-β MSCs secreted relatively high levels of PGE2, our preliminary 

RNASeq data showed a 73-fold increase in COX-2 gene expression. COX2 when 

induced, leads to the production of prostaglandins. PGE2 is a potent immunosuppressant 

that inhibits the ability of T lymphocytes to proliferate [249, 250, 252]. Furthermore, 

PGE2 has been reported to increase IL-10 production by macrophages [253, 368] and to 

inhibit the differentiation of monocytes into functional DCs [504]. Not only this, PGE2 

has been shown to increase the secretion of factor H, an inhibitor to complement 

activation. Additionality, PGE2 induces Tregs from CD4+CD25- T lymphocytes by 

modulating the expression of the transcription factor FoxP3 and therefore contributes to 

Treg function [251]. Interestingly, PGE2 has been reported to function in a cell-cell 

contact dependent manner [246] as we have also observed in this study. MSC pre-

activation increases the levels of secreted PGE2, studies using IFN-γ [376], IL-1β [325], 

LPS + IL-1β [375], and IFN-γ + TNF-α [252, 329] have all confirmed increases in PGE2 

after pre-activation. In a study carried out by Gray and colleagues [375] where they 

screened several cytokine\s (IFN-β, IFN-γ, IL-1β, IL-6, LPS, and poly(I:C)) ability to 

enhance MSC mediated immunosuppression via PGE2, they demonstrated that a 

combination of IL-1β and TLR4 stimulation by LPS produced most PGE2. 

PGE2 can selectively suppress many different effector cells such as macrophages, 

neutrophils, Th1 cells, NK cells and cytotoxic T lymphocytes while promoting Th2 and 

Treg responses [458]. While suppressing activated immune cells, PGE2 also actively 

inhibits the recruitment of new inflammatory cells encouraging the sequestering of Tregs 

and myeloid-derived suppressor cells (MDSCs) [458]. PGE2 exerts its biological effects 

via the E‐type prostanoid (EP) receptors of which there are four, EP1-EP4 [505]. The 

heterogenicity of PGE2 signalling is highlighted by the fact that it has 4 different 

receptors. To add another layer of complexity, 8 splice variants of EP3 exist in humans 

and at least 3 forms in mouse [458]. The advanced biology of the EP receptors has been 
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extensively reviewed [458, 505] and will not be discussed here in detail. PGE2’s 

interactions with its receptors are thought to be dependent on location, tissue type, cell 

type and binding affinity [506]. EP3 and EP4 are high affinity receptors while EP1 and 

EP2 require significantly higher concentrations of PGE2 in order to initiate signalling 

[458]. PGE2 signalling via the EP4 receptor has been shown to inhibit cytotoxic T 

lymphocyte function [507] and induce Tregs [508]. Interestingly, we also 

pharmacologically inhibited EP1 signalling in our co-culture systems and no changes in 

TGF-β MSC mediated suppression of T lymphocyte proliferation or induction of Tregs 

was noted (Appendix 7), from this we concluded that TGF-β MSC mediated modulation 

of immune cells was EP4 dependent.  

To summarise thus far, our study demonstrated that TGF-β pre-activation of MSCs 

potently suppresses T lymphocyte proliferation and induces Tregs in vitro. TGF-β signals 

via the canonical SMAD 2/3 pathway which leads to the production of PGE2. PGE2 

signals via the EP4 receptor and its immunomodulation of both conventional T 

lymphocytes and Tregs is cell-cell contact dependent. To our knowledge, this study is the 

first to investigate TGF-β as a credible pre-activation strategy to generate an enhanced 

therapeutic MSC for in vivo administration.  

6.6 TGF-β MSCs Induce Tregs In the Lungs of Treated Animals and Potentially 

Polarize Lung APCs To A Regulatory Phenotype  

Intravenously (i.v.) administered MSCs become trapped in the lungs of treated animals 

and it is now becoming clear that immune cells of the lung play an important role in 

mediating MSC immunomodulatory effects. Multiple studies have demonstrated that once 

trapped in the lungs MSCs are cleared or migrate approximately 24 hours after 

administration [269, 509-512], the caveat in these studies is that they cannot distinguish 

between live/intact MSCs and dead/phagocytosed MSCs. A recent study utilising 

radiolabelled MSCs to track them in vivo (mouse) demonstrated that viable MSCs can be 

isolated from the lungs up to 24 hours after administration, however, after this time they 

can be identified in other tissues, when these MSCs were isolated, no live cells were 

recovered. Considering that MSCs have been reported to migrate to sites of injury, this 

group induced an ischemic-reperfusion injury in the liver, it was noted that this did not 



Chapter Six 

-  207 - 

 

trigger the migration of viable MSC to the liver [405]. This potentially suggests that APCs 

are phagocytosing dead or dying MSCs and the radio-label being detected in other organs 

after 24 hours are MSC particles inside APCs. While this study alone cannot rule out the 

potential of MSCs migrating to other organs and exerting their immunomodulatory effects 

it does seem likely that the immune cells of the lung play an important role in MSC 

mediated effects.  

Anti-inflammatory APCs, such as tDCs and M2 macrophages along with Tregs are 

modulated by MSCs and act as intermediaries in MSC mediated immunosuppression 

[245, 246, 253, 267, 513]. It has been demonstrated that MSCs can reprogram lung 

macrophages to a regulatory phenotype via MSC derived PGE2 and TSG6 [253, 267]. 

Interestingly, we observed a significant decrease in CD80 and CD86 on macrophages in 

the lungs of TGF-β MSC treated animals, suggesting a M2 phenotype. TGF-β MSCs 

secrete high levels of PGE2 but also reviewing the RNASeq data we observed a 2.2-fold 

(p= 0.006) increase in Tnfaip6 whose gene product is TSG-6 (Appendix Figure 8), 

potentially indicating a mechanism for the observed decrease in APC frequencies and a 

decrease in their activation status. Recently, Braza et al. [380] administered PKH26 

labelled MSCs and demonstrated that the vast majority of PKH26 labelled cells after 1-

10 days expressed macrophage markers, reinforcing the idea that MSCs are phagocytosed 

shorty after administration in vivo. The key finding and most interesting observation in 

this study was that they demonstrated that PKH26+ but not PKH26- macrophages 

displayed an M2 phenotype [380]. Additionally, Galleu and colleagues demonstrated in a 

mouse model of graft-versus-host disease (GvHD) that MSC mediated immune 

modulation was dependent on apoptosis and subsequent phagocytosis by lung APCs 

which then secrete IDO to suppress the immune system [366]. A key finding in this study 

was that i.v. administration of MSCs, that were already apoptotic, did not induce 

immunoregulatory APC populations. This potentially indicates that the site of apoptosis 

or possibly how the MSCs become apoptotic is important. The authors suggested that the 

MSCs could possibly modulate the local environment prior to apoptosis and this could be 

a key event in their immunosuppression [366].  
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As mentioned previously, Tregs have been reported to be induced by MSCs after i.v. 

injection [514-516]. Akiyama et al. demonstrated that i.v. administration of MSCs into 

mice resulted in apoptotic T lymphocytes in the peripheral blood of the treated animals 

between 6-72 hours after administration. They reported that the apoptotic T lymphocytes 

reprogramed macrophages in the spleen to produce TGF-β and that subsequently resulted 

in the up-regulation of Tregs [517]. Findings by Ko et al. [516] supported this study and 

findings in our study as after administration (i.v.) of human MSCs in mice they reported 

increases of Tregs in the peripheral blood, the DLNs and in the lungs of treated animals 

in a model of ocular autoimmunity [516].  

In review, it is likely that MSCs become trapped in the lungs of injected animals for at 

least 24 hours post administration. Here they secrete factors into the local 

microenvironment modulating lung immune cells and potentially increasing Tregs as we 

observed in our model. The MSCs will then enter apoptosis where their debris is 

phagocytosed by APCs thereby modulating the APC phenotype to a regulatory phenotype, 

it is then possible that these APCs migrate out of the lung to the peripheral immune organs 

whereby they can act as an intermediary in system MSC mediated immunosuppression. 

6.7 TGF-β MSCs Induce Bregs, Tregs and Modulate APCs in the DLNs and Spleens 

of Treated Animals 

As discussed above, there is a lot of evidence in the literature to suggest that i.v. 

administered MSCs become trapped in the lungs and from here distribute their beneficial 

effects via intermediary immune populations. However, this does not rule out the 

possibility that small numbers of MSCs could migrate to the peripheral immune organs 

and exert their suppressive effects directly. Regardless as to if MSCs mediate their effects 

indirectly or directly, it is clear that MSCs modulate the splenic compartment after i.v. 

administration [267, 366, 518]. It has been reported by us and others that systemically 

administered MSCs increase regulatory immune populations in the spleens of rodents 

which have received corneal transplants and these populations have been associated with 

prolonged RFS [263, 265].  

The adaptive immune response to transplanted tissue is the major barrier to a successful 

transplantation, for this reason we analysed the frequencies of B cells, CD4+ lymphocyte 
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populations, CD8+ lymphocyte populations and Tregs in the organs of untreated and 

treated animals to investigate if TGF-β MSCs were modulating the adaptive immune cells. 

While T effector cells are the main mediators of rejection, B cells are known to be 

responsible for the production of alloantibodies leading to both acute and chronic allograft 

rejection [406, 407]. Not only this, they are known to present graft derived antigens to 

alloreactive T lymphocytes via the indirect pathway of allorecognition [407-409]. We 

analysed the frequency of B cells in the organs of both TGF-β MSC treated animals and 

allogeneic controls and observed that there were significantly lower B cell percentages in 

the DLN and the spleen of treated animals with no significant changes in the lungs. 

Interestingly, when we analysed the percentage of Bregs (CD19+CD24+CD5+ cells) in this 

decreased B cell population we observed a significant increase in the frequency these cells 

in both the DLNs and spleens.   

As previously discussed in the introduction, ACAID is a phenomenon whereby 

alloantigen in the eye is processed by macrophages which migrate to the spleen and induce 

alloantigen specific Tregs [519]. There is evidence that ACAID is induced after corneal 

transplantation, generating regulatory alloantigen specific responses in the spleen [20, 93, 

520, 521]. ACAID induction has also been reported to be dependent on the presence of 

regulatory splenic B cells [56], it is speculated that alloantigen released by the 

macrophages is processed by regulatory splenic B cells and presented to the T 

lymphocytes to induce tolerance. The importance of splenic cells in ACAID has been 

demonstrated by Niederkorn et al. whereby the removal of the spleen in transplanted 

animals increased the incidence of graft rejection [520]. With our observed significant 

increases of Bregs in the DLNs and spleens of TGF-β MSC treated animals coupled with 

our observed significant increases in Tregs in the DLNs, this may indicate that TGF-β 

MSCs are creating an environment where this phenomenon has an increased ability to 

occur. This could be examined further by a splenectomy prior to corneal allograft 

transplantation, if the administration of TGF-β MSCs failed to produce Tregs in the DLNs 

of transplanted animals it would indicate the importance of the spleen and the observed 

induced Bregs populations.  
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As mentioned previously, a vital step in the corneal allograft rejection process is the 

presentation of alloantigen from donor or recipient APCs to allo-reactive T lymphocytes. 

This occurs either in the cornea, in the area surrounding the eye and conjunctiva or in the 

DLN [435]. The importance of the DLN in corneal allograft rejection has been 

demonstrated by Yamagami et al. [93, 94] where they removed the DLNs in both a model 

of low risk and high risk corneal transplantation. Removal of the DLNs inhibit graft 

rejection via inhibition of the allo-specific DTH responses [93], demonstrating the 

importance of the initial antigen presentation phase and the subsequent expansion of 

alloreactive effector T lymphocytes in the DLNs. In our study, in TGF-β MSC treated 

animals at the average day of rejection we observed a significant enrichment of Treg 

frequencies and decreases in overall APC frequencies with decreases in co-stimulation 

markers. DTH is crucial in the mechanism of corneal allograft rejection with DLN being 

vital to its initiation [82, 93]. TGF-β MSCs potentially interrupt this process by increasing 

the frequencies of Tregs, thereby suppressing effector T lymphocyte function. TGF-β 

MSCs significantly decrease activation markers on APC populations in all organs 

indicating that they may also interrupt the allo-antigen presentation process preventing 

the expansion of all-reactive T lymphocytes. 

6.8 Limitations and Future Direction 

An interesting question that we were unable to answer in this study is whether TGF-β 

MSCs can migrate from the lung to other tissues to exert their immunomodulatory effects. 

We observed changes to immune populations in the spleen and DLNs of TGF-β MSC 

treated animals, it would be interesting to investigate if the MSCs modulate these immune 

populations directly. As discussed above, due to the size of culture expanded MSCs they 

become trapped in the lung as a bolus of cells upon i.v. administration. As a result, it is 

thought that MSCs may mediate their immunomodulatory effects via an intermediary 

immune population. Several studies focusing on the fate of i.v. administered MSCs in 

rodent models have suggested that MSCs are cleared from the lung within 24 hours of 

injection and these studies have also suggested that the apoptosis of MSCs is a 

requirement of their immunomodulatory attributes [366, 367, 380, 405]. The caveat in 

these studies is that they were unable to assess if the particles detected were MSCs or 
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MSC fragments inside phagocytes. One possible solution for this would be to label the 

MSCs with a fluorescent dye and inject them via the tail vein., then harvest the organs in 

question and prepare a single cell suspension. The cells could then be analysed using an 

imaging flow cytometer. Imaging flow cytometers render high resolution images of every 

cell in the image stream. This technology could identify each labelled MSC co stained 

with specific phagocyte markers and the images would demonstrate whether the MSCs 

remain whole or are phagocytosed. Alternatively, more recent in vivo imagining systems 

such as 3D cryo-imaging could be utilized. This technology is capable of sectioning a 

whole cryo-preserved animal taking thousands of individual high-resolution images. 

These images can then be rendered to create a 3D model of the animal which has single 

cell resolution. These technologies could elucidate if MSCs are actively migrating to 

organs and directly mediating their effects or are they being phagocytosed and mediating 

their immunomodulatory effects indirectly via intermediary cell populations. Recently, 

studies using 3D cryo-imaging have backed up reports suggesting that MSCs are 

preferentially found in the lung or liver after i.v. infusion and that the majority of MSCs 

are cleared within 24 hours [522, 523]. 

We observed that TGF-β MSCs had an ability to increase the numbers and frequency of 

Tregs in MSCs-T lymphocyte co-cultures. Also, that the Tregs in these wells had 

increased immunomodulatory potential via elevated PD-L1 and CD73 cell surface 

expression. Furthermore, we observed that TGF-β MSCs increased the number of Tregs 

in the lungs and DLNs of treated animals. However, it is still unknown if these Tregs are 

important in TGF-β MSC-mediated prolongation of survival. It would be interesting to 

investigate using Treg knockout mice if these induced populations of Tregs are important 

in mediating survival of the transplanted corneal graft. Alternatively, lungs or DLNs from 

TGF-β MSC treated animals could be harvested and the Treg populations could be sorted 

using a cell sorting flow cytometer based on their GFP positivity. The collected Tregs 

could then be injected in the absence of TGF-β MSCs and we could study if the Tregs 

themselves could prolong corneal allograft survival.  

In line with this, our study demonstrated that TGF-β MSCs induced multiple regulatory 

immune populations which were associated with graft survival. However, it does not 
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answer the question if TGF-β MSCs are inducing immune tolerance to the graft or are 

they inducing survival of the graft due to a non-specific immune hypo-responsiveness? 

To answer this question, future studies should monitor corneal allograft transplant 

recipients for 100+ days until the immunomodulatory effects of the TGF-β MSC have 

subsided. Corneal allograft transplanted animals should then receive an allogeneic skin 

transplantation from the same donor as the corneal tissue. The rejection kinetics of this 

skin transplant would indicate if TGF-β MSCs induce a memory regulatory immune 

response and transplantation tolerance  

A limitation to our study was that we were unable to collect information regarding how 

the immune populations of the cornea differ from a rejected allograft compared to an 

accepted allograft after the administration of TGF-β MSCs. We observed significantly 

less corneal opacity and neovascularization on the average day of rejection in TGF-β MSC 

treated animals. It would be interesting to analyse how the immune cell compartment 

changes in corneas of animals that received TGF-β MSCs. However, the cornea is a 

delicate tissue, our attempts to characterise the immune cell compartment of the cornea 

failed for two main reasons. Firstly, the cornea contains very few cells, even a rejected 

opaque cornea in our hands had ≤ 100,000 cells. This made immune profiling very 

difficult via flow cytometry. Secondly, the enzymatic digestion process is harsh on the 

cornea, this resulted in high levels of cell death leading to large variation of results 

between animal groups. A potential solution to this would be to pool several corneas from 

the same treatment groups together to obtain the appropriate number of live cells for 

analysis. Another solution would be to develop and optimise immunohistochemistry 

protocols to profile the immune cell compartment of the cornea. Another option would be 

to analyse the corneal tissues using mass cytometry were antibodies are labelled with 

heavy metal ions instead of fluorochromes which allows the use of more antibody 

combinations without the risk of significant spill over between channels.  

6.9 Concluding Remarks 

These studies detail how syngeneic MSCs can be pre-activated with TGF-β to enhance 

their therapeutic efficacy before administration in vivo, it also details the importance of 

glycosylation, specifically sialic acid, on the tolerogenic properties of DCs. The results of 
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the experiments in chapter 3 point towards the potential of DC surface sialylation as a 

therapeutic target to improve and diversify DC-based therapies and treatments. In the 

context of disease, cell glycoengineering could have positive implications in DC-based 

vaccines, the tumour microenvironment and transplant biology. The results of chapter 4 

and 5 identify new therapeutic strategies to enhance MSC based therapy to promote the 

success of allogeneic tissue transplantation 
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Appendix Figure 1. IFN-γ increases the levels of MHC I and MHC II on BALB/c MSCs. 

MSCs were treated with either pro or anti-inflammatory cytokines and the expression of MHC 

I (APC) or MHC II (FITC) was analysed by flow cytometry. Preliminary experiment. n=2. 

 

 

 



  

 

 

 

Appendix Figure 2. TGF-β MSC generated Tregs have increased expression of PD-L1 

and CD73. Tregs from TGF-β MSCs – T lymphocyte co-cultures were analysed after 96-hour 

co-culture. The expression of either PD-L1 (PE) or CD73 (APC) was analysed by flow 

cytometry. (n=3). Unpaired t test.  

 

 

 

 

 

 

 

 

 

 



  

 

 

 

Appendix Figure 3. SI treatment of MSCs does not affect cell size or viability. Pro-

inflammatory pre-activated MSCs have increased levels of sialic acid compared to 

untreated MSCs. MSCs were treated with 3Fax-Peracetyl Neu5Ac, a potent sialyltransferase 

inhibitor for two consecutive passages. Cell size and viability were analysed by flow 

cytometry. The expression of sialic acid was assayed on the surface of pro-inflammatory pre-

activated MSCs via lectin-coupled flow cytometry. Error bars: mean +/- standard deviation 

*p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc 

test (n=3).  



  

 

 

 

Appendix Figure 4. SI successfully removes Sia from pro-inflammatory pre-activated 

MSCs which results in loss of T lymphocyte suppression attributes. MSCs were treated 

with 3Fax-Peracetyl Neu5Ac, a potent sialyltransferase inhibitor for two consecutive 

passages. The loss of Sia was assayed via flow cytometry using MAL II to detect α2,3 linked 

sialic acid and SNA I to detect α2,6 linked sialic acid.  TNF-α+IL-1β MSCs were treated with 

or with SI and co-cultured for 96 hours with CD3-CD28 stimulated T lymphocytes to study 

the effect of Sia loss on MSCs.  Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. One-way ANOVA, Tukey’s Post Hoc test (n=3). 

  

 

 

 

 



  

 

 

 
Appendix Figure 5. Subconjunctivally administered MSCs prolong corneal allograft 

survival. C57BL/6 MSCs were injected subconjunctivally seven days prior to allogeneic 

transplantation (day -7). BALB/c mice received either no injection or a single bolus injection 

of 5 x 105 (high-dose), 2 x 105 (medium-dose) or 5 x 104 (low-dose) allogeneic C57BL/6 MSCs 

in the subconjunctival space followed by allogeneic corneal transplantation 7 days later. 

Allogeneic transplant survival was monitored over a period of 40 days by microscopy. Graft 

opacity as the main indicator of cellular infiltration and endothelial dysfunction was also 

recorded. 



  

 

 

 
Appendix Figure 6. TGF-β MSCs do not secrete TGF-β nor sequester it on their cell 

surface after pre-activation. MSCs were conditioned with TGF-β for 72 hours. The 

conditioned media was then taken off the MSCs and the MSCs were washed three times with 

PBS. Fresh media was then placed on the cells and collected 24 hours and 48 hours later. The 

collected media was assayed on a TGF-β ELISA using media containing TGF-β as a control 

(TGF-β MSC treated MSCs). MSCs have been reported to hold latent TGF-β on their surface 

via the LAP/GARP complex. Untreated MSCs and TGF-β MSC treated MSCs were assayed 

via flow cytometry. Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 

****p<0.0001. Student’s t test and One-way ANOVA, Tukey’s Post Hoc test (n=3). 

 

 

 



  

 

 

 
Appendix Figure 7 EP1 antagonist does not significantly affect TGF-β MSCs ability to 

generate Tregs in MSC T lymphocyte co-cultures. | TGF-β MSCs and TGF-β MSCs + EP1 

Inhibitor (1 MSC to 10 lymphocytes) were cultured in normoxia in T lymphocyte co-cultures 

for 96 hours with CD3/CD28 stimulated lymphocytes. CD4+FoxP3+ lymphocyte frequency. 

Error bars: mean +/- standard deviation *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001. One-

way ANOVA, Tukey’s Post Hoc test (n=3). 

 

 

 

 

 

 



  

 

 

 
Appendix Figure 8. Fragments Per Kilobase of transcript per Million mapped reads. The 

expression level (FPKM value) of known genes and transcripts were calculated using 

ballgown. (Tnfaip6 = TSG-6). Error bars: mean +/- standard deviation *p<0.05, **p<0.01 

***p<0.001 ****p<0.0001. Student’s t test (n=3). 
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Cell Culture Medium and Additives   

Item Supplier Cat. No. 

alpha-MEM Gibco-Biosciences 32561029 

Ascorbic acid 2-Phosphate Sigma A8960 

Bone Morphogenetic Protein   
Bovine Serum Albumin Sigma A2153 

Dexamethasone Sigma D4902 

DMEM (high glucose) Gibco-Biosciences 31966-021 

Dumethyl Sulfoxide (DMSO) Sigma 2650 

Equine Serum Fisher 10407223 

Fetal Bovine Serum (FBS) Sigma F7524 

ITS+ Supplement Sigma I3143 

L-Proline Sigma P5607 

Penicillin/Streptomycin Sigma P4333 

Sodium Pyruvate Gibco 15240062 

TGF-β1 Bio-techne 7666-MB-005 

TNF-α Peprotech 400-14 

Trypsin 0.25% EDTA Biosciences 25200056 

Hematoxylin Sigma H36 

L-Glutamine Biosciences 25030024 

Mouse activatror CD3/CD28 

Dynabeads Life Technogies 11456D 

Plastics   

Item Supplier Cat. No. 

15ml tubes Sarstedt 62.554.502 

25ml blow out pipette Sarstedt 86.1685.001 

5ml blow out pipette Sarstedt 86.1253.001 

5ml Facscan Sarstedt 55.1578 

6 well plates, flat bottom Sarstedt 83.392 

T175 Culture Flask Fisher 10246131 

24 well plates, flat bottom Sarstedt 83.3922 

96-well plates, round bottom Sarstedt 83.3926 

50ml tubes  Sarstedt 62.547.254 

ELISAs and Bioplex   

Item Supplier Cat. No. 

human/mouse TGF-beta ELISA eBioscience 88-8350-22 

IFN-g ELISA eBioscience 88-7314 

Granzyme B ELISA eBioscience 88-8022 

PGE2 ELISA Abcam ab133021 

Bioplex Plate and Reagents Fannin Heaalthcare 

M60-

009RDPD 

Western Blotting   



  

 

 

Item Supplier Cat. No. 

30% acrylamide mix Sigma 

A3699 

5x100ml 

Amersham Protran 0.2um NC Biosciences 15249794 

ammonium persulfate Sigma A3678 - 100g 

Anti-mouse HRP Cell Signalling 7076s 

Anti-rabbit HRP Cell Signalling 7074s 

a-SMA antibody MSC PA5-19465 

CL-Xposure Film Sigma 34088 

ECL Western Blotting Substrate Sigma 32106 

Glycerol Sigma G2025 500ml 

Hydrochloric Acid  H1758-100ml 

Lamin B1 antibody MSC PA5-19468 

Methanol Sigma 34860 - 2.5L 

N,N′,N′-Tetramethylethylenediamine Sigma T9281 - 50ml 

Sodium dodecyl sulfate Sigma L3771-100G 

X2 PageRuler prestained protein ladder Fisher 11832124 

 

T cell medium  Murine MSC medium  
RPMI-1640   MEM-α  
Fetal bovine serum 

(FBS) 10%  Fetal bovine serum (FBS) 10% 

Penicillin-streptomycin 1%  Equine serum 10% 

L-Glutamine 1%  Penicillin-streptomycin 1% 

Non-essential amino acids 1%   
β-Mercaptoethanol 0.10%  FACS Buffer  
   PBS  
Freezing medium   FBS 2% 

FBS   Sodium Azide 0.05% 

DMSO 10%    
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Publications 

Lynch, Kevin; Murphy, Nick; Lohan, Paul; Treacy, Oliver; Ritter, Thomas. 

Mesenchymal stem cell therapy to promote corneal allograft survival: current status 

and pathway to clinical translation. Curr Opin Organ Transplant. 2016 Dec 

 

Kevin Lynch, Oliver Treacy, Jared Q. Gerlach, Heidi Annuk, Paul Lohan, Joana 

Cabral, Lokesh Josh, Aideen E. Ryan and Thomas Ritter. Regulating Immunogenicity 

and Tolerogenicity of Bone Marrow Derived Dendritic Cells through Modulation of 

Cell Surface Glycosylation by Dexamethasone Treatment Front Immunol. 2017 Oct 

30;8:1427. doi: 10.3389/fimmu.2017.01427. eCollection 2017 

 

Kevin Lynch, O'Malley Grace, Aideen Ryan, Thomas Ritter and Michael O'Dwyer. 

Mesenchymal Stromal Cell Sialylation Enhances Immune Suppression in Multiple 

Myeloma. Blood 2017 130:124; 

 

Lynch, Kevin; Treacy, Oliver; Murphy, Nick; Lohan, Paul; MD Griffin, Ryan, 

Aideen Ritter, Thomas. Pre-activated Mesenchymal Stem Cells Induce Regulatory 

Immune Populations and Prolong Corneal Allograft Survival. In preparation  

 

P Lohan, O Treacy, K Lynch, F Barry, M Murphy, MD Griffin, T Ritter, AE Ryan. 

Culture expanded primary chondrocytes have potent immunomodulatory properties 

and do not induce an allogeneic immune response.  

 

O’Malley G, Lynch K, Oliver Tracey, Serika Naicker, Niamh A Leonard, Lohan P, 

Ritter T, Egan LJ, Ryan AE Stromal cell immunomodulatory potential in the tumour 

microenvironment is regulated by inflammatory signalling and stromal PD-L1 

expression Cancer Research Immunology, June 2017 

Oral Presentations 

Mesenchymal Stromal Cell Sialylation Enhances Immune Suppression in Multiple 

Myeloma. American Society for Haematology, Georgia. 2017 

Pre-activated Mesenchymal Stromal Cells Induce Regulatory Immune Populations In 

vivo And Prolong Corneal Allograft Survival. CMNHS, NUIG 2018. 

Grants/Awards  

Grants  

EFIS travel grant to attend the European Congress of Immunology, 2015 (€600)  

Early Career Travel Award from Janssen Pharmaceuticals (€2500)  

Prizes  
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Best Poster Prize, College of Medicine, Nursing and Health Science research day, June 

2017  

Best Oral Price, College of Medicine, Nursing and Health Science Research Day, May 

2018 

[4]  
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