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Abstract 

It has previously been demonstrated by our lab that allogeneic MSCs prolong corneal 

allograft survival however syngeneic MSCs fail to do so. The aim of this study was to 

investigate if pre-treating syngeneic MSCs with pro-inflammatory cytokines (licensing) 

can enhance their immunomodulatory properties and enable them to prolong corneal 

allograft survival.  

The first part of this work focused on the optimization of an in vitro licensing strategy to 

most potently enhance syngeneic MSCs immunomodulatory properties. It was 

determined that licensing MSCs with a combination of TNF-α and IL-1β (MSCTNF-α/IL-1β) 

was optimum to stimulate their immunomodulatory properties. MSCTNF-α/IL-1β potently 

suppressed CD4+ and CD8+ T cell proliferation in addition to significantly inhibiting the 

MHC II expression of CD11b/c+ antigen presenting cells. The immunomodulatory 

capacity was primarily mediated by NO and also included significant up-regulation of 

other immune modulatory molecules (IL-10, PD-L1 and IL-6). Further characterisation of 

TNF-α/IL-1β licensed MSCs demonstrated an increase in surface expression of migration 

and adhesion associated molecules (ICAM-1, VCAM-1, CD47, CD44 and CD73) and their 

enhanced migratory potential was confirmed by transwell experiments. Moreover, 

microarray data indicated an increase in chemokine expression on licensed MSCs 

identifying an enhanced ability to recruit immune cell populations to their 

microenvironment.  

The second part of this work investigated the ability of in vitro licensed syngeneic MSCs 

to prolong corneal allograft survival. Alterations to the timing strategy demonstrated 

untreated syngeneic MSCs could increase the allograft survival rate to 50%, an effect 

that was further enhanced to 70% by TNF-α/IL-1β licensing of the MSCs. Prolongation of 

graft survival was associated with an initial increase in B220+ regulatory macrophages 

and Foxp3+ regulatory T cells in the lung and spleen post-administration (day 9), 

culminating in an increased proportion of Foxp3+ regulatory T cells in the spleen, lung 

and crucially in the draining lymph node at the average time point of rejection (day 17-

19). Finally, we confirmed that NO plays a critical role in mediating licensed MSCs ability 
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to prolong allograft survival as TNF-α/IL-1β licensed MSCs transduced with Nos2-shRNA 

lentiviral particles lost the ability to significantly prolong allograft survival.  

In summary, this work demonstrates that TNF-α/IL-1β potently enhances the 

immunomodulatory properties of syngeneic MSCs both in vitro and in vivo, mediated 

primarily by the production of NO. In vivo, MSCTNF-α/IL-1β therapy was associated with 

increased proportions of regulatory cells which resulted in a significant prolongation of 

corneal allograft survival. Therefore, this project identifies pro-inflammatory cytokine 

licensing as a strategy to enhance syngeneic MSC therapy for the promotion of 

allogeneic tissue transplant survival.  
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1.1 Cornea 

1.1.1 Anatomy and Function 

The cornea is a clear, curved layer of connective tissue which provides a physical barrier 

between the eye and the outside environment. As a physical barrier it protects the eye 

from harmful substances and pathogens. Its curvature and transparency means it is the 

most important refractive component of the eye, focusing light onto the retina at the 

posterior of the eye [1]. The cornea consists of five layers, three cellular layers (the 

epithelium, stroma and endothelium) and two basement membranes (Bowman’s 

membrane and Descemet membrane) which are devoid of cells [1](Figure 1.1). 

The epithelial layer provides the first barrier for the eye to the outside environment. On 

top of the epithelial layer lies the tear film which protects the cornea from microbial 

invasion and supplies factors critical for proliferation and repair of the epithelial layer 

[1]. The epithelium consists of 6-8 cell layers. The outermost layers of cells are exposed 

to the environment and regularly undergo apoptosis and are shed. The deepest layer of 

the epithelium known as basal epithelial cells are capable of mitosis and replace the 

peripheral layers, the total epithelial layer is replaced every 7-10 days [1]. The Bowman’s 

membrane sits between the epithelial layer and the stroma (Figure 1.1).  

The stroma is the thickest layer of the cornea, making up to 85% of the corneal thickness. 

Made up of densely packed collagen fibers it is integral to the structure of the cornea. 

Interespersed within the collagen fibers are quiescent keratocytes capable of repair 

functions following injury [2]. Beneath the stroma is the Descemet membrane which is 

secreted by the endothelium underneath it (Figure 1.1). The endothelium is the basal 

layer of the cornea and it acts as a physical barrier between the cornea and the aqueous 

humour (AH). It consists of a layer of polygon shaped endothelial cells and is crucial to 

the maintenance of corneal function. As the only point of contact between the avascular 

cornea and the AH it has two main functions. Firstly, it provides the avascular cornea 

with nutrients from the AH and secondly it maintains the cornea in a deturgescent state 

by removing excess fluid and reducing swelling [3]. The endothelium is characterised by 
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an abundance of Na/K ATPase pump sites which transport sodium and potassium across 

the cell membrane resulting in the transport of excess fluid out of the cornea and 

maintaining the deturgescence [4]. Human corneal endothelium cannot regenerate as 

they do not have mitotic activity in vivo. Endothelial cells, instead, expand to occupy the 

space of lost cells, however, this still leads to a 0.6% decrease in endothelial thickness 

each year [1]. The reduction in density can lead to dysfunctional fluid regulation. This 

reduction can be accelerated by trauma, inflammation or diseases such as Fuch’s 

endothelial dysfunction leading to irreversible decline resulting in edema, corneal 

clouding and loss of vision [5, 6].  In the context of cornea transplantation it is important 

to note that although all three cellular layers are susceptible to rejection episodes, the 

epithelial layer can be restored by recipient cells and topical steroids can reverse stromal 

damage but endothelial damage caused by immunological rejection cannot be repaired 

[1, 7].  
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Figure 1.1 Structure of the cornea and anterior of the eye. 

(a) The anterior of the eye demonstrating the curved layer of the cornea. (b) Cornea section 

showing the 5 layers including the 3 cell layers (epithelium, stroma and endothelium) and 2 

membranes (Bowman’s layer and Descemet’s membrane). Adapted from Navaratnam et al, 

2015[8]. 
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1.1.2 Resident Immune Cells of the Cornea 

The central cornea had previously been assumed to be devoid of bone marrow derived 

antigen presenting cells and this, in part, was believed to contribute to ocular immune 

privilege [9]. The assumption was based upon observations that central corneal cells 

lacked MHC II expression, therefore, were not capable of functioning as professional 

APCs. More recently, immature APCs such as MHC II negative dendritic cells (DCs) have 

been described in the epithelium and stroma of the cornea [10-13]. DCs have the 

capacity to act directly as effector cells of the innate immune response or they can 

regulate the adaptive immune response by stimulating T cell responses via major 

histocompatibility complex (MHC) molecules interacting with the T cell receptor (TCR) 

and co-stimulatory molecules CD40, CD80/CD86 interacting with CD40L and CD28 

respectively [14]. Their ability to uptake, process and present antigen to T cells makes 

them essential mediators of the adaptive immune response [14]. DCs ability to regulate 

the adaptive immune response is further augmented by their capacity to migrate 

directionally from tissues to lymphoid organs where they stimulate T cell responses [14].   

Langerhans cells (LCs) a population of CD11c+CD11b- epithelial dendritic cells (DCs) have 

now been described in both the peripheral and central cornea, however, while in the 

peripheral cornea there are MHC II positive and MHC II negative populations of LCs, the 

central cornea LCs are exclusively MHC II negative and do not express co-stimulatory 

molecules CD80 and CD86 [13]. Similarly, in the peripheral stroma there exists a 

population of CD45+CD11c+CD11b+ DCs which positively express MHC II and co-

stimulatory molecules CD80, CD86 and CD40 however in the central cornea the stromal 

DCs are exclusively MHC II negative and do not express CD80 or CD86 [11]. Lacking MHC 

II and co-stimulatory molecules CD80 and CD86, these immature LCs and stromal DCs 

are incapable of priming T cells. The presence of highly immature APCs is not unique to 

the cornea. They have also been described in lymphoid organs and blood. However, the 

central cornea is the only tissue where the APCs are exclusively of a highly immature 

phenotype [9]. Furthermore, a high proportion of the CD11c+ cells of the central cornea 

stroma also express CD14 - a marker of an “immature” or precursor cell type which is 

constitutively expressed on monocytes [10, 11]. This CD11c+ precursor population 

further signifies the immature nature of APCs of the central cornea. During 



Chapter One 

 - 6 -  
 

inflammation, the highly immature APCs of the central cornea have been shown to be 

activated; up-regulating MHC II expression as well as co-stimulatory molecules CD40 and 

CD80/CD86 [12, 13]. In the context of corneal transplantation, it has been demonstrated 

that donor-derived DCs begin a centrifugal migration to the graft border following 

transplantation where they become activated by interleukin(IL)-1, granulocyte-

macrophage stimulating factor (GM-CSF), tumour necrosis factor (TNF)-α, and CD40L 

produced by dying cells at the graft border [12, 15, 16]. These activated and matured 

APCs can migrate from the graft bed to the peripheral cornea, limbus and conjunctiva, 

which, in contrast to the central cornea, are endowed with blood and lymphatic vessels 

enabling the migration of the donor-derived APCs to the lymphatic organs where they 

can stimulate T cells through the direct pathway discussed in Introduction Section 1.1.3. 

Simultaneously, resident APCs from the limbus and peripheral cornea can be recruited 

to the graft bed where they can up-take and process alloantigen before migrating to the 

lymphoid organs to present and activate T cells through indirect or semi-direct pathways 

(discussed in Introduction Section 1.1.3). The sensitised CD4+ and CD8+ T cells then 

migrate to the ocular surface, infiltrating the cornea and resulting in corneal clouding, 

delayed type hypersensitivity responses, cytotoxic T lymphocyte responses and, 

ultimately, graft destruction [17, 18].  

 

 As well as stromal DCs, resident populations of  CD11b+ and F4/80+ macrophages have 

also been described in the central cornea stroma [12, 19]. Recently, two distinct 

populations of macrophages – based upon their CCR2 expression – have been defined 

in the cornea with contrasting effects on corneal inflammation [20]. CCR2- corneal 

macrophages differentiate directly to macrophages during embryonic development 

without differentiating to monocytes and are present in the cornea from mouse 

embryonic day 12.5 [20]. In contrast, CCR2+ corneal macrophages are derived from 

monocytes and are not present in the cornea until later in embryonic development 

(mouse embryonic day 17.5) [20]. The CCR2- corneal macrophages demonstrate self-

renewal capacity however the CCR2+ corneal macrophages are repopulated almost 

exclusively by circulating monocytes [20]. During inflammation, a high proportion of 

CCR2+ corneal macrophages are observed which express characteristic M1 macrophage 

genes, while during resolution of the inflammation, an increase in CCR2- macrophages 
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expressing M2 macrophage genes such as IL-10 and Arginase-1 are observed. This recent 

work demonstrates there exists diverse populations of macrophages in the cornea 

originating from distinct progenitors with both pro- and anti-inflammatory effects [20]. 

 

1.1.3 Immune Privilege 

The term immune privilege was coined by Medawar in 1948 upon discovering that skin 

allografts transplanted to the anterior chamber of the eye or the brain did not undergo 

rejection [21].  The eye, brain and testicles are all termed immune privileged due to the 

fact that foreign grafts transplanted to these sites do not undergo immune mediated 

rejection [22]. It is now clear that maintaining immune privilege of the cornea is a 

dynamic process involving physiological, anatomical and immunological adaptations 

[18]. Disruption of any one of the numerous processes involved leads to a loss of 

immune privilege and in the context of transplantation, can lead to immune mediated 

graft destruction. The question as to why immune privilege exists in the eye is an 

interesting one. In 1987 Streilen stated the immune privilege was “a dangerous 

compromise between the eye and the immune system” where the immune system does 

not attack foreign antigens in the eye preventing scarring of the delicate tissue but with 

the caveat that the eye is susceptible to infection [23]. An example of the fragility of this 

compromise is herpes simplex virus (HSV) infection of the eye. HSV infection of the eye 

leads to termination of immune privilege followed by immune mediated inflammation 

causing blindness [18]. However, if the immune system did not respond to the HSV 

infection, it would prove fatal due to viral encephalitis therefore, the immune system 

sacrifices  immune privilege and subsequently sight in order to survive [24]. 

Maintanence of immune privilege involves numerous mechanisms including inhibition 

of both the afferent and efferent arms of the immune system and will be discussed 

below.  
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Blockade of the afferent arm of the immune system 

The cornea is devoid of lymph vessels and blood vessels, inhibiting the trafficking of 

antigen presenting cells (APCs) and immune effector cells to and from the cornea. The 

avascular nature of the cornea is maintained by corneal epithelial cell expression of 

VEGFR-1 which acts as a trap for pro-angiogenic factor VEGF-A while lymphangiogensis 

promoting VEGF-C is inhibited by keratocyte and corneal epithelial cells expressing 

VEGFR-2 [25, 26]. Anti-angiogenic factor endostatin is also expressed in the cornea and 

inhibits both hemangiogeneisis and lymphangiogenesis [27]. As well as inhibiting the 

trafficking of APCs, the central cornea contains a low density of bone marrow derived 

cells capable of functioning as APCs [11, 28].  The APCs that do exist in the cornea namely 

epithelial Langerhans cells and stromal dendritic cells (DCs) display a highly immature 

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

stimulatory molecules CD80/CD86 [9].  

Immune privilege of the eye is further protected by the blood-ocular barrier consisting 

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

in the anterior of the eye and the blood-retinal barrier at the posterior of the eye are 

made up of tight junctions between epithelial cells and between endothelial cells tightly 

regulating the transfer of ions, proteins and water in and out of the eye [29, 30]. 

Together with the avascular cornea this creates a tightly regulated closed space where 

the eye can create its own microenvironment.  

 

Blockade of the efferent arm of the immune response 

The cornea expresses an array of molecules capable of suppressing effector T cells and 

complement activation. Expression of T cell inhibitory factors FasL (CD95), programmed 

death ligand-1 (PD-L1), and tumor necrosis factor-related apoptosis inducing ligand 

(TRAIL) are all detected on corneal cells [31-33]. These ligands interact with receptors 

on the surface of Th1 T cells leading to the inhibiton of T cell proliferation, IFN-γ 

production and induction of apoptosis [32, 34, 35].  
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In addition to the cornea possessing immunosuppressive molecules it is positioned on 

top of and bathes in the immunosuppressive and immune regulatory AH. The AH which 

fills both the anterior and posterior chambers of the eye, is a transparent plasma like 

fluid of the anterior of the eye rich in immunosuppressive molecules. Mediated by 

neuropeptide α-melanocyte-stimulating hormone (αMSH) and anti-inflammatory 

cytokine TGFβ2 the AH inhibits T cells from acting as delay type hypersensitivity effector 

cells instead inducing them to become regulatory T cells [36]. The AH also suppresses 

the activity of inflammatory macrophages again through αMSH and TGFβ2 as well as 

calcitonin gene-related peptide (CGRP) [37]. Macrophage migration inhibitory factor 

(MIF) also present in the AH inhibits the maturation of NK cells and can contribute to NK 

cell lysis along with TGFβ2 [38]. Additionally complement mediated lysis which could 

lead to destructive pro-inflammatory responses in the eye is regulated by complement 

regulatory proteins expressed in the AH [39].  

 

Anterior chamber associated immune deviation (ACAID) 

Combined with the physical barriers and wealth of immunosuppressive molecules 

expressed within the eye there exists a unique ocular phenomenon involved in 

maintaining the ocular immune privilege. This phenomenon is known as anterior 

chamber associated immune deviation (ACAID) and it describes a deviation in the 

immune response to alloantigens introduced to the anterior chamber of the eye [40]. 

ACAID is induced when alloantigen is introduced to the eye. Following injection of 

antigen into the anterior chamber of the eye (intracameral injection), the antigen is 

processed by specialized F4/80+ intraocular macrophages resident in the iris and ciliary 

body cells. The intracameral injection up-regulates TNF-α and MCP-1 expression in the 

aqueous humor, triggering the infiltration of F4/80+ macrophages which uptake and 

process the alloantigen [41-43]. The anterior chamber – rich in immunosuppressive 

molecules such as TGF-β – induces a tolerogenic macrophage phenotype, down-

regulating IL-12 expression and up-regulating IL-10 and macrophage inhibitory factor-2 

secretion [44]. The F4/80+ macrophages then migrate with the aqueous flow from the 

anterior chamber to the trabecular meshwork and Schlemm’s canal where they enter 
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circulation [45]. Once in circulation, the F4/80+ macrophages migrate either to the 

thymus or the spleen [44]. Both the thymus and spleen are crucial to the process of 

ACAID induction as the removal of either organ results in a failure to induce ACAID [40, 

46, 47]. In the thymus, the F4/80+ macrophages induce regulatory natural killer T (NKT) 

cells which migrate to the spleen and support the generation of suppressor T cells [46, 

47]. The essential role of the spleen in ACAID induction was demonstrated by temporal 

splenectomy studies where its removal up to 4 days after intraocular inoculation failed 

to induce systemic tolerance [40]. Moreover if the spleen was removed before 14 days 

post inoculation systemic tolerance was not fully induced thus outlining the timeline of 

ACAID induction from 4-14 days [40]. In the spleen the F4/80+ macrophages present the 

antigen to clusters of B cells, NKT cells and CD4+ and CD8+ T cells which promote the 

generation of CD4+ and CD8+ T regs resulting in the induction of systemic tolerance [22, 

37, 48-50]. The splenic B cells are essential to ACAID induction, D’Orazio and Niederkorn 

demonstrated in-vitro that only in the presence of B cells were ACAID APCs capable of 

inducing ACAID regulatory T cells. They hypothesized that antigenic peptides released 

by the ocular F4/80+ macrophages are uptaken by the splenic B cells and presented to 

the T cells in a tolerance inducing manner [48]. Following on from this work, D’Orazio, 

Mayhew and Niederkorn reported that splenic B cells, first cultured with OVA-pulsed 

ACAID APCs in vitro then intravenously administered to naïve mice, were capable of 

inducing ACAID and suppressing the delayed type hypersensitivity (DTH) response to 

sub-cutaneously administered OVA. This demonstrated that the splenic B cells 

processed antigen from ACAID APCs and presented the antigen to T cells in a tolerogenic 

manner [51]. The Niederkorn group further refined this hypothesis in two subsequent 

papers. First demonstrating that B cells capture and internalize antigen from ACAID APCs 

through the B cell receptor (BCR) and then demonstrating that the B cells must express 

both MHC I and MHC II to generate ACAID regulatory T cells [52, 53]. These studies 

outline an essential role of splenic B cells in ACAID induction through the uptake of 

antigen from ocular APCs and presentation to splenic T cells to induce a regulatory T cell 

population. The induced peripheral Treg populations modulate both the afferent and 

efferent arm of the immune response. CD4+ T regs inhibit the afferent arm by 

suppressing Th1 T cell activation and CD8+ T regs inhibit the efferent arm by inhibiting 

delayed type hypersensitivity responses (DTH) [22, 50]. Interestingly, ACAID has been 
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implicated in corneal allograft survival with intraocular inoculation of alloantigen prior 

to transplantation prolonging graft surivival in both mouse and rat models of 

keratoplasty [54-56].   

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

of: physical barriers that inhibit the trafficking of immune cells; the presence of 

immunosuppressive molecules within the closed microenvironment to modulate 

resident immune cells; and the unique phenomenon of ACAID which induces systemic 

tolerance to ocular antigens. 
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1.1.4 Cornea Transplantation (Penetrating Keratoplasty) 

Indications for cornea transplantion 

The first successful full thickness penetrating keratoplasty was first perfomed over 112 

years ago by Dr Eduard Zirm [57]. Today, it is the most common form of transplantation 

with over 100,000 procedures carried out each year [58]. In the first part of the 20th 

century penetrating keratoplasty was performed mostly in cases of infections, trauma 

and chemical or thermal burns. The  developments in antibiotics and antiviral 

treatments in recent times has meant that fewer of these patients require cornea 

transplantation [59]. In fact, the Australian Corneal Graft Registry reported in 2015 that 

less than 9% of penetrating keratoplasies in the past 15 years were due to trauma, 

infection or corneal scarring [60]. Today the majority of penetrating keratoplasties are 

performed in cases of keratoconus (corneal bulging), regrafting due to failed grafts, 

bullous keratopathy and corneal dystrophy such as Fuchs’ endothelial dystrophy [60].  

 

Immune mediated allograft rejection  

Due to the immune privileged nature of the eye penetrating keratoplasty is routinely 

performed without human leukocyte antigen (HLA) tissue matching or the use of 

systemic immunosuppressants and yet the survival rate within the first year is over 90% 

[18]. However, the ten year graft survival is much lower at approximately 62% but this 

statistic incorporates both “low risk” and “high risk” patients [61]. “Low risk” patients 

defined as having a non-inflamed and avascular cornea with no previous episodes of 

inflammation, such as first time transplant keratoconus or corneal dystrophy patients 

the graft survival rate 10 years post operatively is as high as 90% [62]. “High risk” 

patients defined as experiencing or previously having experienced inflammation of the 

anterior part of the eye, having a vascularised graft bed  or having a  second or 

subsequent regrafts the prognosis is much poorer with 40-70% rejection within the first 

year post transplantation [63, 64]. It is in these patients in whom the immune privilege 

status has been disrupted that new therapies are urgently required to inhibit the onset 

of immune mediated rejection. 
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The excellent prognosis for keratoconus in “low risk” patients demonstrates that the 

corneal allograft surgery itself does not cause disruption of the ocular immune privilege. 

It is the inflamed and vascularised graft bed which allows the immune mediated 

rejection. Ocular inflammation or trauma attracts APCs to the central cornea, stimulates 

the maturation of resident APCs and induces hemoangiogenisis and lymphangiogenesis 

[64]. The matured APCs (either host or donor derived) migrate through the blood and 

lymphatic system to the draining lymph node and the spleen where they present allo-

antigen to naïve T cells leading to T cell activation and expansion culminating in DTH and 

cytoxic T lymphocyte (CTL) responses in the cornea causing graft destruction [17]. The 

presentation of alloantigen to T cells known as allo-recognition can occur via three 

pathways: 

I. Direct pathway of allo-recognition: Donor derived APCs migrate from the cornea 

to the draining lymph node or the spleen and stimulate recipient derived CD4+ 

and CD8+ T cells (Figure 1.2). MHC proteins and co-stimulatory signals on the 

surface of donor derived APCs activate T cells through their T cell receptors (TCR). 

CD4+ T helper cells mediate the expansion of CD8+  T cells resulting in CTL lysis 

and graft destruction [65]. 

II. Indirect pathway of allo-recognition: Recipient derived APCs process donor MHC 

or non-MHC proteins (minor histocompatibility antigens), and present the allo-

antigen via MHC II molecules to allo-antigen specific CD4+ effector T cells (Figure 

1.2) [65]. CD4+ T cells can cause graft destruction primarily through DTH 

responses through the secretion of interferon-γ (IFN-γ), nitric oxide (NO), tumor 

necrosis factor (TNF-α) and a plethora of chemokines [17]. Importantly, the 

indirect pathway does not require donor derived cells and can occur at anytime 

post transplantation [65]. 

III. Semi-direct pathway of allo-recognition: Through direct cell-to-cell transfer or 

through uptake of extracellular vesicles, donor cells can transfer fully intact 

allogeneic MHC/peptide complexes to recipient APCs [66]. The allogeneic 

MHC/peptide complexes fuse to the surface of the recipient APCs. The recipient 

APCs can, therefore, stimulate CD8+ T cells through the intact allogeneic 

MHC/peptide complexes  (via the direct pathway of allorecognition) while also 
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internalizing, processing and presenting allogeneic histocompatibility antigens to 

stimulate CD4+ T cells (via the indirect pathway) [66]. 

As the direct pathway depends on T cells capable of recognising allogeneic MHC 

complexes, it may be expected that thymic education of T cells to recognise self would 

result in a low frequency of T cells capable of recognising allogeneic MHC complexes 

through the direct pathway. However, there exists a high frequency of T cells within the 

T cell repertoire with direct donor alloreactivity. This is due to cross reactivity of the TCR 

[67-70]. The direct pathway, therefore, results in an acute immune mediated response 

that occurs rapidly post transplantation and requires the presence of donor APCs. 

Importantly, the indirect and semi-direct pathways of allorecognition do not require 

donor APCs to be present and, hence, can occur at any time post transplantation [66] To 

date the preponderance of evidence suggests that corneal allograft rejection is primarily 

mediated by the indirect pathway of allo-recognition while the direct pathway is more 

prevalent in highly vascularised graft beds [71-74]. Although there is little evidence of 

the role of the semi-direct pathway in corneal allograft rejection, it may occur as 

recipient APCs can acquire the allogeneic MHC/peptide complexes from donor APCs 

(described in Introduction Section 1.1.2 to be present in the central cornea) or from 

corneal cells which remain present for the entirety of the graft lifespan [66]. 
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Figure 1.2 Direct, indirect and semi-direct pathways of allo-recognition following 

transplantation. 

Following transplantation allorecognition may occur through three pathways. The direct 

pathway of allorecognition involves the presentation of MHC I and MHC II molecules on the 

surface of donor APCs to recipient CD4+ and CD8+ T cells. The indirect pathway is characterised 

by the uptake of donor derived alloantigen by recipient APCs which process and present the 

alloantigen to antigen specific CD4+ T cells. The semi-direct pathway of allo-recognition involves 

the transfer of intact MHC molecules from donor APCs to recipient APCs and also the 

internalisation, processing and presentation of donor alloantigen on recipient APCs. 

 

 

Because of the redundancy within the immune system graft rejection can occur through 

a number of pathways however it is clear that rejection is dependent on both APCs and 

T cells [17]. The essential role of APCs in corneal allograft rejection was demonstrated 

by clodronoate containing liposome mediated depletion of ocular APCs prior to 

transplantation, resulting in increased graft survival in both mouse and rat models [75, 

76]. Their role was further refined by experiments in immunocompromised mice where 

APCs alone were unable to induce graft rejection; while adoptively transferred CD4+ T 

cells from graft rejectors initiated rejection even if APCs were depleted. Thus 

demonstrating that APCs: a) alone cannot initiate graft rejection and b) mediate the 
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induction or afferent phase but not the efferent phase of graft rejection [76]. The 

evidence for the essential role of T cells in graft rejection is categorical as corneal 

allografts in SCID mice and nude mice have a survival rate of 100% [17]. Moreover, 

adoptive transfer of T cells from corneal allograft rejector mice into graft accepting SCID 

mice resulted in rapid immune mediated graft destruction. Within the T cell subsets 

rejection is heavily mediated by CD4+ T cells as demonstrated by ablation of CD4+ T cells 

resulting in a steep reduction in incidence of graft rejection [77-79]. Further evidence of 

the importance of the role of CD4+ T cells includes the observation that there is 

correlation between inhition CD4+ T cell dependent DTH responses and prolongation of 

graft survival [54, 79]. Neverthless, corneal allograft rejection although reduced does 

still occur in the absence of CD4+ T cells indicating the role of other mechanisms 

mediating graft rejection. CD8+ T cells are also present in rejecting grafts and the 

adoptive transfer of CD4-CD8+ T cells to nude mice induces graft rejection [17, 80]. 

However, the role of CD8+ T cells is not crucial as evidenced by:  monoclonal antibody 

depletion of CD8+  T cells does not inhibit graft rejection;  CD8+ T cell knock-out (KO) 

mice and CTL associated perforin KO mice still reject corneal allografts; and CTL activity 

is not generally observed in orthotopic cornea transplants in animal models or in normal 

risk transplants in humans [17, 78, 81, 82].   

Foxp3+ regulatory T cells, a population consisting of between 5-10% of the CD4+ T cell 

subset have demonstrated a capacity to prolong allograft survival in models of bone 

marrow[83],  skin [83], cardiac [83], liver [84], kidney [85] and cornea transplantation 

[86]. Foxp3+ T regs exert “dominant transplantation tolerance” whereby they actively 

regulate the activation and proliferation of conventional T cells against specific antigens 

[87]. Chauhan et al recently demonstrated that functional Foxp3+ T regs in the draining 

lymph node were responsible for allograft survival in a mouse model of cornea 

transplantation[86]. Further evidence of the importance of the draining lymph node in 

corneal allograft rejection was observed by Yamagami et al, who in a couple of studies 

excised the draining lymph node prior to cornea transplantation resulting in 100% 

survival in “low risk” and 87% survival in “high risk” mouse corneal allograft models[88, 

89]. Despite it being reported that alloantigen presentation can occur in the area of the 

eye surrounding the cornea, the conjunctiva or the draining lymph node, these reports 
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demonstrate that the critical site of alloantigen presentation is the draining lymph node 

[86, 88-90]. 

In summary, immune mediated allograft rejection is initiated by APCs presenting 

alloantigen to T cells in the draining lymph node. This occurs primarily through the semi-

direct pathway resulting in activation and proliferation of CD4+ effector T cells which 

migrate back to the eye causing DTH responses and graft rejection. Despite the fact the 

direct pathway involving the activation of CD8+ cytoxic T lymphocytes can cause graft 

destruction it is not the predominant mechanism of graft rejection. Finally the presence 

of Foxp3+ regulatory T cells in the draining lymph nodes can suppress the T cell response 

resulting in graft survival. 

 

1.1.5 Immunosuppressive therapies to prevent allograft rejection 

As already discussed the prognosis for “low risk” patients is excellent and topical 

immunosuppression is sufficient to facilitate graft survival. Currently therapy for “high 

risk” patients involves systemic immunosuppressives such as cyclosporine A (CsA) and 

mycophenylate mofetil (MMF). Both have demonstrated efficacy in prolonging graft 

survival but with the caveat that they trigger considerable side effects [91, 92]. Side 

effects following CsA therapy include nephrotoxicity, altered glucose metablolism, 

hypertension, hepatoxicity, hyperplasia and most worryingly increased risk of 

malignancies [91, 93, 94]. MMF also triggers side effects such as gastrointestinal 

disorders, anemia, leucopenia, and increased risk of infections [91, 92]. The risk of such 

side effects for a non-life threatening disorder is not desirable. Moreover systemic 

immunosuppressive therapies do not induce peripheral tolerance rather some reports 

indicate they may hinder the induction of Foxp3+ T cells [84, 95]. Therefore there 

remains a need for alternative therapies to alleviate immune mediated graft rejection.  

In recent years mesenchymal stem cell therapy has been trialled as a therapy for corneal 

allograft rejection. To date a number of studies have demonstrated efficacy with 

mesenchymal stem cells (MSCs) with varying reports of the mechanism of action. The 

following section will discuss the characteristics of MSCs which make them appealing 

therapies in transplantation and the proposed mechanisms of action.  
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1.2 Mesenchymal Stem Cells (MSCs) 

1.2.1 Introduction 

MSCs are a rare population of non-hematopoetic stromal cells first isolated from the 

bone marrow by Freidenstein et al, who described a population of multi-potent cells 

with colony forming unit-fibroblast (CFU-F) capacity [96, 97]. Since then MSCs have been 

isolated from numerous tissues including umbilical cord, adipose tissue, muscle, dental 

pulp and lung [96, 98]. They are defined by their self renewal capacity, their multilineage 

potential and their ability to adhere to plastic culture plates [99]. As of yet no putative 

MSC marker has been discovered and so their isolation still depends primarily on plastic 

adherence which risks hematopoetic stem cell lineage contamination. With 

investigators also utilising different methods of isolation, expansion and 

characterisation in 2006 the International Society for Cellular Therapy set out the 

minimal criteria to define an MSC which states MSCs must: 

• Adhere to plastic in standard cell culture conditions 

• Express cell surface markers CD90, CD73, CD105 and lack expression of CD45, 

CD34, CD14 or CD11b, CD79α or CD19 and MHC surface molecules 

• Demonstrate multilineage potential, differentiating to osteogenic, adipogenic 

and chondrogenic lineage [99] 

MSCs multilineage potential means they hold great promise in the field of regenerative 

medicine where their reparative function has demonstrated therapeutic benefit in 

clinical and preclinical models including myocardial infarction, hepatic failure, renal 

failure, wound healing, retinal degeneration, osteoarthritis and stroke [98]. In addition 

to their regenerative properties MSCs in recent years have generated great interest for 

their immunosuppressive properties. The following section will outline MSCs 

immunosuppressive properties and their suitability as a therapy for corneal allograft 

rejection. 
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1.2.2 MSCs Immunomodulatory Capacity 

MSCs have been demonstrated to have potent immunosuppressive and 

immunomodulatory properties and can regulate components of both the innate and 

adaptive immune system [100, 101]. MSC’s mechanisms of immune regulation are 

numerous and include the paracrine release of soluble mediators and cell-cell contact 

dependent mechanisms the most studied of which are outlined in Figure 1.4 and 

detailed below. Soluble mediators that are implicated in MSC’s immunoregulatory 

capacity and are currently under investigation include indolamine 2,3 dioxygenase (IDO), 

nitric oxide (NO)  IL-6, IL-10, interleukin 1 receptor antagonist (IL-1RA), tumour necrosis 

factor-inducible gene 6 (TSG-6), transforming growth factor β (TGF-β) and matrix 

metalloproteinases (MMPs) [58, 100, 102-104]. Importantly, a key divergence in the 

mechanism of MSC-mediated immune regulation is observed between species. Whereas 

human, non-human primate and pig MSCs primarily mediate T cell proliferation through 

the induction of IDO, rodent and rabbit MSCs utilize the secretion of NO to inhibit T cell 

proliferation [105, 106]. This evolutionary divergence in the immunosuppressive 

mechanisms of human and rodent MSCs must be considered when translating pre-

clinical model results to a clinical setting. Other mechanisms of immune regulation 

employed by MSCs include contact-dependent mechanisms such as the adhesion of 

MSCs to target cells with ICAM-1, VCAM-1 and PD-L1-PD-1 interactions [107, 108]. The 

numerous immunomodulatory mechanisms MSCs possess mean they can modulate a 

multitude of immune effector cells. The following section will outline broadly how they 

affect the innate and adaptive immune systems. 

  

MSCs modulate the innate immune response 

MSCs – described as sensors of inflammation – in response to inflammatory signals 

acquire an anti-inflammatory phenotype capable of modulating inflammation via the 

regulation of innate immune cell components including macrophages and dendritic cells 

[109]. Macrophages are a key component of the early innate immune response, 

inflammatory signals such as IFN-γ, LPS, TNF-α and GM-CSF differentiate macrophages 

to an M1 or pro-inflammatory phenotype expressing high levels of IL-1β, IL-6 and TNF-α 
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as well as reactive oxygen species and nitrogen intermediates including NO [110]. MSCs 

through the secretion of soluble mediators including TSG-6, IL-6, NO and PGE2 inhibit 

the differentiation of macrophages to an M1 phenotype and promote their polarization 

to an M2 or anti-inflammatory phenotype expressing anti-inflammatory molecules 

including IL-10, IL-4 and IL-1RA [110, 111](Figure 1.4). The ability of MSCs to induce an 

anti-inflammatory macrophage phenotype has been demonstrated both in vitro and in 

vivo [111, 112]. In vivo, Nemeth et al, reported that following intravenous injection (i.v.), 

MSCs accumulated in the lung where they induced anti-inflammatory IL-10 producing 

macrophages resulting in the attenuation of sepsis [112]. The increasing evidence that 

the majority of MSCs become entrapped in the lung upon i.v. administration with few if 

any migrating to other organs indicates that this organ plays an important role in MSCs 

immunomodulatory capacity [113, 114]. Moreover, the role of MSC modulation of 

innate immune cells in the lung in MSC’s ability to prolong corneal allograft survival has 

recently been demonstrated by Ko et al. They reported that hMSCs in a TSG-6 dependent 

manner enriched a population of CD11b+B220+  IL-10 producing regulatory macrophages 

in the lung that migrated to the draining lymph node to prolong allograft survival [115]. 

In addition to their modulation of macrophages, MSCs also inhibit the differentiation of 

DCs via the secretion of TGFβ, TSG-6, IL-6 and PGE2 [58, 116] (Figure 1.4). DCs are key 

components linking the innate and adaptive immune systems by presenting alloantigen 

to T cells. In the presence of MSCs the DC’s antigen presentation machinery molecules 

MHC II, CD80 and CD86 are reduced and IL-10 expression is increased indicating the 

induction of a regulatory DC phenotype [58, 117]. MSCs also regulate the function of NK 

cells, inhibiting their: proliferation; IFN-γ production; and cytoxicity through cell-cell 

contact and soluble mediators PGE2, IDO and TGFβ1 [118, 119](Figure 1.4). Other 

components of the innate immune system such as mast cells, myeloid derived 

suppressor cells (MDSCs) and monocytes are regulated by MSCs and their interactions 

have been extensively reviewed [116, 120]. 



Chapter One 

 - 21 -  
 

 

 

Figure 1.3 MSCs possess the capacity to modulate components of both the innate and 
adaptive immune response. 
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MSCs modulate the adaptive immune response 

MSC’s immunosuppressive capacity was first discovered in co cultures with activated T 

cells where MSCs potently inhibited T cell proliferation [121-124]. Since then it has 

become clear that the mechanisms of MSC mediated T cell suppression vary between 

species with human MSCs (hMSCs) predominantly suppressing T cell suppression 

through IDO and rodent MSCs through secretion of high levels of nitric oxide to suppress 

T cell proliferation [105]. IDO inhibits T cell proliferation by catabolising tryptophan 

which is required for T cell growth and survival and further by producing tryptophan 

metabolites that induce T cell apoptosis [125]. NO is a gaseous bioactive molecule which 

rapidly diffuses and has a half life of just a few seconds in blood due to its affinity for 

haemoglobin [126]. NO is produced by nitric oxide synthases (NOS) of which three 

isoforms exist in rodents namely endothelial NOS (eNOS), neuronal NOS (nNOS) and 

inducible NOS (iNOS) which mediate NO production in MSCs and also in macrophages 

[127]. It was first described as a mediator of MSC’s suppression of T cell proliferation by 

Sato et al. who also demonstrated that it inhibited Stat5 phosphorylation in T cells [128]. 

The production of NO by MSCs was demonstrated not to be innate but acquired upon 

pro-inflammatory cytokine stimulation which also stimulated the up-regulation of 

chemokine expression, allowing MSCs to recruit T cells to their vicinity where the locally 

acting NO could exert its effect [102]. Moreover, NO has also been shown to induce a 

CD4+CD25+ regulatory T cell phenotype from naïve CD4+CD25- T cells [129]. As well as 

the direct inhibition of T cells MSCs also modulate the adaptive immune response by 

inducing and expanding Foxp3+ regulatory T cells (Tregs) (Figure 1.4). In vitro MSCs 

induce the differentiation of Foxp3+ T regs from naïve T cells a process that requires 

PGE2, TGFβ1 and cell-cell contact [130-132].  In vivo, studies in cornea, heart and renal 

transplantation have reported MSC mediated transplantation tolerance is associated 

with an increase in Foxp3+ T regs [133-136]. MSCs interactions with B cells, another 

compenent of the adaptive immune response, are more complex, nuanced and 

dependent upon the microenvironment as well as the phenotypic state of the B cell. In 

basic co culture experiments, MSCs demonstrate the ability to inhibit the maturation 

and proliferation of stimulated B cells and also inhibit the secretion of immunoglobulins 

IgG and IgM [137-140]. However, a number of reports have demonstrated that, under 
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certain conditions, MSCs can enhance the proliferation and differentiation of B cells 

[139, 141]. Rasmusson et al, reported that MSCs promoted IgG secretion by B cells when 

in culture with splenocytes [142] while Traggiai et al, and Rosado et al, both reported 

that MSCs cultured with highly purified B cell subsets, stimulated with TLR9 [141]or 

soluble CD40L, anti-Ig and IL-2 [139] actually promoted the proliferation and 

differentiation of B cells to immunoglobulin secreting cells. The promotion of B cell 

proliferation and differentiation when MSCs are cultured with highly-purified B cell 

subsets in these studies may indicate that the MSCs require an intermediary immune 

cell population to suppress B cells. Indeed, the study by Rosado and colleagues 

demonstrated that, if T cells were present, the effect was reversed and MSCs suppressed 

the proliferation and differentiation of CD40L, anti-Ig and IL-2 stimulated B cells 

indicating an intermediary role for T cell in MSCs regulation of B cells [139] Franquesa et 

al also demonstrated that MSC mediated B cell proliferation was dependent upon the 

presence of CD4+ T cells. However, the differentiation of the B cell was directly targeted 

by MSCs and did not require the presence of T cells [143]. Interestingly, they 

demonstrated that MSCs induced IL-10-producing regulatory B cells. Regulatory B cells 

(Bregs) are a rare B cell subset with an ability to maintain peripheral tolerance and 

induce regulatory T cells [144-146].  A number of studies have since reported that MSCs 

can induce and maintain the survival of IL-10 producing Bregs which can ameliorate cell-

mediated immune responses and autoimmune disease such as systemic lupus 

erythematosus (SLE) and GvHD[147-150] Taken together, the body of literature on MSCs 

ability to modulate B cells indicates that MSCs can inhibit stimulated B cell proliferation 

and differentiation directly. Under some conditions with highly-purified B cell subsets 

MSCs promote B cell proliferation and differentiation. However, this can be reversed by 

the presence of T cells demonstrating an intermediary role for T cells in B cell 

suppression.  MSCs can also induce and maintain the differentiation of IL-10-producing 

Bregs which can function as immunomodulatory cells. Considering this evidence, it is 

clear that MSCs can potently modulate components of both the innate and adaptive 

immune response. Notably MSCs modulate the two key cellular components of corneal 

allograft rejection - APCs and T cells – both directly by inhibiting differentiation and 

proliferation and indirectly by inducing regulatory populations which actively regulate 

the immune response.  
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Licensing the immunomodulatory capacity of MSCs 

As described above MSCs have the capacity to become potent immune regulatory cells. 

However, in their resting state MSCs do not possess potent immunodulatory properties. 

MSCs in their resting state, in vivo, reside in perivascular spaces where their role is in 

maintaining tissue homeostatis [104]. MSCs only acquire their immunodulatory 

properties upon exposure to the inflammatory milieu, whereby pro-inflammatory 

cytokines such as IFN-γ, IL-1β and TNF-α license MSCs immunosuppressive capabilities 

[102, 151]. Exposure to the inflammatory signals also enhances MSC’s homing capacity 

and up-regulates their chemokine secretion so the MSC can home to the site of 

inflammation and once there they recruit immune cells to their vicinity to exert their 

acquired immunosuppressive effect [102]. The acquired nature of MSCs 

immunomodulatory capacity was first demonstrated by Krampera et al in 2006. They 

demonstrated that IFN-γ released by the activated T cells and NK cells was necessary for 

MSCs to exert their immunomodulatory properties [152]. Ren et al demonstrated IFN-γ 

in combination with TNF-α, IL-1α or IL-1β stimulated MSCs to suppress T cell 

proliferation and  neutralising antibodies against the pro-inflammatory cytokines 

restored T cell proliferation [127]. In the same study IFN-γ receptor 1 deficient MSCs 

(IFNγR1−/−MSCs) lost the ability to suppress T cell proliferation in co culture, again 

demonstrating the requirement for pro-inflammatory stimulus in eliciting MSCs 

immunomodulatory capacity. Futhermore IFNγR1−/−MSCs failed to prevent graft versus 

host disease (GvHD) in mice and wild type MSCs ability to attenuate GvHD was reversed 

by IFN-γ inhibitors [127]. Similarily, Polchert et al found recipients of IFN-γ-/- donor T 

cells did not respond to MSC therapy and succumbed to GvHD while IFN-γ pre-treated 

MSCs suppressed GvHD more efficiently than a five times higher number of untreated 

MSCs [153]. In the clinical setting, MSCs administered during the efferent phase  of GvHD 

(inflammatory environment) successfully improved outcome however when 

administered at the time of bone marrow transplant (non-inflammatory environment) 

MSCs failed to improve outcome indicating a stimulus from the inflammatory milieu is 

necessary for MSCs to become immunosuppressive [154-156]. Taken together this 

evidence demonstrates that MSCs in their resting state are not potently 
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immunosuppressive but acquire this capacity upon receiving pro-inflammatory cytokine 

stimulus from the inflammatory milieu. 

 

1.2.3 MSC source: Allogeneic or Autologous? 

The source of the MSCs (autologous or allogeneic) is important when considering their 

use as a therapy with recent evidence suggesting that the immunoprivileged status of 

MSCs may need to be revised [65, 157, 158]. Previous work by our group [134, 159] and 

by others (reviewed by Griffin et al [65]) has demonstrated that allogeneic MSCs invoke 

an antidonor humoral and cellular immune response contrary to the previously held 

belief that the low MHC I expression and lack of MHC II expression contributed to MSCs 

being immunoprivileged. The presence of an immune mediated response is not 

necessarily associated with a negative outcome and allogeneic MSCs have been proven 

efficacious in a number of disease models [65]. In fact, in some instances, the targeted 

immune response to allogeneic MSCs may be beneficial in eliciting their 

immunomodulatory properties as described above. However, in the context of 

transplantation an anti-donor immune response poses a long term risk of rejection.  

A number of authors have reported that administration of allogeneic MSCs invokes a 

donor specific T cell response [65]. Studies to date have reported an increase in the 

presence of both CD4+ and CD8+ T cells following allogeneic MSC administration with 

reports that these T cell display a memory phenotype [160-162]. Despite this, allogeneic 

MSCs in these studies have proven efficacious demonstrating the immunosuppressive 

capacity overrides the cell mediated immune response at least in the initial phase. 

However, little is known about the long term effects of allogeneic MSC induced donor 

specific memory T cell on allograft outcome [160-162].   

Similarly, with regard to the humoral response, antigen specific alloantibodies have 

been detected in the serum following allogeneic MSC treatment indicating the presence 

of a B cell mediated alloantigen specific response [65]. Donor antigen specific B cells can 

differentiate to bone marrow resident plasma cells providing a constant source of 

alloantibody while activated B cells can also differentiate to memory B cells with a 
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capacity to produce large volumes of alloantibody upon re-exposure to alloantigen 

[163]. The fact that allogeneic MSCs elicit a humoral response increases the risk of initial 

allograft rejection as well as an increase in the risk of chronic antibody mediated graft 

rejection and a loss of transplant function [164].  

In contrast syngeneic or autologous MSCs pose no risk of causing a donor specific 

immune response [65]. However the disadvantages to autologous MSC therapy include: 

(a) MSCs sourced from an elderly patient may have decreased regenerative and 

functional properties; (b) MSCs from patients with systemic diseases such as diabetes, 

systemic lupus erythematosus (SLE), rheumatoid arthritis or hematopoietic malignicies 

may have deficiencies or abnormalities related to the disease; and (c) autologous MSC 

isolation and expansion takes time hence hindering their use in an acute disease setting 

such as myocardial infarction[165]. However in the context of cornea transplantation 

these disadvantages may not be a concern as: (a) in many cases patients are not elderly; 

(b) many disorders which require cornea transplant are not systemic diseases; and (c) 

keratoplasty is generally an elective procedure allowing time to extract and expand the 

patients MSCs [60]. Therefore, an efficacious autologous MSC therapy could provide a 

more attractive option than allogeneic MSC therapy for the treatment of corneal 

allograft rejection. 
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1.2.3 Therapeutic Application of MSCs in Cornea Transplantation 

The immune modulatory properties of MSCs underlie their potential as a therapy to 

prolong tissue transplantation. To date MSC therapy has been investigated in animal 

models of renal [133, 136, 166], cardiac [167], cornea [115, 134] , liver [168] and lung 

[169] transplantation.  Moreover, MSC therapy for organ transplantation has advanced 

to the clinic with a number of studies demonstrating the safety and efficacy of MSCs in 

renal allograft transplantation [170-172]. MSC therapy across different transplanted 

tissue demonstrates common mechanisms of systemic immune modulation including 

expansion of Foxp3+ Tregs, suppression of Th1 effector cell populations and shifiting the 

balance of Th1/Th2 T cells [134, 136, 167, 170].  

In the context of cornea transplantion MSC therapy has been demonstrated to prolong 

allograft survival. Table 1.1 outlines the studies in the past 5 years investigating the 

ability of MSCs to prolong corneal allograft survival. These studies are difficult to 

compare as they use different timing strategies, routes of administration, sources of 

MSCs (syngeneic, allogeneic or xenogeneic) and cell number. The Prockop group have 

focused on the use of human MSCs (hMSCs) administered to a mouse model of corneal 

transplantation. They first reported that i.v. administration of hMSCs suppressed the 

early inflammation induced by surgery and suppressed the number of activated APCs in 

the cornea and draining lymph [173]. The majority of hMSCs in that study remained 

trapped in the lung where they increased TSG-6 expression which was responsible for 

the immunomodulatory effect observed [173]. More recently, the same group has 

described a population of CD11b+B220+ regulatory macrophages enriched by hMSCs in 

the lung which remain in circulation and inhibit T cell mediated corneal allograft 

rejection [115]. Once again, hMSC’s immunodulatory effect was TSG-6 dependent. The 

authors of this study demonstrate that CD11b+B220+ regulatory macrophages inhibit the 

T cell response independently of Foxp3+ regulatory T cells and the CD11b+B220+ 

regulatory macrophages remain in circulation while the observed Foxp3+ regulatory T 

cells disappear within four days of MSC administration. This Foxp3+ Treg independent 

mechanism of inhibiting corneal allograft rejection is interesting however the xenogenic 

nature of the model raises questions whether MSCs of the same species may exploit 

other mechanisms of immunomodulation. Indeed, previous work by Treacy et al by our 
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group and by others (Jia et al) associated MSC mediated prolongation of graft survival 

with an increase in Foxp3+ T regs [134, 135]. Treacy et al found that allogeneic MSCs 

administered pre-operatively (day -7, day 0) increased the graft survival rate to ≥80% 

and that was associated with increased Foxp3+ T regs in the spleen [134]. Jia et al also 

found allogeneic MSCs to be efficacious in prolonging graft survival [135]. In their study 

allogeneic MSCs administered post-operatively (day 0, 1, 2) were associated with an 

increased proportion of Foxp3+ T regs and prolongation of graft survival. Curiously, Jia et 

al reported allogeneic MSCs administered pre-operatively (day -3, -2, -1) did not prolong 

allograft survival, perhaps indicating that a period of time between MSC administration 

such as in the study of Treacy et al, (day- 7, 0) is optimum for MSC therapy to be 

efficacious [134, 135]. Interestingly, Treacy et al, reported that syngeneic MSCs 

administered at the same timepoints as allogeneic MSCs (day- 7, 0) failed to prolong 

allograft survival [134]. A report by Omoto et al, however did find syngeneic MSCs to be 

efficacious when they were administered post-operatively (day 0, day 7) [174]. Treacy 

et al, concluded that syngeneic MSCs failed to prolong allograft survival as they were 

administered to an immunologically identical non-inflamed host and hence did not 

receive an activation stimulus whereas allogeneic MSCs were specifically targeted by the 

host immune system and upon exposure to the inflammatory milieu acquired their 

immunomodulatory properties enabling them to prolong graft survival [134]. As 

described above syngeneic or autologous MSC therapy provides an attractive therapy 

for cornea transplantion if of comparable efficacy to allogeneic MSCs. Therefore the aim 

of this project was to optimize syngeneic MSC therapy to prolong corneal allograft 

survival.  

 

 

 



 

  
 

 

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 stem cell; BM, bone marrow derived; dLN, draining lymph 
node. 

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.[173] 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. [115] 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 polong allograft survival 
when adoptively transferred 

Fuentes Julian et 
al. [175] 

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. [174] 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 

Jia et al. [135] 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.[134] 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   
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1.3 Research Hypothesis and Aims of Research 

1.3.1 Research Hypothesis 

Pro-inflammatory cytokine licensing of syngeneic MSCs prior to administration in vivo 

will stimulate their immunomodulatory properties enabling them to prolong corneal 

allograft survival 

1.3.2 Aims of this research work 

This thesis addresses the following specific aims: 

• To develop and optimize a pro-inflammatory cytokine licensing strategy to 

enhance MSCs immunomodulatory properties 

• To characterise the phenotype of licensed MSCs  

• To identify the mechanisms of immune modulation employed by licensed 

syngeneic MSCs in vitro 

• To investigate the functional effects of licensed MSCs in vitro 

• To identify an efficacious strategy for in vivo administration of licensed syngeneic 

MSCs to prolong corneal allograft survival 

• To evaluate the in vivo immunomodulatory properties of licensed syngeneic 

MSCs 

.   
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All media, reagents, buffers, laboratory equipment, plastic and glassware used as part 

of this project are listed in tables at the end of this chapter. 

2.1 In Vitro Cell Culture Techniques 

2.1.1 Rat MSC isolation 

MSCs were isolated from the bone marrow of Dark Agouti (DA) and Lewis Rats (8-12 

weeks old). Animals were euthanized by CO2 inhalation and the femurs and tibias 

removed. The bone marrow was flushed from the bones in rat MSC media to isolate 

bone marrow progenitors. Cells were pelleted by centrifugation at 400 x g for 5 mins 

and washed with Dulbecco’s Phosphate Buffered Saline (DPBS). Cells were re-suspended 

in rat MSC medium and seeded at a density of 9x105 cells/cm2 in T-175 flasks with rat 

MSC medium added to final volume of 25ml. Cells were inubated at 37°C, 5% CO2 and 

90% humidity. 3 days after cells were seeded media and non-adherent cells were 

removed and fresh rat MSC medium was added to a volume of 25ml. Media was changed 

every 3-4 days until a confluency of ~85% was reached. At this point adherent cells were 

detached using 5ml 0.25% Trypsin/1mM EDTA. MSCs were cultured and used in 

subsequent experiments up to passage 6 (P6).  

2.1.2 Rat MSC osteogeneic differentiation 

To investigate the osteogenic capacity of rat MSCs, cells were plated in 6 well plates at 

a density of 3x104 cells/well of a 6 well plate in rat MSC media. 24 hours after seeding 

rat MSC media was removed and 2mls of fresh rat MSC media was added to control 

wells and 2mls of osteogenic differentiation media was added to test wells. Media was 

replaced every 2 days. Cells were monitored every day and harvested between days 10 

and 17 before they start to peel.  

Alizarin Red S was employed to stain intracellular calcium in ostegenically differentiated 

MSC. First the media was removed from the wells and cells were washed with 

Dulbecco’s phosphate buffer solution (DPBS). To fix the cells 95% methanol was added 

for 10 mins at room temperature. Cells were then twice washed with distilled water for 
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5 minutes. 2% Alizarin Red S solution was added to each well for 30 seconds at room 

temperature. Cells were then washed with distilled water for 10 seconds. The monolayer 

was then allowed to dry at room temperature. Prior to imaging a layer of water was 

added to the cells.  

Calcium content per well was quantified using the StanBio Calcium Liquicolour kit. Media 

was removed from wells and cells were washed with DPBS. 0.5ml 0.5M HCl was then 

added to each well, cells were harvested using a cell scraper and collected in a 1.5ml 

Eppendorf tube. Solution was shaken at 4°C overnight. A working solution of 1:1 binding 

reagent and working dye was prepared for each sample. Calcium standards ranging from 

0–1μg/ml were made up. 10μl of standard was added to 200μl of working solution and 

absorbance was read on a plate reader at 595nm. Results were plotted against standard 

curve to obtain calcium concentration. 

2.1.3 Rat MSC adipogenic differentiation 

To investigate the adipogenic capacity of MSCs, cells were seeded at a density of 2x105 

cells per well in rat MSC media. Once cells became confluent 2 ml of adipogenesis 

induction media was added to each test well and fresh rat MSC media to each control. 

After 3 days in induction media it was replaced with 2 ml of adipogenesis maintenance 

media for 24 hours. This induction maintanence cycle was repeated twice.  

To confirm the presence of lipids in the adipogenically differentiated MSCs, cells were 

stained with Oil Red O. A working solution of Oil Red O consisting of 6 parts Oil Red O 

stock solution was mixed with 4 parts distilled water. Solution was allowed to stand for 

10 minutes at room temperature before being filtered through a Whatman no.1 filter. 

Media was removed from the wells and cells washed with DPBS. 10% neutral buffered 

formalin was applied to the cells for 10 minutes to fix them. Formalin was removed and 

the cells were washed with distilled water. Oil Red O working solution was added to each 

well and the plate was gently swirled and allowed to stand for 5 minutes at room 

temperature. Oil Red O was removed and cells were washed with 60% isopropanol, then 

gently washed with tap water. 20% hematoxylin solution was added for 1 minute then 

removed and cells washed with warm tap water until tap water ran clear. Cells were 

covered with a film of water and imaged.  
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Oil Red O per well was quantified by absorbance measurement following imaging. The 

water was removed from the wells and 100% isopropanol was added to the cells several 

times to extract the Oil Red O. Isopropanol and Oil Red O was collected in a 1.5ml 

Eppendorf tube. Eppendorf was centrifuged at 500 x g for 5 minutes to remove cell 

debris. 200μl of supernatant was then added to a 96 well plate and the absorbance was 

read on a plate reader at 520nm. 

2.1.4 Rat MSC cell surface characterisation 

The cell surface expression of rat MSCs was characterised by flow cytometry. 1x105 MSCs 

per well of a 96 well plate were stained with antibodies for CD29, CD73, CD90, CD86, 

MHC II, MHC I and CD45 in 50μl of FACS buffer in the dark at 4°C. Cells were then 

centrifuged at 400 x g for five minutes washed twice in FACS buffer. Cells were 

resuspended in 150μl of FACS buffer transferred to FACS tube and analysed by FACS 

Canto II flow cytometer. 

2.1.5 Pro-inflammatory licensing of rat MSCs 

MSCs were seeded at a density of 7.5x103/cm2 in T175 or 6 well plate and allowed to 

adhere for 12 hours. After 12 hours the media was removed and replaced with media 

supplemented with proinflammtory cytokines IFN-γ, TNF-α and/or IL-1β each at a 

concentration of 500U/ml for 72 hours. Cells were then harvested for in vitro and in vivo 

testing.  

2.1.6 Generation of rat bone marrow derived macrophages (BMDMs) 

A Lewis rat was humanely sacrificed and its femur and tibias collected. The bone marrow 

was removed by cutting the ends with a bone cutter and flushing with a needle and 

syringe under sterile conditions. The marrow was collected in a Petri Dish, transferred 

to a 50ml tube, centrifuged at 800 x g for 5 mins then washed with DPBS. To remove red 

blood cells the cell pellet was resuspended in 5ml ACK buffer for 5 minutes at room 

temperature. The cells were then centrifuged at 800 x g for 5 minutes, washed twice in 

DPBS, resuspended in macrophage differentiation media and counted. Bone marrow 

progenitors were then seeded at a concentration of 4.5x106 cells per well in 3 mls of 
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macrophage differentiation media. 50% of the media was replaced on days 1, 3 and 5 

and the differentiation was complete on day 6. The macrophage phenotype was 

confirmed by flowcytometry confirming the expression of CD45, MHC II, CD86 and 

CD11b/c (all BioLegend). After 6 days macrophages were harvested by incubation with 

0.25% Trypsin 1mM/EDTA for 10 minutes.  

2.1.7 Mouse L-929 Cell Culture 

Mouse L-929 cells were obtained from Prof Afshin Samali, Apoptosis Research Cluster, 

NUI Galway. Mouse L-929 cells produce macrophage colony-stimulating factor (M-CSF) 

used to differentiate bone marrow progenitors to BMDMs. L-929 cells were thawed and  

plated in T 175 flasks and cultured in L-929 medium. 24 hours later the medium was 

changed. The medium was then collected every 72 hours and frozen at -20°C to be used 

in macrophage differentiation medium. The cells were passaged when confluent and 

medium was continued to be collected every 72 hours.  

2.1.8 Rat MSC migration assay 

The migration capacity of MSCs was investigated using a transwell migration assay. 

MSCs were resuspended at a density of 1x106 cells/ml in αMEM. MSCs were 

fluorescently stained by adding Calcein AM to the cells to a final concentration of 10μM. 

Cells were incubated for 30 minutes at 37°C in the dark, mixing every 5 minutes. Cells 

were then washed with pre-warmed serum containing medium and centrifuged at 400 

x g for 5 minutes. MSCs were resuspended at a density of 5x105cells/ml in 1% FBS rat 

MSC media. 600μl of rat MSC media which contains 10% FBS was added to the lower 

well of a 24 well transwell plate. 200μl of MSCs (1x105 cells) in 1% FBS rat MSC media 

was added to the insert with an 8μM pore size and placed on top of the 10% FBS 

containing rat MSC media in the 24 well transwell plate. Plates were incubated at 37°C 

for 24 hours to allow cells to migrate. After migration cells which had not migrated were 

removed by cleaning the upper well with a cotton bud. The migrated MSCs were 

identified by imaging the transwell insert by fluorescent microscopy.  

To quantify the number of migrated cells the transwell insert was placed into 500μl of 

trypsin in a fresh 24 well plate. The plate was incubated for 10 mins at 37°C. Remaining 
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MSCs adhered to the bottom of the transwell were dislodged by tapping plate against 

palm gently. The 500μl of trypsin containing MSCs was centrifuged at 400 rpm for 5 

minutes. MSCs were resuspended in 150μl of FACS buffer and quantified by Accuri Flow 

Cytometer.  

 

2.2 In vitro immune assays  

2.2.1 Isolation and CFSE staining of rat lymphocytes 

Lymphocytes were isolated from the lymph nodes and spleens of Lewis rats. The animal 

was humanely sacrificed and the lymph nodes (cervical, submandibular, auxillary and 

mesenteric) were isolated and stored in T cell media (TCM) [176] at 4°C. The spleen was 

isolated and stored at 4°C in TCM also. In a Biological Safety Cabinet the spleen and 

lymph nodes were mashed through a 40μm cell strainer into a sterile petri dish 

containing sterile PBS with 1ml syringe plunger. Cells were then centrifuged at 800 x g 

for 5 minutes. The lymph node was resuspended in 10ml of PBS and stored at 4°C. The 

spleen was incubated with 1ml of ACK lysis buffer for 5 minutes on ice to lyse red blood 

cells. 9ml of TCM were added to spleen solution to stop lysis and solution was 

centrifuged at 800 x g for 5 minutes. Spleen was washed twice in PBS and centrifuged 

each time. Cells were resuspended in 10ml of PBS and both lymph node and spleen were 

counted. To provide a more immunological diverse culture, the final number of 

lymphocytes consisted of 95% lymph node cells and 5% spleen cells. The lymph node 

consists primarily of B cells and T cells while the spleen consists of a higher proportion 

of APCs as well as B cells and T cells. Therefore, splenocytes were added to the cultures 

as a source of more diverse immune cells, creating a more physiologically relevant assay. 

Total number of lymph nodes required was aliquoted and 5% spleen was added. 

Lymphocytes were then washed with 0.1% bovine serum albumin (BSA) and stained with 

10μmol/l Vybrant CFDA SE (CFSE) in PBS/0.1% BSA for 6 minutes in the dark at 37°C. 5 

volumes of ice cold TCM was added to stop the reaction and cells were protected on ice, 

in the dark for 5 minutes. Cells were then centrifuged, washed (X3) with TCM, and 

resuspended to correct concentration for use in in vitro assays.  
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2.2.2 Induction of activation and proliferation of T cells using CD3/CD28 

stimulatory beads 

Anti-CD3/CD28 stimulatory beads were used to activate T cells and induce their 

proliferation. 1x108 pan mouse IgG Dynabeads were aliquoted to a 15ml tube and 3ml 

1% BSA/PBS was added. The tube was held against a magnetic particle concentrator for 

1 minute to concentrate the beads at the bottom of the tube. The supernatant was 

gently removed so as not to disturb the beads. 0.8μg anti-CD3 purified monoclonal 

antibody and 4μg anti-CD28 purified monoclonal antibody were suspended in 120μl 

BSA/PBS. Beads were resuspended in solution and incubated for 30 minutes at 4°C 

vortexing every 5 minutes. Beads were then washed with 3ml of 1% BSA/PBS and 

resuspended in 1 ml of 1%BSA/PBS ready for addition to T cell co-culture wells.  

2.2.3 Mixed lymphocyte immunosuppression assays 

 2x105 CFSE-stained lymphocytes were added to wells of a 96 well plate with a 1:1 ratio 

of anti-CD3/CD28 beads in 100μl of TCM. MSCs were added at ratios of 1:5 – 1:500 (T 

cell:MSC) in 50μl of rat MSC media to wells containing T cells and anti-CD3/CD28. 

Cultures were maintained in standard culture conditions for 4 days. Supernatants were 

then stored for analysis by Griess assay and by multiplex immunoassay. T cells were 

harvested from 96 well plates by flushing wells with PBS twice to dislodge suspended 

lymphocytes without removing adherent MSCs. Harvested lymphocytes were antibody 

stained and analysed by flow cytometry.  

To test the effects of inhibition of inducible nitric oxide synthase (iNOS) on the 

immunosuppressive capacity of MSCs the specific iNOS inhibitor S-methylisothiourea 

(SMT) was made up to a final concentration of 100μM in TCM and added to co-culture 

wells.  

Anti-CD3/CD28 bead stimulated T cells alone served as positive controls in all T cells 

immunosuppression assays and unstimulated T cells in the absence of anti-CD3/CD28 

beads served as negative controls.  
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2.2.4 MSC co-culture with inflammatory BMDMs 

Lewis rat BMDMs were generated as described in Materials and Methods Section 2.1.6. 

Following trypsinization 5x104 BMDMs were seeded in wells of 96 well round bottom 

plate in macrophage media and allowed to adhere for 4 hours. Medium was aspirated 

and replaced with macrophage media containing 100U/ml of IFN-γ and incubated 

overnight. Medium was aspirated and replaced with macrophage media containing 

Lipopolysaccharide (LPS) (10ng/ml) for 4 hours. Wells were then washed with PBS (x3) 

to remove any residual LPS and 100μl of macrophage media was added. MSCs were 

added at a ratio of 1:2, 1:5 and 1:10 in 50μl of rat MSC media and co-cultures were 

incubated at 37°C for 48 hours. 

Following co-culture the cells were harvested by trypsinisation for 10 minutes. The cells 

were stained with flow cytometry antibodies and analysed by flow cytometry. BMDMs 

were distuinguished from MSCs by staining with the pan antigen presenting cell marker 

CD11b/c. 
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2.2 RT-PCR 

2.2.1 RNA isolation 

Cultured cells or cells isolated from lung, spleen and lymph node tissues were 

centrifuged at 800 x g after which the supernatant was removed and the pellet frozen 

at -20°C  until RNA isolation. The RNA was isolated from cell pellets using the Isolate II 

RNA MiniKit from Bioline and following the manufacturer’s instructions. RNA was 

resuspended in 40μl of nuclease free water and quantified by NanoDrop.  

2.2.2 cDNA Synthesis 

The cDNA was synthesized using the RevertAid First Strand cDNA Synthesis kit from 

ThermoFIsher. The components of the kit were thawed and briefly centrifuged and 

stored on ice. In a sterile, nuclease free tube the following reagents were added in the 

indicated order: 

Sample RNA 
Oligo (dT)18 primer 
Water, nuclease free 

1μg 
1μl 
xμl to 12μl 

 

Sample was mixed and incubated at 65°C for 5 minutes. Sample was then immediately 

replaced on ice. The following was then added: 

5X Reaction Buffer 
RiboLock RNase Inhibitor (20U/μl) 
10mM dNTP Mix 
RevertAid M-MulV RT (200U/μl) 

4μ 
1μl 
2μl 
1μl 

 

The tube was mixed gently by pipetting and centrifuged briefly followed by incubation 

at 42°C for 60 minutes. The reaction was terminated by heating the tube to 70°C for 5 

minutes. The cDNA was diluted 1:10 in nuclease free water and stored at -80°C. 

2.2.1 TaqMan RT-PCR 

mRNA gene expression analysis was performed using TaqMan RT-PCR. Table 2.2 outlines 

the full list of primers and probe sequences for the genes analysed in this study. mRNA 
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expression levels were normalised to β-actin house keeping gene for cell culture 

harvested cells and GAPDH for cells isolated from tissues. 

The reaction mix was made up in each well of a MicroAmp Fast optical 96 well reaction 

plate as follows: 

Maxima Probe qPCR Master Mix (2x) 

cDNA 

Primer mix 

Nuclease free water 

2.5μl 

1μl 

2μl or 0.625μl as indicated in Table 2.2 

xμl up to 12.5μl 

Technical controls to ensure no contaminating DNA was detected included: water only; 

reaction as above without cDNA; and reaction as above without primers. 

TaqMan RT-PCR was run on the STEP ONE Plus Real-time PCR System (Applied 

Biosystems). The plate was read using the protocol outlined in Figure 2.1.  

 

 

Figure 2.1 StepOnePlus TaqMan qPCR run protocol 
qPCR cycling protocol used to assess gene expression on StepOnePlus machine 
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2.3 Flow Cytometry  

2.3.1 Staining for cell surface molecules for flow cytometry 

Cells were prepared for the analysis of cell surface molecules by flow cytometry as 

follows. Cells were removed from culture or isolated from tissue and resuspended in a 

single cell suspension of PBS. Cells were counted and seeded in a 96 well V-bottom plate. 

Cells were washed with 100μl FACS buffer (x2) and centrifuged at 400 x g (MSCs, 

macrophages) or 800 x g (T cells, tissue isolates) for 5 minutes. Surface molecules were 

stained with fluorescently conjugated flow cytometry antibodies for 10 minutes at 4°C 

in 50μl FACS buffer. Cells were washed with 100μl FACS buffer (x3), resuspended in 

300μl of FACS buffer and transferred to a FACS tube for analysis.  

2.3.2 Live/dead staining of cells 

Cells were first stained for cell surface molecules as described in Materials and Methods 

Section 2.2.1. Once resuspended in 300μl of FACS buffer in a FACS tube viability dye 

SYTOX blue, SYTOX AADvanced or propidium iodide (PI) was added. The FACS tube was 

vortexed and cells incubated at 4°C for 20 minutes in the dark prior to analysis by flow 

cytometry. Cells were incubated with a 1% solution of Triton-X solution as a positive 

control. 

2.3.3 Flow cytometric analysis of Foxp3 expression 

Cells were first stained for cell surface molecules as described in Materials and Methods 

Section 2.2.1. Foxp3 was stained for using a commercial kit from eBioscience following 

the manufacturer’s protocol. Briefly, cells in V-bottom plate were resuspended well in 

200μl of 1x Fixation/Permeabilization buffer. Samples were incubated at 4°C in the dark 

for 14 hours. Cells were washed (x2) with 150μl of 1x Permeabilization buffer and 

centrifuged at 800 x g. Pelleted cells were resuspended in 50μl of 1x Permeabilization 

buffer containing anti-Foxp3-PE antibodiy and incubated at 4°C in the dark for 50 mins. 

Cells were then washed with 1x Permeabilization buffer and centrifuged at 800 x g. Cells 

were resuspended in 300μl of FACS buffer and transferred to FACS tubes ready for 

analysis.  
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2.4 Assays to measure secreted molecules 

2.4.1 Griess assay 

A Griess assay was used to quantify the nitric oxide levels in cell culture supernatants. 

2μl of Griess assay standard was added to 998μl of appropriate cell culture medium to 

create a 100μM solution which served as the 1st standard. Six 2 fold serial dilutions of 1st 

standard in appropriate cell culture media was carried out to create standards and cell 

culture media alone served as a blank. 100μl of standard or sample was added to each 

well of a 96 well flat bottom plate. Griess Solution A and Griess Solution B were mixed 

at a ratio of 1:1 to make up Griess assay working solution. 100μl of Griess assay working 

solution was added to wells of 96 well plate. The absorbance was read at 540nm on a 

plate reader. 

2.4.2 Multiplex immunoassay 

Cell culture supernatants were analysed by a Rat Cytokine Panel 14plex multiplex 

immunoassay. The Rat Cytokine Panel 14plex multiplex immunoassay analytes included 

G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-10, IL-12p70, IL-13, IL-17A, IL-2, IL-4, IL-5, IL-6 and 

TNF-α. The samples and standards were prepared as per the manufacturer’s guidelines. 

The multiplex assay was analysed using Bio-Plex system. 

2.5 Microarray analysis of rat MSCs 

To prepare the samples for analysis by microarray rat MSCs were cultured as described 

in Materials and Methods Section 2.1.1 and licensed as described in Section 2.1.5. The 

cells were harvested and the RNA isolated as described in Section 2.2.1. RNA was sent 

to Genomics Core Facility (GeneCore), EMBL, Heidelberg, Germany where it was 

analysed by GeneChip™ Rat Gene 2.0 ST Array.  

The data was analysed by bioinformatics company Seqome Technologies. The data was 

normalized and quantified using Robust Multi-array Average (RMA) Algorithm. 

Differentially expressed genes were identified as having a p value <0.05, a fold change 

>1.2 and a difference of expression > 100. Differentially expressed genes were analysed 

for significantly enriched pathways, ontologies and up-stream targets using GenMapp 
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and GO-Elite. Enriched pathways, ontologies and up-stream targets were then ranked 

by Z score.  
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2.6 MSC lentiviral transduction 

2.6.1 Lentiviral production 

Four Nos2 Rat shRNA expression vectors in pGFP-C-shLenti plasmids (Nos2-shRNA Lenti-

plasmid) and one scrambled negative control non-effective shRNA cassette in pGFP-C-

shLenti plasmid (scrbl-shRNA Lenti-plasmid) were procured from OriGene (OriGene 

Technologies, Maryland, USA, Cat. No. TL709254 and TR30021 respectively). Figure 2.2 

illustrates the map of the pGFP-C-shLenti shRNA cloning vector.  

 

 

Figure 2.2 Map of pGFP-C-shLenti cloning vector 
HuSH shRNA plasmid, pGFP-C-shLenti containing: Chloramphenicol and Puromycin resistance 
markers; EcoRI and XbaI restriction digest sites; and GFP expression. 

 

2.6.2 LB Agar Plates 

Luria broth (LB) agar was pre-warmed and chloramphenicol was added (34μg/ml) was 

added. 500ml of the LB agar + chloramphenicol was poured to 10 cm dishes. LB Agar 

plates were allowed to set overnight. 
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2.6.3 Transformation 

OneShot® Top 10 competent cells were thawed on ice. 100ng of Nos2-shRNA Lenti-

plasmid or scrbl-shRNA Lenti-plasmid DNA was added to a vial of OneShot® Top 10 

competent cells and mixed by swirling and gently tapping the tube. Vials were incubated 

on ice for 30 minutes followed by 30 second heat-shock for 30 seconds at 42°C. 250μl of 

room temperature S.O.C. Medium was added to each vial. Vials were shaken at 37°C for 

1 hour at 225rpm. Following transformation 10% from each vial was streaked on one 

agar plate and 90% was streaked on another. Plates were incubated at 37°C overnight.  

2.6.4 Mini Prep Overnight Liquid Culture  

A sterile pipette tip was used to pick individual colonies from streaked agar plates 

following overnight culture and dropped into 2ml of LB broth containing 34μg/ml 

chloramphenicol in a 15ml falcon tube. LB broth were incubated at 37°C for 18hr at 

150rpm. A glycerol stock was created by adding 500μl of overnight liquid culture to 500 

μl of 50% glycerol (in dH2O) in 2ml screw cap tube and stored at -80°C.  

1ml of overnight LB broth was transferred to a microcentrifuge tube and cells were 

pelleted by centrifugation at 12,000 x g for 1 minute. The plasmid DNA was isolated from 

the bacterial culture using the GenElute Plasmid MiniPrep Kit following the 

manufacturer’s guidelines.  

2.6.5 Restriction Digest 

To verify the isolated DNA was the correct plasmid a restriction digest diagnostic test 

was carried out. 500ng of plasmid DNA from each of the four Nos2-shRNA Lenti-plasmid 

(A-D) and the scrbl-shRNA Lenti-plasmid were digested with restriction enzymes EcoR1 

and XbaI which cut at 2618-2624 and 4269-4275 respectively of an 8691 base plasmid 

cutting a 1651 base and 7040 base sized piece. The reaction was made up as follows in 

a 1.5ml tube as follows: 

Plasmid DNA 

XbaI 

EcoRI 

10X NEBuffer 3.1 

Nuclease-free Water to 20μl 

500ng  

1μl  

1μl  

2μl  

Xμl  
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The digest was incubated at 37°C for 12 hours followed by heat inactivation at 70°C for 

20 minutes.  

 

2.6.6 Gel Electrophoresis 

A 1% agarose gel was made by adding 1g of agarose to 100ml of 1XTAE and heated in 

microwave for 1-3 mins until agarose was dissolved. Agarose gel was allowed to cool on 

bench for 1-2mins then 10μl of SYBR Safe was added and mixed by swirling. Agarose gel 

was poured into gel tray with well comb and allowed to set at 4°C for 30 minutes. The 

solidified gel was placed in a gel electrophoresis box. 1XTAE was poured into box until 

gel was covered. 10μl of sample and 2μl of 6X DNA Loading Dye were mixed in a 0.2ml 

tube. 2μl of DNA ladder, 2μl of 6X DNA Loading Dye and 8μl of nuclease free water were 

mixed in 0.2ml tube. DNA ladder and sample mix were loaded to each well of the agarose 

gel. The gel was run at 150V for 45 minutes the gel was imaged using a FluorChem 

chemilluminescent imager.  

2.6.7 MaxiPrep  

A sterile pipette was used to scrape the frozen glycerol stock and used to streak an LB 

agar plate containing 34μg/ml chloramphenicol. The plates were grown overnight at 

37°C. Single colonies were picked using a sterile pipette tip and dropped into an 250ml 

of LB broth containing 34μg/ml chloramphenicol and cultured for 18 hours at 37°C at 

150rpm. The cultures were poured into 50ml falcon tubes and spun at 5,000 x g for 10 

mins. The plasmid DNA was extracted using the PureYield™ Plasmid MaxiPrep System 

following the manufacturer’s instructions. The isolated plasmid DNA was verified by 

restriction digest as described in Section 2.6.5, expecting two bands of 1651 and 7040 

in size (Figure 2.3). Plasmid A and Plasmid B displayed a band between 3000-3500 base 

pairs in size and were discounted. Plasmid C and scrbl-shRNA Lenti-plasmid were 

prioritised and brought forward for transduction of MSCs (Figure 2.3). 
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Figure 2.3 Gel electrophoresis image of restriction digest of maxi prep plasmid DNA 
Plasmid DNA was enzymatically cut with restriction enzymes XbaI and EcoRI and run on a 1% 
agarose gel. A 1kb GeneRuler ladder was run in lane 1 followed by plasmids A-D and scrbl-ctrl 
shRNA. 

 

2.6.8 HEK 293T cell Transfection 

1x107 HEK293T cells were seeded in 15cm dishes in 18mls of fresh HEK293T cell media 

and allowed to adhere overnight. Medium was removed and 18ml of fresh HEK293T cell 

media were added. In a sterile 15ml tube the following reaction was made up: 

shRNA Plasmid DNA 

Packaging (psPAX2.2) 

Envelope (pMD2.G) 

Additional (pRSV-rev) 

DMEM 

14μg 

14μg 

6μg 

6μg 

Xml up to 1ml 

In a separate 15ml tube PEI was made up. The concentration of PEI required is based on 

3:1 ratio of PEI(μg):total DNA(μg). As total DNA is 40μg PEI concentration required is 

120μg. PEI was made up to a concentration of 120μg/ml in DMEM. 1ml of PEI solution 

was gently added to the tube of plasmid DNA. Solution was mixed and incubated at 

room temperature for 20 minutes. 2ml were added drop-wise to each 15cm dish directly 

and mixed by swirling. Dishes were incubated at 37°C, 5% CO2 overnight. Medium was 
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removed the following day and 15ml of fresh HEK293T cell media was added and dishes 

were incubated for 24 hours. After 24 hours media containing lentiviral particles were 

harvested by collecting the 50 ml of supernatant from each dish in a 15ml tube. Viral 

supernatant was centrifuged at 400 x g for 5 min to pellet cell debris. Supernatant was 

stored overnight at 4°C. 15mls of fresh HEK293T cell media was added to the dishes and 

dishes were incubated for a further 24 hours. Supernatant was again harvested, 

centrifuged and pooled with first harvest supernatant. Supernatant was passed through 

a sterile 45μm filter and stored at -80°C.  

 

2.6.9 Lentiviral Transduction of MSCs  

MSCs were seeded at a concentration of 1x105 cells per well of a 6 well plate in 2 mls of 

rat MSC media and allowed to adhere overnight. HEK293T cell producing viral 

supernatants were mixed with rat MSC media at ratios of 1:1, 1:2, 1:4 and 1:8 (rat MSC 

media:lentiviral supernatant) to a final volume of 750μl per well. Medium was aspirated 

from each well and replaced with viral supernatant solution. Plates were incubated at 

37°C, 5% CO2 for 24 hours. After 24 hours the viral containing media was removed and 

replaced with fresh rat MSC media and incubated for a further 48 hours. 72 hours after 

transduction cells were imaged by fluorescent microscopy to identify GFP+ cells (Figure 

2.4, A). GFP expression was observed in both the Nos2-shRNA (MSCNos2-shRNA) and scrbl-

shRNA (MSCscrbl-shRNA) transduced MSCs demonstrating successful transduction (Figure 

2.2.1). To test the transduction efficiency GFP+ cells were quantified by flow cytometry 

(Figure 2.4, B). It has been reported that a transduction efficiency of  greater than 30% 

increases the chances of more than one viral vector being inserted per transduced cell 

thus increasing toxicity [177]. Therefore, as a ratio of 1:4 MSC media to lentviral 

supernatant demonstrated 32% and 22% transduction efficiency in MSCNos2-shRNA and 

MSCscrbl-shRNA respectively. This ratio was used for large scale MSC transduction for FACS 

sorting (figure 2.2.2). 
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2.6.10 FACS Aria Sorting of GFP+ Lentivirus Transduced MSCs 

MSCs seeded at concentration of 5x105 cells per T175 and allowed to adhere overnight. 

Rat MSC media was mixed with viral supernatants at ratio of 1:4 (viral supernatant:MSC 

media) to final volume of 12mls. Media was aspirated from T175 flasks and replaced 

with 12mls of MSC media/viral supernatant solution and incubated for 24 hours. Media 

was then aspirated and replaced with 25mls of fresh MSC media for 48 hours. MSCs 

were harvested by trypsinising as described above and resuspended in FACS Sorting 

Buffer. SYTOX blue viability dye was added to resuspended cells prior to sorting. Viable, 

GFP+ cells were sorted based on the gating strategy in Figure 2.5. Sorted cells were 

reseeded in T175 flasks and expanded for use in in vitro and in vivo experiments.   

 

 

Figure 2.4 MSCs were successfully transduced with Nos2-shRNA or scrbl-shRNA lentiviral 
particles 

MSCs were cultured with HEK293T media containing Nos2-shRNA or scrbl-shRNA lentiviral 
particles at ratios of 1:1, 1:2, 1:4 and 1:8. (A) Fluorescent microscopy images demonstrate GFP+ 

successfully transduced MSCs at all ratios. (B) Quantification of the transduction efficiency by 
flow cytometry. 
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Figure 2.5 Gating strategy for the sorting of Nos2-shRNA and scrbl-shRNA transduced GFP+ 

MSCs by FACS Aria 
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2.7 In vivo procedures 

2.7.1 Ethics statement 

All procedures involving animals were approved by the Animal Research and Ethics 

Committee, NUI Galway and performed under a license granted by the Department of 

Health. All animals were housed and cared for under Standard Operating Procedures of 

the Animal Facility at the National Centre for Biomedical Engineering Science, NUI 

Galway.  

2.7.2 Rat corneal transplantation 

A well established, fully allogeneic major histocompatibility complex (MHC) class I/II 

disparate cornea transplant model was used for these studies. Male Dark Agouti (DA, 

RT-1avl) rats served as graft donors and Lewis (Lew, RT-1l) rats served as recipients. All 

animals were aged between 8-14 weeks old and obtained from Harlan Laboratories UK 

and housed with food and water ad lib. 

2.7.2.1 Surgical procedure 

Cornea transplantation was performed by a fully trained and licensed ophthalmic 

surgeon. Briefly recipient rats were placed in an anaesthesia box and the box filled with 

a mixture of medical oxygen and isofluorane (5% anaesthetic in 2L/min medical oxygen) 

until fully anaesthetized. The abolishment of limb withdrawal and eye reflexes 

confirmed deep anaesthesia was achieved. Donor animals were humanely killed by CO2 

asphyxiation and the corneas were excised with a 3mm trephine and scissors. The first 

suture was introduced to the donor cornea before it was detached from the eyeball. The 

anaesthetized recipients were transferred to a heated operating table at 37°C. 

Tetracaine and pupil dilating drops were applied to the recipient eye. The graft bed was 

prepared by marking the central cornea with a 2.5mm trephine and this was excised 

using a small angled scissors. 8-10 interrupted sutures were used to suture the donor 

cornea to the recipient graft bed. The recipient eye was kept moist with the addition of 

sterile saline. Antibiotic ointment containing chloramphenicol was applied to the ocular 
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surface. Following surgery, transplanted animals were placed in clean cages lined with 

tissue and environmental enrichment and monitored until they made a full recovery.  

2.7.2.2 Post-operative monitoring of transplanted animals 

Post-operative monitoring was performed every 2-3 days using an operating microscope 

at 25x magnification. Observations included monitoring of graft transparency and levels 

of neovascularisation.  

Graft transparency, as the primary indicator of rejection was observed every 2-3 days 

and was graded as outlined below: 

0  –   Completely transparent cornea 

0.5 – Slight corneal opacity, iris structure easily visible 

1  – Low opacity with visible iris details 

1.5  – Modest opacity, iris details visible  

2  – Moderate opacity, only some iris details visible 

2.5  – High corneal opacity, only pupil margin visible 

3  – Complete corneal opacity, anterior chamber not visible 

 

Grafts were considered to have been rejected if they had an opacity score of 2.5 or 

above on two consecutive observations. 

Neovascularisation was scored by dividing the cornea into 4 quarter segments and blood 

vessels identified within each segment adding a score of 1. Therefore, blood vessels in 

all 4 quadrants woud indicate a score of 4.  

2.7.2.3 Intravenous administration of MSCs 

MSCs were isolated and expanded from Lewis rats as described in Section 2.1.1 and 

where appropriate were licensed with pro-inflammatory cytokines TNF-α and IL-1β as 

described in Section 2.1.5. MSCs were washed in DPBS (x3) and filtered through a 40μm 

filter before administration. Rats were anaesthetized (2L/min O2 and 4.5% isofluorane) 

and transferred to a face mask where the flow rate was reduced (0.8L/min O2 and 1.5% 

isofluorane). MSCs (1x106 cells in 1ml PBS) were injected i.v. through the lateral tail vein 

using a 25G needle.  
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2.7.2.4 Isolation of rat tissues for analysis  

The animals were humanely sacrificed by CO2
 asphyxiation followed by cervical 

dislocation. 

The ipsi-lateral submandibular lymph node was excised by cutting away the fur and 

making an incision along the length of the neck. The submandibular lymph node was 

identified, grasped with a forceps and the adjacent fat was cut away with a scissors 

[176]. The lymph node was stored in DPBS in a 15ml tube at 4°C.  

The spleen was excised by cutting away the fur along the left side of the body midway 

between the front and back legs. An incision was made into the body cavity. The spleen 

was identified and using a scissors and forceps the adjacent fat was cut away. The spleen 

was stored in PBS in a 15ml tube at 4°C. 

To excise 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. 

Although the spleen and lymph node may be homogenised directly the lung must first 

be digested in order generate a cell suspension. Briefly, in a petri dish all fat and 

connective tissue was removed from the lung using scalpel and forceps. The trachea and 

bronchioles were cut away and the right and left lung identified. The lungs were 

transferred to a fresh petri dish and cut into small pieces ~1-2mm in size. The lung pieces 

were resuspended in 3ml of Hank’s Balanced Salt Solution (HBSS) in a 15ml tube. 

Collagenase IV was added to the tube to a final concentration of 200U/ml. DNase I was 

added to a final concentration of 200U/ml. The tube was incubated at 37°C for 2 hours 

at 150rpm on a shaker.  

Following lung digestion all three tissues were homogenised by the same process. The 

tissue was placed in a 40μm filter with a 1ml syringe plunger in 5mls of DPBS and stored 

on ice. The cell isolates were centrifuged at 800 x g for 5 minutes. The lymph node cell 
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isolate was resuspended in 10mls and stored on ice. The spleen and lung isolates were 

resuspended in 5mls of ACK lysis buffer and incubated for 5 minutes on ice. The cell 

suspensions were then centrifuged at 800 x g and resupsended in 10ml of DPBS and 

counted. 2x105 cells per well were seeded in wells of a 96 well plate for analysis by flow 

cytometry as described in Section 2.3. Remaining cell suspension was centrifuged and 

the supernatant removed and the pellets stored at -20°C for RNA isolation followed by 

RT-PCR analysis as described in Section 2.2.  

2.8 Statistical Analysis 

All statistical analysis was performed using GraphPad Prism software (La Jolla, USA). 

Data were 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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Rat MSC Medium 500ml 

Reagent Final concentration 

Alpha-MEM medium 225ml 

F-12 Nutrient mix 225ml 

Foetal bovine serum 50ml 

Penicillin/streptomycin 1% 

Macrophage differentiation medium 500ml 

Reagent Final concentration 

RPMI-1640 - 

L-929 cell conditioned medium 15% 

FBS 10% 

L-glutamine (2 mmol/l) 2 mmol/l 

Non-essential amino acids 1% 

Sodium pyruvate (1 mmol/l) 1 mmol/l 

Penicillin/streptomycin 1% 

2β-Mercaptoethanol (55 μmol/l) 55 μmol/l 

T cell medium (TCM) 500ml 

Reagent Final Concentration 

RPMI-1640 - 

FBS 15% 

L-glutamine  2 mmol/l 

Non-essential amino acids 1% 

Sodium pyruvate  1 mmol/l 

Penicillin/streptomycin 1% 

2β-Mercaptoethanol  55 μmol/l 

Osteogenic differentiation medium 

Reagent Final concentration 

Alpha-MEM medium - 

FBS 10% 

Dexamethasone 1mM 100nM 

Ascorbic acid 2-P 10mM 50μM 

Β glycerophosphate 1M 10mM 

Penicilin 100U/ml 

Streptomycin 100μg/ml 

Adipogenesis induction medium 

Reagent Final concentration 

DMEM (4.5g/l glucose) - 

FBS 10% 

Rabbit serum 5% 

Dexamethasone 1mM 1μM 

Insulin 1mg/ml 10μg/ml 

Indomethacin 100mM 200μM 

500mM MIX 500μM 

Penicillin 100U/ml 

Streptomycin 100μg/ml 

Adipogenesis maintenance medium 

Reagen Final concentration 

DMEM (4.5g/l glucose) - 

FBS 10% 

Insulin 10μg/ml 
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Penicillin 100U/ml 

Streptomycin 100μg/ml 

 

Table 2.1 List of cell culture media used 
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ACK buffer 

Reagent Concentration/volume 

Distilled water 500ml 

Ammonium chloride (NH4Cl) 0.15M 

Potassium bicarbonate (KHCO3) 10mM 

Sodium EDTA 0.1mM 

Alizarion red S solution (2%) 

Reagent Concentration/volume 

Distilled water 100ml 

Alizarin red S 2g 

Oil red O stock solution 

Reagent Concentration/volume 

Isopropanol 100ml 

Oil red O  

FACS buffer (500ml) 

Reagent Concentration/volume 

DPBS 490ml 

FBS 10ml 

Sodium azide 0.005% 

FACS sorting buffer 

Reagent Concentration/volume 

DPBS 480ml 

HEPES (1M) 12.5ml 

FBS 5ml 

EDTA (0.5M) 2ml 

Greiss assay stock standard solution 

Reagent Concentration/volume 

Distilled water - 

Sodium nitrite (NaNO2) 50mM 

Griess solution A (300ml) 

Reagent Concentration/volume 

Distilled water 291ml 

Phosphoric acid 9ml 

Sulfanilamide 3g 

Griess solution B (300ml) 

Reagent Concentration/volume 

Distlled water 291ml 

Phophoric acid 9ml 
N-(1-naphthyl ethylenediamine dihydrochloride 0.9g 

50X TAE buffer 

Reagent Concentration/volume 

TRIS base 242g 

EDTA (0.5M) 100ml 

Glacial acetic acid 57.1ml 

dH2O Up to 1L 

 

Table 2.2 List of buffers 
List of buffers and reagents used as part of this project 
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Antibody Fluorochrome Clone Manufacturer Catalogue no. 
Anti-rat MHC Class I FITC OX-18 Bio-Rad, Hercules, 

CA, USA 
MCA51FT 

Anti-rat MHC Class II FITC OX-6 BioLegend, San 
Diego, CA, USA 

205305 

Anti-rat MHC Class II PE OX-6 BioLegend 205308 

Anti-rat CD4 APC W3/25 BioLegend 201509 

Anti-rat CD25 FITC OX-39 BioLegend 202103 

Anti-rat CD29 FITC Ha2/5 BD Biosciences, San 
Jose, CA, USA 

555005 

Anti-rat CD44H FITC OX-49 BD Biosciences 550974 

Anti-rat CD45 PE 30-F11 BD Biosciences 561087 

Anti-rat CD73 PE 5F/B9 BD Biosciences 551124 

Anti-rat CD90 PE KW322 BioLegend  205903 

Anti-rat CD8 PE OX-8 BioLegend 201706 

Anti-rat CD11b/c APC OX-42 BioLegend 201809 

Anti-rat CD45RA FITC OX-33 BioLegend 202907 

Anti-rat CD86 PE 3H5 BioLegend  200308 

Anti-rat CD11b AlexaFluor 700 OX-42 Bio-Rad MCA275A700 

Anti-rat CD45R (B220) PE-Cy7 HIS24 ThermoFisher, 
Waltham, MA, USA 

25-0460-82 

Anti-rat Foxp3 PE 150D BioLegend 320008 

Anti-rat Foxp3 PE-Cy7 FJK-16s ThermoFisher 77-5775-40 

Anti-rat CD47 PE OX-101 BioLegend 204108 

Anti-rat VCAM-1 PE MR106 BD Biosciences 559229 

Anti-rat ICAM-1 PE CD54 BioLegend 202405 

Annexin V APC A5 BioLegend 640919 

Isotype control Fluorochrome Clone Manufacturer Catalogue no. 
Mouse IgG1, κ APC MOPC-21 BioLegend 400130 

Mouse IgG1, κ PE MOPC-21 BioLegend 400122 

Mouse IgG2a, κ APC MOPC-173 BioLegend 400222 

Mouse IgG1, κ PE MOPC-21 BioLegend 400112 

Mouse IgG2a, κ PE MG2b-57 BioLegend 401208 

Mouse IgM, κ FITC MM-30 BioLegend 401607 

Mouse IgG1, κ FITC MOPC-21 BioLegend 400110 

Mouse IgG3, κ FITC B10 eBioscience 11-4742-73 

 

Table 2.3 List of antibodies 
List of flow cytometry antibodies used as part of this project 
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Gene Forward 5’-3’ Reverse 5’-3’ Probe 5’-Fam Tamra-3’ 

β-Actin GTACAACCTCCTTGCAGCTCCT TTGTCGACGACGAGCGC CGCCACCAGTTCGCCATGGAT 

Ifn-γ 
AACAGTAAAGCAAAAAAGGATG 

CATT 
TTCATTGACAGCTTTGTGCTGG 

CGCCAAGTTCGAGGTGAACAACC
C 

Il-6 TCAACTCCATCTGCCCTTCAG AAGGCAACTGGCTGGAAGTCT 
AACAGCTATGAAGTTTCTCTCCGC

A 

Pdl-1 TGGAGTATGGCAGCAATGTC CCTCCACAAACTGAATAACT ATGCAGATTCCCAGTAGAACAGA 

Il-1β AACAGCAATGGTCGGGACATA 
ATTAGGAATAGTGCAGCCATCTT 

TA 
TTGACTTCACCATGGAACCCGTGT

CTT 

Nos2 TTCCCATCGCTCCGCTG CCGGAGCTGTAGCACGCA 
AACACAGTAATGGCCGACCTGAT

GTTG 
C 

 

Table 2.4 List of TaqMan designed qPCR primers 
List of qPCR primers used as part of this project. All primers were designed by Mikhail Nosov 

and synthesized by Metabion Internation AG (Germany). 

 

Gene Manufacturer Catalogue no. 

Gapdh ThermoFisher Rn01775763_g1   

Tnf-α ThermoFisher Rn99999017_m1 

 

Table 2.5 List of TaqMan commercially designed qPCR primers 
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Reagent Source Product code 

10% neutral buffered 

formalin 

Sigma-Aldrich HTS01320 

Acetic acid Sigma-Aldrich 33209 

Alizarin Red S Sigma-Aldrich A5533-25G 

Alpha-MEM medium Invitrogen 32561-029 

Ammonium chloride (NH4Cl) Sigma-Aldrich A9434 

Ascorbic acid-2-phosphate Sigma-Aldrich 49752 

BMP-2 Peprotech 120-02 

Bovine serum albumin (BSA) Sigma-Aldrich A2153 

Bromophenol blue Sigma-Aldrich B5525-25G 

Calcium chloride (CaCl2) Sigma-Aldrich C8106-500G 

CFSE Invitrogen C34554 

Collagenase D Roche 11088882001 

Dexamethasone Sigma-Aldrich D4902 

Dimethylsulfooxide (DMSO) Sigma-Aldrich D2650 

DMEM (4.5g/l) Invitrogen 31966-021 

Dulbecco’s Phosphate 

buffered saline (DPBS) 

Lonza BE17-512F 

Dynabeads Invitrogen 11041 

Eosin Y Sigma-Aldrich HT110216-500ML 

F12 Nutrient Mix Invitrogen 21765-029 

Fast green Polysciences 02745 

Ficoll GE Healthcare 17-5446-52 

Fixation/permeabilisation 

buffer 

eBioscience 00-5223-56 

Foetal bovine serum (FBS) Sigma-Aldrich F7524 

Glycerol Sigma-Aldrich G5516-500ML 

Glycine Sigma-Aldrich G8898-1KG 

GMCSF Peprotech 400-23 

Goat serum KPL 71-00-27 

Harris hematoxylin Sigma-Aldrich HHS16-500ML 

HEPES Fisher BP310-1 

Hydrochloric Acid Sigma-Aldrich H1758-500ML 

Hydrogen peroxide Sigma-Aldrich H1009-500ML 

IFN-γ Peprotech 400-20 

IL-1β Peprotech 400-01 

TNF-α Peprotech 400-14 

IL-4 Peprotech 400-04 

Indomethacin Sigma-Aldrich I7378 

Industrial methylated spirits 

(IMS) 

Lennox S1-033-0716 

Insulin Sigma-Aldrich I2643 
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Isopropanol Sigma-Aldrich I9516 

ITS+ Corning 354352 

Lanthanum chloride Sigma-Aldrich 449830 

L-glutamine Sigma-Aldrich G7513 

Lipopolysaccharide (LPS) Sigma-Aldrich L2630 

L-proline Sigma-Aldrich 81709 

MACS anti rat OX62 beads Miltenyi 120-000-965 

MACS anti-PE beads Miltenyi 130-048-801 

Mayer’s hematoxylin Sigma-Aldrich MHS16 

MEM Non essential amino 

acids 

Sigma-Aldrich M7145 

Methanol Sigma-Aldrich 494437 

MIX Sigma-Aldrich I5879 

Molecular biology grade 2-

propanol 

Sigma-Aldrich I9516 

Molecular biology grade 

chloroform 

Sigma-Aldrich C2432 

Molecular biology grade 

ethanol 

Sigma-Aldrich E7023 

Molecular biology grade 

water 

Sigma-Aldrich W4502 

N-(1-naphthyl 

ethylenediamine 

dihydrocholride 

Sigma-Aldrich N9125 

Oil Red O Sigma-Aldrich 0-0625 

Paraformaldehyde Sigma-Aldrich 533998 

Penicillin-streptomycin Sigma-Aldrich P4333 

Permeabilisation buffer eBioscience 00-8333-56 

Phosphoric acid Sigma-Aldrich 43808 

Potassium bicarbonate 

(KHCO3) 

Sigma-Aldrich P9144-500G 

Protease Sigma-Aldrich P6911 

Rabbit Serum Sigma-Aldrich R9133 

RPMI-1640 Lonza BE12-702F 

Safranin-O Sigma-Aldrich S8884-25G 

Sodium azide Sigma-Aldrich S2002 

Sodium chloride (NaCl) Sigma-Aldrich S7653-1KG 

Sodium citrate Sigma-Aldrich S4641-500G 

Sodium dodecyl sulphate 

(SDS) 

Sigma-Aldrich L3771 

Sodium EDTA Fisher BP120-1 

Sodium nitrite (NaNO2) Sigma  

Sodium Pyruvate Sigm-Aldrich S8636 

Streptavidin-Peroxidase KPL 71-00-38 
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Sulfanilamide Sigma S9251 

SYBR Green master mix Roche 11610000 

TGF-β3 Peprotech 100-36 

Tris ThemoFisher BP152-1 

Tris-HCl ThemoFisher BP153-1 

Triton-X Sigma-Aldrich T9284 

TrIzol Invitrogen 15596018 

Trypsin Invitrogen 25300-054 

Tween-20 Sigma-Aldrich P1379 

Videne Medguard 3030440 

Xylene Lennox SX-002-1614 

β-glycerophosphate Sigma-Aldrich G9422 

β-mercaptoethanol Sigma-Aldrich M3148 

LB broth Sigma-Aldrich L3022 

LB agar Sigma-Aldrich L2897 

Agarose Sigma-Aldrich A9539 

Nos2 shRNA Lentiviral 

plasmids 

Origene, Rockville, MD, USA TL709254 

S.O.C ThemoFisher 15544034 

Calcein AM ThermoFisher C1430 

SYTOX Blue ThermoFisher S34857 

SYTOX AADvanced ThermoFisher S10274 

Collagenase IV ThermoFisher 17104019 

DNase I ThermoFisher DN25 

Hank’s Balanced Salt Solution 

(HBSS) 

ThermoFisher 140025092 

EcoRI New England Biolabs, 

Ispwich, MA, USA 

R0101S 

XbaI New England Biolabs R0145S 

NEBuffer 3.1 New England Biolabs B7203S 

SYBR Safe ThermoFisher S33102 

GeneRuler 1 kb DNA Ladder ThermoFisher SM0311 

DNA Gel Loading Dye (6X) ThermoFisher R0611 

Propidium iodide (PI) ThermoFisher P3566 

One shot TOP10 Chemically 

competent E.coli 

ThermoFisher C404003 

 

Table 2.6 List of reagents used during this project 
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Item Source Product code 

8µm transwell insert Grenier BioOne 662638 

1.5ml Eppendorf tube Sarstedt 72.690.001 

15ml tube Sarstedt 62.554.502 

1ml sterile syringe Fisher 005028233 

24 well culture plate Fisher 142475 

40µm cell strainer Corning 431750 

50ml tube Sarstedt 62.547.254 

6 well culture plate Sarstedt 83.3920 

96 well flat bottom plate Sarstedt 83.1835.300 

96 well round bottom plate Sarstedt 83.1837 

96 well V bottom plate Sarstedt 82.1583 

Cell scraper Sarstedt 83.1830 

Coplin jar Sigma-Aldrich S5516 

Cryovial Fisher 368632 

EDTA blood tube Beckton Dickinson 367525 

FACS tube Sarstedt 55.1578 

MACS LS column Miltenyi 130-042-401 

Microscope slide Sigma-Aldrich S8400 

Microscope slide (positively 
charged) 

Fisher 22-037-247 

Optical cover for PCR plate Applied Biosystems 4360954 

PCR plate Applied Biosystems 4346906 

Petri dish Sarstedt 94.6077.331 

Pipette tips (0.2-10µl) Sarstedt 70.760.001 

Pipette tips (200-1000µl) Sarstedt 70.760.002 

Pipette tips (2-200µl) Sarstedt 70.762 

Pipette tips-filtered (0.2-
10µl) 

StarLab S1121-3810 

Pipette tips-filtered (200-
1000µl) 

StarLab S1122-1830 

Pipette tips-filtered (20-
200µl) 

StarLab S1120-8810 

Pipette tips-filtered (2-20µl) StarLab S1120-1810 

Serological pipette-sterile 
(10ml) 

Sarstedt 86.1254.001 

Serological pipette-sterile 
(25ml) 

Sarstedt 86.1685.001 

Serological pipette-sterile 
(5ml) 

Sarstedt 86.1253.001 

T 175 cell culture flask Fisher 159910 

T 25 culture flask Sarstedt 83.3910.002 

T 75 culture flask Sarstedt 658175 

Whatman No1 filter paper Fisher 1001150 

 

Table 2.7 Plastics and consumables 
List of plastics, glassware and other consumables used as part of the project. 
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Kit Manufacturer Catalogue no. 

GenElute Plasmid Miniprep Kit Sigma-Aldrich, St. 
Louis, MO, USA 

PLN70 

PureYield Plasmid Maxiprep System Promega, Fitchburg, 
WI, USA 

A2392 

Isolate II RNA Mini Kit Bioline, London, UK BIO-52073 

StanBio Calcium Liquicolour Kit ThermoFisher SB-0150-250 

RevertAid First Strand cDNA 
Synthesis Kit 

ThermoFisher K1622 

eBioscience Foxp3/Transcription 
Factor Staining Buffer Set 

ThermoFisher 00-5523-00 

 

Table 2.8 List of kits used during this project 
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Machine name Use Company 

ThermoForma Series II Cell culture incubator (19% 
O2) 

Fisher 

New Brunswick Galaxy 
170R 

Cell culture incubator (2% O2) Eppendorf 

Telstar Bio II Advance Biological Safety cabinet Telstar 

UVM-26 Mineralight UV light source UVP 

Perkin Elmer Victor3V Plate reader Perkin Elmer 

Olympus BX43 Microscope (slide imaging) Olympus 

Olympus IX71 Microscope (cell culture 
plastic imaging) 

Olympus 

StepOne Plus qPCR machine Applied Biosystems 

Eppendorf 5424 Centrifuge (room 
temperature, 1.5ml tubes) 

Eppendorf 

Hettick Mikro 200R Centrifuge (4˚C, 1.5ml tubes) Hettick 

Eppendorf 5810R Centrifuge (15ml and 50ml 
tubes) 

Eppendorf 

BD FACSCanto Flow cytometer Beckton Dickinson 

BD FACSCanto II Flow cytometer Beckton Dickinson 

BD FACS Aria Flow cytometer Beckton Dickinson 

BD Accuri C6 Plus Flow cytometer Beckton Dickinson 

Nanodrop 2000 RNA quantification Fisher 

Bio-Plex 200 Suspension array system Bio-Rad 

GeneAmp PCR System 
9700 

cDNA synthesis Applied Biosystems 

Vortex Genie 2 Vortexing samples Scientific Industries 

Hotplate Antigen retrieval Fisher 

MidiMACS Concentrating magnetic 
particles 

Miltenyi 

 

 

Table 2.9 Equipment used as part of this project 
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Chapter Three: 

Investigating in vitro the immunomodulatory 

capacity of licensed syngeneic MSCs
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3.1 Introduction 

Mesenchymal stem cells (MSCs) are a rare population of non-hematopoetic stromal cells 

first isolated from the bone marrow that have since been isolated from many connective 

tissues including umbilical cord, adipose tissue, muscle and lung [96, 98].  They are 

defined by their self-renewal capacity, their multilineage potential, and their ability to 

adhere to tissue culture plastic [99].  

In vivo, as tissue resident adult stem cell progenitors, the principal role of MSCs is to 

maintain tissue homeostasis [178]. In this resting state, MSCs do not possess potent 

immunosuppressive properties. The potent immunosuppressive capabilities associated 

with MSCs are acquired upon exposure to pro-inflammatory cytokine signals such as 

IFN-γ, TNF-α, IL-1β, LPS, TLR signalling and other damage associated molecular patterns 

(DAMPs) and pathogen associated molecular patterns (PAMPs). In vitro evidence that 

MSCs are not immunosuppressive in a resting state was demonstrated by MSC:T cell co-

culture experiments where, in the presence of blocking antibodies against pro-

inflammatory cytokines IFN-γ, TNF-α and IL-1β, MSCs were incapable of suppressing T 

cell proliferation  [102, 152]. These experiments demonstrated that MSC’s 

immunosuppressive ability is only acquired following exposure to the inflammatory 

cytokines, in this case, generated by activated T cells [102, 152]. In vivo, administration 

of MSCs has often been into an inflamed environment such as during the efferent phase 

of graft-versus-host disease (GvHD), around the time of sepsis induction or into an 

inflamed host following transplantation [112, 154, 179]. In these models, MSCs have 

proven efficacious likely due to the MSCs entering an inflamed environment capable of 

stimulating MSCs homing potential and immunosuppressive properties. In contrast 

when MSCs were administered to prevent GvHD at the time of bone marrow transplant 

- a non-inflamed environment - they failed to improve the incidence of Grade III/IV GvHD 

[156]. The lack of efficacy when MSCs were administered to a non-inflamed 

environment suggests that the MSCs did not receive the inflammatory stimulus to 

activate their immunosuppressive properties. Furthermore, as discussed in Chapter 1, 

Krampera et al, Ren et al and Polchert et al all demonstrated that MSCs efficacy in vivo 

required IFN-γ activation without which the MSCs failed to prove efficacious [102, 152, 
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153]. Therefore, the evidence suggests that MSCs do not possess potent 

immunosuppressive properties in their resting state but are licensed to become potently 

immunosuppressive by an inflammatory environment. It is important then to consider 

the internal inflammatory environment before deciding on a strategy for MSCs 

administration.  

In the context of cornea transplantation, the administration of MSCs pre-transplantation 

means the MSCs are entering a non-inflamed environment. As discussed in Chapter 1, 

previous work in our lab had reported that allogeneic MSCs (donor or third party 

derived) significantly prolonged corneal allograft survival when administered 7 days 

before and on the day  of transplantation, while syngeneic MSCs failed to prolong 

allograft survival [134]. In this previous work, Treacy et al concluded that allogeneic 

MSCs (donor or third party derived) were targeted by the host immune system which 

provided the required stimulus to activate their immunosuppressive properties, thereby 

enabling them to prolong graft survival. In contrast,  syngeneic MSCs were not targeted 

by the host immune system and did not receive sufficient stimulus to activate their 

immunosuppressive properties [134]. Therefore, the hypothesis for this current study 

was that licensing MSCs with pro-inflammatory cytokines and assessing the ability of 

licensed MSCs to suppress syngeneic T cells would identify a licensed syngeneic MSC 

therapy with the potential to prolong corneal allograft survival. 

To test the hypothesis, MSCs were licensed with different combinations of the pro-

inflammatory cytokines IFN-γ, TNF-α and IL-1β. The phenotype of the licensed MSCs was 

characterised to determine if licensing impacted the function and morphology of the 

MSCs. Licensed MSCs were co-cultured with syngeneic T cells to determine which 

combination of cytokines induced the most potently immunosuppressive phenotype. 

The most potently immunosuppressive MSCs were chosen as the syngeneic MSC 

licensing strategy to be used in the pre-clinical model of corneal allograft transplantation 

in Chapter 4.  
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3.2 Hypothesis and Objectives 

3.2.1 Hypothesis 

I. Syngeneic MSCs potent immunosuppressive properties are only acquired 

upon sufficient pro-inflammatory stimulus 

3.2.2 Aims 

I. To license MSCs with pro-inflammatory cytokines IFN-γ, TNF-α and IL-1β and 

characterise the licensed phenotype 

II. To test the immunosuppressive capacity of licensed MSCs to modulate 

syngeneic immune effector cells 
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3.4 Results 

3.4.1 Isolation and Characterisation of Lewis Rat MSC  

MSCs are isolated primarily based on their capacity to adhere to plastic. In this study, 

bone marrow progenitors were isolated from the femurs and tibias of male Lewis rats. 

Bone marrow isolates were seeded in T175 flasks where the MSCs adhered to the plastic 

while contaminating cells were removed during subsequent media changes. MSCs were 

cultured in a monolayer where they exhibited characteristic fibroblast like morphology 

(Figure 3.1).  

 

 

 

 

 

 

 

 

 

Figure 3.1 MSC display a fibroblastic morphology 
4x image of Lewis MSC in monolayer culture demonstrating a fibroblastic morphology. 
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Cell surface expression of classical MSC markers were analysed by flow cytometry [99].  

Lewis and DA rat MSCs stained positively for CD90, CD29 and CD73, and had low or 

negative expression of CD45, MHC I, MHC II and CD86 (Figure 3.2). To be defined as 

MSCs, cells must also demonstrate a multipotent capacity. In specific medium, Lewis rat 

MSCs were differentiated to an osteogenic lineage confirmed by Alizarin Red staining 

(Figure 3.3A,B) and an adipogenic lineage confirmed by Oil Red O staining (Figure 

3.3D,E). Furthermore, calcium quantification determined a significantly higher calcium 

content in osteogenic differentiation wells compared to controls and Oil Red O staining 

per well was quantified and determined to be significantly higher in differentiated wells 

compared to control (Figure 3.3C,F). 

MSCs also demonstrate a characteristic ability to suppress inflammation and modulate 

other immune cells. To confirm their immunosuppressive ability, Lewis and DA rat MSCs 

were co-cultured with CFSE labelled Lewis rat T cells at a ratio of 1:10 (MSC:T-cell) in the 

presence of anti-CD3/anti-CD28 stimulatory beads for 4 days. T-cell proliferation was 

determined by quantification of CFSE dilution by flow cytometry (Figure 3.4). Results 

demonstrated that while both syngeneic and allogeneic MSCs could inhibit T cell 

proliferation (greater than 3 generations) compared to stimulated T cells alone, 

allogeneic MSCs more profoundly inhibited T cell proliferation than syngeneic MSCs 

(Figure 3.4).  
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A 

B 

 

 

Figure 3.2 Cell surface characterisation of Lewis and DA rat MSCs 
MSCs isolated from Lewis rat (A) or DA rat (B) bone marrow were characterised by flow 
cytometry for CD90, CD73, CD29, CD45, CD86, MHC I and MHC II. Both Lewis rat and DA rat 
MSCs were characterised by flow cytometry at passage 4. Black lines represent antibody stained 
MSCs, grey shaded lines represent isotype controls. 
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Figure 3.3 Osteogenic and adipogenic differentiation of Lewis MSCs. 
Lewis MSCs were cultured in specific osteogenic and adipogenic differentiation media (see 
Materials and Methods for details).  Alizarin Red S solution was used to determine osteogenic 
differentiation in (A) control or (B) osteogenic differentiation wells. (C) Quantification of calcium 
content in control and ostegenically differentiated wells. Oil Red O solution was used to 
determine adipogenic differentiation. Phase contrast microscopy images of Oil Red O stained 
(D) control and (E) adipogenically differentiated wells. (F) Quantification of Oil Red O solution 
absorbance read by plate reader. Data presented as mean ± SEM from three independent 
experiments (Unpaired, two tailed student’s t test n=3, **p≤0.001). 

  



Chapter Three 

 

            - 75- 
 

 

 

 

Figure 3.4 Syngeneic and allogeneic MSCs inhibit T cell proliferation. 
Anti CD3/CD28 stimulated Lewis T cells were co cultured with Lewis MSCs (syngeneic) or DA 
MSCs (allogeneic). Proliferation was assessed by CFSE dye dilution by flow cytometry. 
Representative graph of one biological experiment with three technical replicates. 
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3.4.2 Proinflammatory cytokine licensing of MSCs 

It has previously been demonstrated that MSCs’ immunosuppressive capacity is 

enhanced following treatment with pro-inflammatory cytokines [127, 151, 180]. To 

enhance their immunosuppressive capacity, Lewis MSCs were cultured in the presence 

of pro-inflammatory cytokines IFN-γ (500U/ml), TNF-α (500U/ml) and IL-1β (500U/ml) 

individually and in combination for a period of 72 hours (Figure 3.5). Phase contrast 

microscopy demonstrated IL-1β licensing alone (MSCIL-1β), or in combination with IFN-γ 

(MSCIFN-γ/IL-1β) or TNF-α (MSCTNF-α/IL-1β), induced morphological changes in the MSC as 

well as a reduction in confluency compared to untreated MSC (MSCUTR)(Figure 3.6). The 

most apparent morphological changes occurred in MSCTNF-α/IL-1β where the MSCs 

exhibited an elongated morphology(Figure 3.6).  That licensing induced conformational 

changes in MSCTNF-α/IL-1β was confirmed by flow cytometry where, although there was no 

change in FSC-A (indicative of cell size), there was a significant increase in SSC-A in 

MSCTNF-α/IL-1β indicating an increase in the granularity of the cell (Figure 3.7B). 

Furthermore, cell counts demonstrated MSCTNF-α/IL-1β had a reduced cell number per well 

(Figure 3.7C). Changes in conformation, an increase in granularity and a decrease in cell 

number may indicate that the cytokine treatment is inducing cell stress. Next, the 

viability of the licensed MSCs was assessed to determine if there was an increase in cell 

death.  

 

Figure 3.5 Illustration of MSC licensing protocol. 
Lewis MSCs were seeded 12 hours prior to cytokine pre-treatment. Cytokines IFN-γ, TNF-α and 
IL-1β were added (500U/ml) for 72hours. MSCs were harvested, washed then assayed or 
administered in vivo. 
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Figure 3.6 IL-1β licensing alone or in combination with IFN-γ or TNF-α induces 
conformational changes in MSCs. 

Phase contrast microscopy images of MSCs following 72 hour licensing with IFN-γ, TNF-α and IL-
1β. 10x representative images shown. 
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Figure 3.7 TNF-α/IL-1β licensed MSCs display an increased granularity and a reduced cell 
number per well. 

Forward scatter area (FSC-A) (A) and side scatter area (SSC-A) of licensed MSCs were analysed 
by flow cytometry. (C) Haemocytometer cell counts of untreated and licensed MSCs. (A and B 
representative of 3 independent experiments, paired two-tailed student’s t-test, mean±SEM, 
*p≤0.05, C representative of 6 independent experiments, unpaired two-tailed student’s t-test, 
mean±SEM, **p≤0.01). Blue bar highlights MSCUTR and orange bar highlights MSCTNF-α/IL-1β. 
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3.4.3 Assessing the viability of licensed MSCs 

To test whether the licensing of MSCs with pro-inflammatory cytokines was toxic to the 

cells, the viability was measured by flow cytometry. 

MSCs either untreated or licensed for 72 hours were harvested and stained with live 

dead stain 7-AAD as described in Materials and Methods Section 2.3.2. All licensed MSC 

groups had >95% viability demonstrating that the licensed MSCs used in future in-vitro 

assays or administered in vivo did not have increased percentages of dead cells 

compared to untreated MSCs (Figure 3.8 A, B). As TNF-α/IL-1β licensed MSCs 

demonstrated significant changes in granularity and reduced cell number (Figure 3.7) 

compared to MSCUTR their viability was further examined.  

Apoptosis assay analysis determined there was no increase in early apoptosis (PI-

/AnnexinV+) or late apoptosis (PI+/AnnexinV+) in the harvested MSCTNF-α/IL-1β cells 

compared to MSCUTR (Figure 3.8 C, D).  
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Figure 3.8 Cytokine licensing does not increase markers of  cell death or apoptosis on 
harvested MSCs. 

(A, B) MSCs were stained with fluorescent intercalator 7-AAD, Triton x treated cells were used 
as a positive control. Viable cells (7-AAD negative) were gated on (A)and graphed (B). (C, D) MSCs 
were stained with fluorescent intercalating agent propidium iodide (PI) and Annexin V, Triton x 
treated cells were used as positive control. (C) A quadrant gate was used to gate on viable 
(bottom left), early apoptotic (bottom right), late apoptotic (top left), and necrotic (top right) 
cells. (D) Early and (E) late apoptic cell results were graphed.  (A-E, representative of one 
experiment). 
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3.4.3 Phenotypic characterisation of licensed MSCs 

Later in this chapter it will be demonstrated that MSCTNF-α/IL-1β were the most 

immunosuppressive cytokine treated MSCs and were selected as the treatment most 

likely to be efficacious in vivo. Hence, phenotypic characterisation of licensed MSCs 

focused solely on comparing MSCTNF-α/IL-1β and MSCUTR. 

Given the conformational changes induced by cytokine licensing, MSCTNF-α/IL-1β were 

examined phenotypically to determine whether they still fulfilled the minimal criteria 

for defining MSCs [99]. MSCTNF-α/IL-1β remained positive for CD90 and CD29, while CD73 

expression was increased compared to MSCUTR (Figure 3.9). MSCTNF-α/IL-1β remained weak 

or negative expressors of CD86 and CD45 however, they did have increased MHC I and 

MHC II expression (Figure 3.9).  

 

Figure 3.9 TNF-α/IL-1β licensing increases MSCs expression of CD73, MHC I and MHC II. 
MSCs were stained with fluorescent antibodies CD29, CD90, CD73, CD45 CD86, MHC I and MHC 
II. Fluorscence was assessed by flow cytometry.  Grey shaded histograms represent appropriate 
isotype, blue lines represent MSCUTR and orange lines represent MSCTNF-α/IL-1β. Representative 
graphs from three separate experiments are displayed. 

 
 

  



Chapter Three 

 

            - 82- 
 

 

Licensed MSCs maintained their ability to differentiate to an adipogenic lineage, as 

indicated by the presence of lipid vesicles stained red by Oil Red O staining and imaged 

using phase contrast microscopy (Figure 3.10). Quantification of the Oil Red O staining 

demonstrated significantly increased levels in MSCUTR and MSCTNF-α/IL-1β differentiation 

wells compared to undifferentiated control wells (Figure 3.10). However, licensed MSCs 

failed to differentiate to an osteogenic lineage as indicated by the lack of Alizarin Red S 

stained calcium deposits in MSCTNF-α/IL-1β compared to MSCUTR (Figure 3.11). This is in line 

with previous work, as pro-inflammatory cytokine licensing of MSCs (particularly TNF-α 

and/or IL-1β licensing) has previously been reported to inhibit osteogenic differentiation 

[181-183]. 
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Figure 3.10 TNF-α/IL-1β licensing does not affect MSCs ability to differentiate to an 
adipogenic lineage. 

MSCs untreated or following TNF-α/IL-1β licensing were cultured in adipogenic differentiation 
media (as described in Materials and Methods Section 2.1.3). Oil Red O solution was used to 
determine adipogenic differentiation. (A) Phase contrast microscopy images of Oil Red O stained 
control, MSCUTR and MSCTNF-α/IL-1β adipogenically differentiated wells. (B) Quantification of Oil Red 
O solution absorbance read by plate reader. (Representative of one independent experiment.) 
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Figure 3.11 TNF-α/IL-1β licensing inhibits MSCs osteogenic differentiation. 
MSCs, untreated or TNF-α/IL-1β licensed, were cultured in osteogenic differentiation media (see 
Materials and Methods for details). Alizarin Red S solution was used to determine osteogenic 
differentiation. Phase contrast microscopy images of Alizarin Red S stained control, MSCUTR and 
MSCTNF-α/IL-1β osteogenically differentiated wells. (Representative of one experiment). 
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3.4.4 Evaluation of the immunosuppressive properties of licensed MSCs 

To determine which combination of cytokines elicited the most immunosuppressive 

MSCs, a T cell immunosuppression assay was employed. T cell immunosuppression 

assays are the standard test of MSCs’ immunosuppressive capacity [184]. Moreover, in 

this study, it was the most pertinent immunosuppressive assay as T cells are the 

essential mediators of corneal allograft rejection [17]. Hence, the most 

immunosuppressive MSCs in a T cell suppression assay may indicate the best potential 

cellular therapy for prolonging corneal allograft survival. 

MSCs were co-cultured with CFSE stained syngeneic lymphocytes (as described in 

Materials and Methods Section 2.2.1) in the presence of anti-CD3/CD28 stimulatory 

beads for four days (Figure 3.12). T cell proliferation was measured by analysis of the 

CFSE dilution by flow cytometry. CFSE covalently couples to intracellular molecules of 

the T cell, as the T cell divides the CFSE concentration per cell is halved each time 

generating a peak which can be measured by dye dilution analysis by flow cytometry. To 

quantify the T cell proliferation kinetics in a more sensitive way, T cells proliferating 

more than three generations were analysed. To do this, the percentage of cells after the 

third CFSE peak was quantified. 

The results demonstrated that IL-1β in combination with IFN-γ or TNF-α induced MSCs 

to significantly inhibit total T cell proliferation (MSCIFN-y/IL-1β – 20.84%, MSCTNF-α/IL-1β –

10.25%, p<0.001) compared to stimulated control (88.76%) (Figure 3.13 A, B). Moreover, 

when T cell proliferation was analysed greater than three generations, it was 

determined that IL-1β licensed MSCs (MSCIL-1β) also significantly inhibited T cell 

proliferation (3.877%, p<0.05) as well as MSCIFN-y/IL-1β (0.95%, p<0.01) and MSCTNF-α/IL-1β 

(0.38%, p<0.01), compared to stimulated controls (43.23%) (Figure 3.13C). MSCUTR, 

MSCIFN-γ, MSCTNF-α and MSCIFN-γ/TNF-α did not significantly inhibit T cell proliferation, 

indicating that IL-1β is the key pro-inflammatory cytokine to stimulate the MSCs’ 

immunosuppressive capabilities in this syngeneic model. The immunosuppressive 

capacity of MSCs licensed with all three cytokines (MSCIFN-γ/TNF-α/IL-1β) was also tested. 

However, these data are not shown as the results were inconsistent. Licensing with all 

three cytokines resulted in a poor MSC yield and the cells failed to adhere in co culture 
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wells resulting in clumps of MSCs in the wells which did not have any effect on T cell 

proliferation.  

Both CD4+ and CD8+ T cell subsets have been implicated in corneal allograft rejection 

and were first identified in rejecting corneal allografts by Pepose et al. in 1985 [80]. Since 

then, the body of evidence has demonstrated that CD4+ T cells are the crucial mediators 

of corneal allograft rejection while the role of CD8+ T cells is more redundant [17, 185]. 

To determine whether licensed MSCs more potently suppress the CD4+ T cell subset, the 

proliferation of the CD4+ and CD8+ T cell subsets were analysed individually. The most 

potently immunosuppressive licensing treatments MSCIFN-y/IL-1β (p≤0.05) and MSCTNF-α/IL-

1β (p≤0.01) significantly inhibited both the CD4+ and CD8+ T cell subsets to a similar extent 

(Figure 3.14).  

As MSCTNF-α/IL-1β were the most potently immunosuppressive licensing treatment and 

were deemed the best potential cellular therapy to promote corneal allograft survival, 

further experiments focused on this licensing strategy. 

It has been reported that MSCs increase the proportions of Foxp3+ T regs in vitro and 

that this mediates their capacity to suppress T cell proliferation [130-132]. To test 

whether the immunosuppressive capacity of MSCTNF-α/IL-1β was mediated by increasing 

the proportions of T regs, MSC:T cell co culture assays were analysed for  increases in 

CD4+CD25+Foxp3+ T cells. MSCUTR and MSCTNF-α/IL-1β were cultured at ratios of 1:5, 1:10 

and 1:50 (MSC:T cell) with CD3/CD28 stimulated T cells for four days, as described 

previously. The T cells were then harvested, stained for CD4, CD25 and Foxp3 antibodies 

and the CD25+Foxp3+ proportion of CD4+ T cells was quantified by flow cytometry.  

The results indicated that both MSCUTR and MSCTNF-α/IL-1β reduced rather than increased 

the proportions of CD25+Foxp3+ cells of the CD4+ T cell subset at ratios of 1:5 and 1:10 

and that there was no increase in proportions at a ratio of 1:50 compared to control 

CD3/CD28 stimulated T cells alone (Figure 3.15). This result indicates that the capacity 

of TNF-α/IL-1β licensed MSCs to inhibit the proliferation of syngeneic T cells is not 

mediated by an increase in Foxp3+  T regs. 
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Figure 3.12 Illustration of T-cell:MSC co culture assay. 
T cells were isolated from the lymph nodes of a Lewis rat, stained with CFSE and added to wells 
of a  96well plate. Anti-CD3/CD28 beads were added to stimulate the T cells. Untreated or 
licensed MSCs were added to the T cells and co cultured for 4 days. T cells were collected and 
stained with antibodies CD4 and CD8. The CFSE dye dilution of the total CD4 and CD8 T cells, 
CD4 and CD8 subsets were analysed by flow cytometry. Total proliferation was gated from the 
unstimulated T cell peak. >3 Generations proliferation was gated from the third peak of 
proliferation of stimulated T cells. 
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Figure 3.13 MSCIL-1β, MSCIFN-γ/IL-1β and MSCTNF-α/IL-1β significantly inhibit T cell proliferation. 
Untreated and licensed MSCs were co cultured with T cells for 4 days. T-cell proliferation was 
measured by CFSE dilution by flow cytometery. (A) Representative histograms of T cell 
proliferation in the presence of MSCs (grey shaded line) compared to stimulated controls (black 
dashed line). (B, C) Graphical presentation of total T-cell proliferation (B) and T-cell proliferation 
greater than 3 generations (C). (Representative of three independent experiments one-way 
ANOVA n=3, mean ± SEM, *p=0.05, **p=0.01, ***p=0.001). 
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Figure 3.14 Licensed MSCs suppress both the CD4 and CD8 subsets. 
(A) Total CD4+ T cell proliferation following co culture with untreated or licensed MSCs was 
analysed by CFSE dye dilution measured by flow cytometry. (B)  Total CD8+ T cell proliferation 
following co culture with untreated or licensed MSCs was analysed by CFSE dye dilution 
measured by flow cytometry. Representative of three independent experiments (One-way 
ANOVA, Tukey’s multiple comparison post test, n=3, mean ± SEM, *p=0.05, **p=0.01). 

 

 

 

 

 

 

 

 

Figure 3.15. MSCUTR and MSCTNF-α/IL-1β reduce the proportions of CD25+Foxp3+ Tregs in 
stimulated T cell co cultures. 

Lewis rat MSCUTR and MSCTNF-α/IL-1β were cultured with anti-CD3/CD28 stimulated Lewis rat 
lymphocytes at ratios of (A) 1:5, (B) 1:10 and (C) 1:50 for 4 days. Lymphocytes were harvested, 
stained with CD4, CD25 and Foxp3 and analysed by flow cytometry. Graphs are representative 
of two independent experiments. 
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3.4.5 Identifying the mechanism of licensed MSC immunosuppression 

The immunosuppressive capacity of MSCs has been attributed to numerous soluble 

mediators including indoleamine 2,3 dioxygenase (IDO), inducible nitric oxide synthase 

(iNOS), prostaglandin E2 (PGE2), transforming growth factor β (TGF-β), heme oxygenase 

(HO), hepatocyte growth factor (HGF), IL-10 and IL-6  [100, 186]. In rodents, iNOS has 

been described as the key mediator of MSCs immunosuppressive capacity [127]. INOS 

produces nitric oxide (NO) which at high concentrations can inhibit T cell receptor (TCR) 

signalling and inhibit T cell proliferation [127-129]. MSCs iNOS expression has been 

previously demonstrated to be stimulated/induced by IFN-γ in combination with TNF-α 

or IL-1β [127]. To determine whether pro-inflammatory cytokine licensing stimulated 

Lewis rat MSCs to produce NO, the supernatants of untreated and licensed MSCs were 

analysed by Griess assay following 72 hour licensing. The Griess assay demonstrated that 

significantly increased levels of NO could only be detected upon TNF-α/IL-1β stimulation 

of MSCs (6.6μM/ml, p>0.001) (Figure 3.16). Surprisingly, stimulation with IFN-γ alone or 

in combination with TNF-α or IL-1β did not stimulate the MSCs to produce significant 

levels of NO (Figure 3.16). Next, to determine whether NO was still produced once the 

cytokine stimulation was removed, MSCs were first cultured with medium alone 

(MSCUTR) or with medium containing TNF-α and IL-1β (MSCTNF-α/IL-1β) for 72 hours. The 

media were then replaced with fresh media, thus removing any residual cytokine 

stimulation. The supernatants were then analysed by Griess assay at 24, 48 and 72 hours 

post stimulation to detect the levels of NO accumulated in the supernatants. Low levels 

of NO were detected in the supernatants of MSCUTR only after 72 hours (Figure 3.16 B) 

whereas increasing levels of NO were detected in the wells of MSCTNF-α/IL-1β at 24, 48 and 

72 hours following removal of the cytokines (Figure 3.16 C). This result demonstrates 

that MSCTNF-α/IL-1β continue to produce NO after the removal of the pro-inflammatory 

cytokine stimulus. 

Next, the supernatants from MSC:T cell co culture experiments (Figure 3.13) were 

tested, NO was detected in all licensed MSC wells, indicating the inflammatory milieu 

produced by stimulated T cells provides an extra stimulus to the MSC which triggers 

MSCs to produce NO (Figure 3.17A). Significant increases in NO levels were detected in 
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the supernatants of MSCs:T cell co cultures when MSCs were licensed with IL-1β alone 

or in combination (MSCIL-1β (p≤0.05), MSCIFN-γ/IL-1β (p≤0.01) and MSCTNF-α/IL-1β (p≤0.01)), 

suggesting a key role for IL-1β in priming MSCs to produce NO (Figure 3.17A). Contrary 

to much of the published literature, IFN-γ stimulation alone or in combination with TNF-

α did not stimulate MSCs to significantly increase NO production in the assay system 

used here [127].  
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Figure 3.16 MSCs require TNF-α and IL-1β in combination to stimulate the production of NO. 
(A) MSCs were left untreated or licensed with IFN-γ, TNF-γ and/or IL-1β (500U/ml each). 
Following licensing for 72 hours the supernatants were analysed by Griess assay to determine 
the levels of nitric oxide present. Representative graph of three independent experiments. (One-
way ANOVA n=3, mean ± SEM, ***p=0.001). The NO produced by the MSCs following removal 
of the cytokines was also tested. Following 72 hour stimulation the supernatants containing 
cytokines were removed and replaced with fresh media. The accumulation of NO in the 
supernatant was determined in the 24, 48 and 72 hours post removal of stimulation in the 
untreated MSCs (B) and TNF-α/IL-1β licensed MSCs (C). Representative graph of one 
experiment.  
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The co culture wells where significant inhibition of T cell proliferation was observed 

(MSCIL-1β, MSCIFN-γ/IL-1β and MSCTNF-α/IL-1β, Figure 3.13 A) also displayed significant 

increases in NO levels (MSCIL-1β, MSCIFN-γ/IL-1β and MSCTNF-α/IL-1β, Figure 3.17 A). A Pearson 

correlation was used to assess whether there is a relationship between T cell 

proliferation (Y-axis; Figure 3.17 B) and NO production (X-axis; Figure 3.17 B). The 

Pearson correlation demonstrated a significant negative correlation between T cell 

proliferation and nitric oxide level, on a per well basis, suggesting NO is responsible for 

licensed MSCs inhibition of T cell proliferation (Figure 3.17 B). 
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Figure 3.17 Nitric oxide levels produced by MSCs negatively correlate with T cell 
proliferation. 

Supernatants from T-cell:MSC co culture were analysed by Griess assay to determine the 

amount of nitric oxide per well. Representative graph of three independent experiments. (One-

way ANOVA n=3, mean ± SEM, *p=0.05, **p=0.01). (B) T-cell proliferation (Y-axis) was graphed 

against NO level (X-axis) per well to demonstrate a significant negative correlation between NO 

levels and T cell proliferation. (Pearson Correlation, r=0.9728, p=0.0002)   
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To confirm that TNF-α/IL-1β stimulated MSCs ability to suppress T cell proliferation is 

mediated by NO, MSCUTR and MSCTNF-α/IL-1β were co cultured with syngeneic T cells in the 

presence or absence of S-methylisothiourea (SMT). SMT is a compound which inhibits 

iNOS activity by competitively binding at the L-arginine binding site [187]. Following four 

day co culture, T cell proliferation was analysed as before by flow cytometry (as outline 

in Figure 3.12). As MSCUTR do not significantly inhibit total T cell proliferation (MSCUTR, 

Figure 3.18 B), no restoration of proliferation was observed in the presence of SMT 

(MSCUTR+SMT, Figure 3.18 B). In contrast, MSCTNF-α/IL-1β do significantly inhibit total T cell 

proliferation (p>0.001) compared to stimulated T cells (Figure 3.18 B), therefore, in the 

presence of SMT, MSCTNF-α/IL-1β (MSCTNF-α/IL-1β+SMT) ability to suppress T cell proliferation 

was abolished and T cell proliferation was comparable to stimulated controls (Figure 

3.18 B, C). These results demonstrate that the capacity of TNF-α/IL-1β licensed MSCs to 

suppress syngeneic T cell proliferation is mediated primarily by NO. 

Although NO is the primary mediator of MSCs immunosuppressive function, numerous 

other soluble mediators and cell contact-dependent mechanisms are implicated in their 

ability to modulate Th1, Th2 and Th17 cells [188]. Moreover, recently Zinöcker and 

Vaage demonstrated MSCs profoundly inhibited T cell cytokine production 

independently of iNOS activity  [189]. Therefore, to examine how MSCTNFα/IL-1β modulate 

Th1/Th2 T cell differentiation in the absence of NO, the supernatants from co culture 

experiments with MSCUTR and MSCTNF-α/IL-1β in the presence or absence of SMT were 

analysed using a Bioplex rat cytokine Th1/Th2 array.  Analysis of the supernatants from 

co culture wells indicated that MSCUTR and MSCTNF-α/IL-1β were capable of modulating the 

T cell phenotype, significantly inhibiting T cells from producing pro-inflammatory 

cytokines IFN-γ and TNF-α in the presence and absence of SMT (Figure 3.19 A,B), thereby 

demonstrating that MSCs can inhibit pro-inflammatory cytokine secretion 

independently of NO.  Significantly increased levels of IL-2 were observed in the 

presence of MSCTNFα/IL1β compared to all other conditions (Figure 3.19 C). T cells in the 

presence of MSCTNFα/IL1β are inhibited from proliferating and differentiating, hence the 

build-up of IL-2 may be due to a lack of IL-2Rα (CD25) expressing differentiated T cells in 

the wells [190]. Interestingly, anti-inflammatory associated cytokines IL-13 and IL-10 are 

significantly increased in the presence of MSCTNFα/IL1β+SMT (Figure 3.19 D, E) suggesting 
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that when NO is absent, MSCTNFα/IL1β+SMT can promote differentiation of lymphocytes to 

an anti-inflammatory phenotype (Figure 3.19 D, E).  
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Figure 3.18 Inhibtion of nitric oxide abrogates MSCTNF-α/IL-1β capacity to suppress T cell 
proliferation. 

Anti-CD3/CD28 stimulated Lewis T cells were co cultured with Lewis MSCUTR or MSCTNF-α/IL-1β   at 

ratio of 10:1 (T cell:MSC) in the presence or absence of nitric oxide inhibitor SMT for  4 days. T 

cell proliferation was evaluated by CFSE dye dilution measured by flow cytometry. (A) 

Representative histograms of T cell proliferation from three independent experiments. (B) Total 

T cell proliferation quantified by CFSE dye dilution represented on a bar graph. (C) T cell 

proliferation greater than 3 generation represented on a bar graph. Representative graphs are 

from 3 independent experiments (One-way ANOVA n=3, *p=0.05, **p=0.01, ***p=0.001). 
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Figure 3.19 MSCTNF-α/IL-1β significantly inhibit T cell pro-inflammatory cytokine secretion 
independent of NO. 

The supernatants from T cell:MSC co cultures with/without SMT were analysed by Bioplex rat 

Th1/Th2 cytokine array. Expression of cytokines (A) IFN-γ, (B) TNF-α, (C) IL-2, (D) IL-13 and (E) IL-

10 were assayed by Bioplex. Graphs presented represent two technical replicates of one 

experiment which are representative of three independent experiments (One-way ANOVA, 

Tukey’s multiple comparison post test, *p=0.05, **p=0.01, ***p=0.001). 
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The inhibition of secretion of IFN-γ and TNF-α by T cells and promotion of IL-10 and IL-

13 production in the absence of NO demonstrates the immunomodulatory repertoire of 

MSCTNF-α/IL-1β extends further than NO mediated inhibition of T cell proliferation. To 

identify alternative mechanisms of immunosuppression utilized by MSCTNFα/IL1β, mRNA 

transcript expression of immunosuppressive molecules was assessed by RT-PCR. As 

further confirmation of the role of NO, iNOS encoding Nos2 mRNA expression was 

significantly up-regulated in MSCTNFα/IL1β (normalised to β-actin and fold change relative 

to MSCUTR) (Figure 3.20). MSCTNFα/IL1β also had increased expression of transcripts for 

immunosuppressive factors Pd-l1, Il-10 and Il-6 (Fig 3.20).  

These data demonstrate that independent of NO, other potential immunosuppressive 

mechanisms are stimulated in MSCs upon TNF-α/IL-1β licensing.  
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Figure 3.20 TNF-α/IL-1β licensing stimulates MSCs to up-regulate the mRNA expression of 
immunomodulatory molecules. 

MSCTNF-α/IL-1β mRNA expression (normalised to β-actin and fold change relative to MSCUTR) levels 
of (A) Il-6, (B) Pd-l1, (C) Il-10 and (D) Nos2 (Unpaired two-tailed student’s t-test, **p≤0.01, 
***p≤0.001).  
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3.4.6 shRNA knockdown of MSCs NO production 

As has been demonstrated the immunosuppressive properties of MSCTNF-α/IL-1β were 

mediated primarily by NO in vitro. To investigate the role of NO in licensed MSCs 

modulation of corneal allograft survival a Nos2 knockdown MSC was generated. 

MSCs were transduced with Nos2-shRNA lentiviral particles (MSCNos2-shRNA) or scrambled 

negative control non-effective shRNA lentiviral particles (MSCscrbl-shRNA) as described in 

Materials and Methods Section 2.6.1. The GFP+ lentivirus transduced MSCs were sorted 

by FACS Aria as described in Materials and Methods Section 2.6.10.  

A Griess assay of the supernatants demonstrated that NO production following TNF-

α/IL-1β licensing was successfully knocked down in MSCNos2-shRNA while transduction with 

the scrambled control shRNA lentiviral particles did not affect MSCs production of NO 

(Figure 3.21 A). Furthermore, TNF-α/IL-1β licensed MSCNos2-shRNA demonstrated an 

impaired capacity to inhibit syngeneic T cell proliferation compared to untransduced 

TNF-α/IL-1β licensed MSCs and TNF-α/IL-1β licensed MSCscrbl-shRNA (Figure 3.21, B). These 

results demonstrate that MSCs production of NO was successfully knocked down by 

transduction with Nos2-shRNA lentiviral particles. The ability of MSCNos2-shRNA to prolong 

corneal allograft survival will be investigated in Chapter 4.  
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Figure 3.21 Nos2-shRNA transduced, licensed MSCs do not produce significant amounts of 
NO and fail to inhibit T cell proliferation. 

(A) Greiss assay quantifying level of nitrates in supernatants from MSCs (n=3, Oneway ANOVA, 

Tukey’s post test, **p=0.01). (C) Percentage T cell proliferation of CD3/CD28 stimulated T cells 

following co culture with MSCs (n=1).  
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3.4.6 Investigation of the ability of MSCTNF-α/IL-1β to modulate the innate 

immune system 

As discussed in Chapter 1, innate immune cells such as macrophages are reported to be 

present in rejecting corneal allografts and their depletion leads to reduced incidence of 

rejection. More recently, a population of regulatory macrophages enriched by MSCs 

with a capacity to prolong graft survival have been described [115, 191]. Therefore, 

enhanced capacity of licensed MSCs to modulate innate immune cells could increase 

their ability to prolong allograft survival. To test whether MSCTNF-α/IL-1β had enhanced 

capacity to suppress components of the innate immune system, their ability to modulate 

macrophages was tested. To generate bone marrow derived macrophages (BMDMs), 

Lewis rat bone marrow progenitors were cultured for 6 days in media supplemented 

with L929 cell conditioned media containing M-CSF to induce macrophage 

differentiation (Figure 3.22). 

Following 6 day culture, the BMDM phenotype was characterised by flow cytometry. 

BMDMs had greater than 90% expression of CD45 and CD11b/c (Figure 3.23). Analysis 

of the CD11b/c+ fraction demonstrated BMDMs expressed greater than 90% MHC I 

expression and moderate MHC II expression (37%) (Figure 3.22). 

Prior to co culture with MSCs, BMDMs were incubated in the presence of IFN-γ and LPS 

to stimulate differentiation to a mature BMDM phenotype. Immediately following LPS 

stimulation, the BMDMs were co cultured with MSCUTR and MSCTNF-α/IL-1β at a ratio of 5:1 

(BMDM:MSC) for 48 hours. Following co culture, the cells were harvested and analysed 

by flow cytometry. The CD11b/c marker was used to distinguish the BMDM population. 

The median fluorescent intensity (MFI) of MHC I and MHC II expression on BMDMs was 

assessed to determine whether MSCs could modulate the BMDM phenotype.  

MSCs did not significantly inhibit MHC I expression on BMDMs as demonstrated by 

stimulated BMDMs alone or in the presence of MSCUTR or MSCTNF-α/IL-1β expressing similar 

MHC I MFI (Figure 3.24 A,B). Stimulated BMDMs displayed high levels of MHC II 

expression indicative of a mature phenotype (Figure 3.24 C, D). Both MSCUTR and MSCTNF-

α/IL-1β inhibited the maturation of BMDMs to a mature phenotype indicated by 
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significantly inhibiting BMDM MHC II expression (Figure 3.24 C, D). Compared to MHC II 

expression on stimulated BMDMs, MSCTNF-α/IL-1β had a greater capacity to inhibit MHC II 

expression (p<0.01) compared to MSCUTR (p<0.05) (Figure 3.24 D).  
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Figure 3.22 Illustration of the generation of bone marrow derived macrophages. 
Lewis rat femurs and tibias were surgically removed and the bone marrow flushed. The bone 

marrow progenitors were counted, seeded in 6 well plates and cultured for 6 days in M-CSF 

containing media. 50% of the media was replaced on days 1, 3 and 5. After 6 days cells were 

harvested and characterised by flow cytometry.  
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Figure 3.23 Bone marrow derived macrophage characterisation. 
Lewis rat bone marrow derived macrophages cell surface expression of (A) CD45, (B) CD11b/c, 

(C) MHC I and (D) MHC II was analysed by flow cytometry. Representative plots from 3 

independent experiments are presented. 
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Figure 3.24 MSCs suppression of syngeneic BMDM MHC II expression is augmented by TNF-
α/IL-1β licensing. 

MSCUTR and MSCTNF-α/IL-1β were co cultured with syngeneic BMDMs at a ratio of 1:5 

(MSC:Macrophage) for 48 hours. Cells were harvested and stained with macrophage 

distinguishing marker CD11b/c and MHC I and MHC II. (A) Histograms of MHC I expression of 

CD11b/c+ cells. (B) Representative bar graph of MHC I MFI of CD11b/c + cells. (C) Histograms of 

MHC II expression of CD11b/c+ cells. (D) Representative bar graph of MHC II MFI of CD11b/c+ 

cells. Graphs represent one experiment with three technical replicates, representative of three 

independent experiments. (One-way ANOVA, tukey’s multiple comparison post test, *p=0.05, 

**p=0.01). 
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3.4.7 Genome wide analysis of the transcript expression profiles of 

licensed MSCs  

Both IL-1β and TNF-α are described as pleiotropic cytokines with the potential to up-

regulated the mRNA expression of many hundreds of genes [192, 193]. Upon binding 

their canonical receptors, a plethora of intracellular signalling cascades are initiated 

which include NF-κB, JNK and p38-MAPK signalling pathways [192, 193].  

To better understand the complex interactions resulting from licensing MSCs with IL-1β 

and TNF-α in combination, a genome wide transcript analysis microarray was 

performed. mRNA was isolated from MSCUTR and MSCTNF-α/IL-1β in triplicate, quantified 

and samples were sent to Genomics Core Facility (GeneCore), EMBL, Heidelberg, 

Germany where the microarray was performed. The microarray utilised was GeneChip™ 

Rat Gene 2.0 ST Array which analyses over 27,000 RefSeq transcripts.    

The data were analysed by bioinformatics company Seqome Technologies as described 

in Materials and Methods Section 2.5. Differentially expressed genes were analysed for 

significantly enriched pathways, ontologies and up-stream targets using GenMapp and 

GO-Elite. Enriched pathways, ontologies and up-stream targets were then ranked by Z 

score. The Z score indicates how many standard deviations an observation is above or 

below the normalized mean of zero.  Table 3.1 lists the top twenty KEGG pathways with 

differentially expressed genes in MSCTNF-α/IL-1β ranked by Z-score (Table 3.1).  

TNF-α/IL-1β stimulation modulates MSCs migration, adhesion and extracellular matrix 

associated gene profile as can be seen by the number of differentially expressed genes 

associated with the KEGG pathways ECM-Receptor Interactions (Z-score - 6.7877) and 

Focal Adhesion (Z-score – 6.041766) (Table 3.1). Of the 178 Focal Adhesion associated 

genes measured, 84 (47.19%) were differentially expressed (Table 3.1). 34 of the 

differentially expressed genes were up-regulated and 50 were down-regulated (Figure 

3.24 A). Analysis of the up-regulated genes demonstrates a number of integrins (Itga2, 

Itgb8, Itga7, Itga5, Itga8) and laminins (Lamb3, Lamc2, Lamc1, Lama5) have increased 

expression in MSCTNF-α/IL-1β (Figure 3.24 B). While analysis of the down regulated genes 

shows that ten collagen subunits (Col5a2, Col6a2, Col1a2, Col6a1, Col2a1, Col5a1, 
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Col3a1, Col11a1, Col5a3 and Col6a3), a number of caveolin subunits (Cav1, Cav2, Cav3) 

and integrins (Itga11, Itga4, Itga6) are down regulated in MSCTNF-α/IL-1β (Figure 3.24 C). 

The increased expression of integrins and laminins coupled with the decreased 

expression of collagens and caveolin subunits may indicate a change in the morphology 

and an altered migratory potential of MSCTNF-α/IL-1β. The ECM Interactions pathway 

overlaps extensively with the Focal Adhesion pathway, hence many of the up-regulated 

and down-regulated genes are similar.  

Another pathway of interest was the Chemokine Signalling Pathway (Z-score – 

5.220354) which had 71 of its 168 (42.77%) associated genes differentially expressed in 

MSCTNF-α/IL-1β (Table 3.1). 54 of the differentially expressed genes were up-regulated 

while only 17 were down-regulated (Figure 3.28 A). Of the up-regulated genes, 11 had a 

fold-change increase greater than 20 (Figure 3.28 B). The chemokine genes up-regulated 

in MSCTNF-α/IL-1β have been reported to recruit B cells (Cxcl13, Ccl1), T cell subsets (Cxcl16, 

Ccl22, Ccl20, Ccl5), DCs (Ccl22, Ccl20), NKT cells (Cxcl16, Ccl4), and 

macrophages/monocytes (Ccl3, Ccl7, Ccl9, Ccl4)[194]. An increased chemokine 

expression profile suggests MSCTNF-α/IL-1β may have enhanced capacity to recruit immune 

cells to their proximity where they can efficiently exert their immunomodulatory effects. 
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Table 3.1 Microarray analysis of the top 20 differentially regulated KEGG pathways in MSCTNF-

α/IL-1β compared to MSCUTR .  

Gene-Set Name Number 

Changed 

Number 

Measured 

Number in 

Gene-Set 

Percent 

Changed 

Percent Present Z Score PermuteP 

Focal adhesion:KEGG-

rno04510 

84 178 179 47.19101 99.44134 6.7877 0 

ECM-receptor 

interaction:KEGG-

rno04512 

38 66 67 57.57576 98.50746 6.041766 0 

Pathways in cancer:KEGG-

rno05200 

117 300 308 39 97.4026 5.562186 0 

Osteoclast 

differentiation:KEGG-

rno04380 

53 111 113 47.74775 98.23009 5.464338 0 

Glutathione 

metabolism:KEGG-

rno00480 

28 47 51 59.57447 92.15686 5.406093 0 

Acute myeloid 

leukemia:KEGG-rno05221 

31 55 55 56.36364 100 5.302528 0 

Chemokine signaling 

pathway:KEGG-rno04062 

71 166 169 42.77108 98.22485 5.220354 0 

Amoebiasis:KEGG-

rno05146 

45 93 94 48.3871 98.93617 5.136562 0 

Chronic myeloid 

leukemia:KEGG-rno05220 

36 72 73 50 98.63014 4.827628 0 

Toll-like receptor signaling 

pathway:KEGG-rno04620 

40 84 89 47.61905 94.38202 4.714918 0 

Neurotrophin signaling 

pathway:KEGG-rno04722 

54 124 125 43.54839 99.2 4.696074 0 

Renal cell 

carcinoma:KEGG-

rno05211 

34 68 69 50 98.55072 4.689964 0 

Prostate cancer:KEGG-

rno05215 

40 85 85 47.05882 100 4.623774 0 

MAPK signaling 

pathway:KEGG-rno04010 

98 261 267 37.54789 97.75281 4.618071 0.001 

Gap junction:KEGG-

rno04540 

39 83 85 46.98795 97.64706 4.553307 0 

Regulation of actin 

cytoskeleton:KEGG-

rno04810 

77 196 202 39.28571 97.0297 4.547189 0.001 

Vascular smooth muscle 

contraction:KEGG-

rno04270 

46 111 113 41.44144 98.23009 3.923032 0.001 

Small cell lung 

cancer:KEGG-rno05222 

33 73 76 45.20548 96.05263 3.914346 0 

Insulin signaling 

pathway:KEGG-rno04910 

50 124 128 40.32258 96.875 3.861814 0.0005 

Dorso-ventral axis 

formation:KEGG-

rno04320 

13 21 21 61.90476 100 3.851226 0 
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Figure 3.25 TNF-α/IL-1β licensing of MSCsmdifferentially regulates a plethora of focal 
adhesion associated genes. 

Microarray analysis of KEGG Pathway:Focal Adhesion differentially regulated genes in MSCTNF-

α/IL-1β compared to MSCUTR. (A) Pie chart of non-differentially regulated genes (purple), 
differentially regulated genes (red) and the differentially regulated genes up-regulated (green) 
and down-regulated (grey)(B)Relative expression of up-regulated focal adhesion associated 
genes in MSCTNFα/IL-1β. (C) Down-regulated focal adhesion associated genes in MSCTNFα/IL-1β. 
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Figure 3.26 TNF-α/IL-1β licensing of MSCs differentially regulates ECM associated genes. 
Microarray analysis of KEGG Pathway:Extra Cellular Matrix (ECM) differentially regulated genes 
in MSCTNF-α/IL-1β compared to MSCUTR. (A) Pie chart of non-differentially regulated genes (purple), 
differentially regulated genes (red) and the differentially regulated genes up-regulated (green) 
and down-regulated (grey) (B)Relative expression of up-regulated ECM  associated genes in 
MSCTNFα/IL-1β. (C) Down-regulated ECM associated genes in MSCTNFα/IL-1β. 
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Figure 3.27 TNF-α/IL-1β licensing of MSCs differentially regulates chemokine signalling 
pathway associated genes. 

Microarray analysis of KEGG Pathway:Chemokine Signalling associated differentially regulated 
genes in MSCTNF-α/IL-1β compared to MSCUTR. (A) Pie chart of non-differentially regulated genes 
(purple), differentially regulated genes (red) and the differentially regulated genes up-regulated 
(green) and down-regulated (grey). (B) Relative expression of up-regulated chemokine signalling 
pathway associated genes in MSCTNFα/IL-1β. (C) Down-regulated chemokine signalling pathway 
associated genes in MSCTNFα/IL-1β. 
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3.4.8 Analysis of the migratory capacity of licensed MSCs 

MSCTNF-α/IL-1β display an altered morphology (Figure 3.6) suggesting rearrangement of 

the cytoskeletal structure as well as differentially expressed genes associated with Focal 

Adhesion and ECM Interaction pathways (Table 3.1). This data suggests that MSCTNF-α/IL-

1β may have an enhanced migratory capacity compared to MSCUTR.  

Firstly, to confirm if the transcriptional increases in migration associated genes 

translated to an increase in functional protein expression on the cell surface,  MSCUTR 

and MSCTNF-α/IL-1β were analysed by flow cytometry for cell adhesion and migration 

associated molecules. MSCTNF-α/IL-1β had significantly increased relative fluorescence 

intensity (RFI) expression of CD73. This characteristic MSC marker is a glycosyl 

phosphatidylinositol (GPI)-linked membrane bound protein. Associated with cell 

adhesion and migration, CD73 inhibition has been demonstrated to inhibit MSC 

migration [195] (Figure 3.28). Significantly increased RFI expression of CD44 was also 

detected. CD44 is a cell surface hyaluronate receptor and a cell adhesion molecule that 

mediates MSCs homing and migration to damaged tissue [196, 197] (Figure 3.28). CD47 

expression was also significantly increased. CD47 is a ubiquitously expressed marker of 

self which has been implicated in a range of processes including adhesion and migration 

[198].  Recently,  CD47 overexpressing MSCs demonstrated a greater homing capacity 

to sites of injury [199]. Intracellular adhesion molecule 1 (ICAM-1) and vascular adhesion 

molecule 1 (VCAM-1), which are associated with cell adhesion and migration, also have 

significantly increased expression on the surface of MSCTNF-α/IL-1β (Figure 3.28).  
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Figure 3.28 TNF-α/Il-1β licensing increases MSCs cell surface expression of migration and 
adhesion associated molecules. 

MSCUTR and MSCTNF-α/IL-1β were stained with antibodies for migration and adhesion associated 
markers (A) CD73, (B) CD44, (C) CD47, (D) ICAM-1 and (E) VCAM-1. Cell surface expression was 
analysed by flow cytometry. Histograms (left) are representative plots from three independent 
experiments. Bar charts (right) are the relative fluorescent intensity (RFI) from three 
independent experiments (Un paired two-tailed student’s t-test, mean±SEM, n=3, *p=0.05, 
**p=0.01, ***p=0.001). 
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To test whether the increase in migration associated cell surface molecules enhanced 

the functional migratory capacity of MSCTNF-α/IL-1β, their ability to migrate in transwell 

migration assays was assessed. CFSE labelled MSCUTR and MSCTNF-α/IL-1β were seeded in 

transwell inserts in media containing 1% serum, the lower chamber of the transwell had 

10% serum containing media. The nutrient gradient would attract the MSCs from the 

low serum content to the high serum content. After 24 hours, the bottoms of the 

transwell inserts were imaged by fluorescent microscopy to determine the number of 

CFSE labelled MSCs which had migrated through the transwell. The number of MSCs 

which migrated was quantified by dissociating the MSCs from the bottom of the 

transwell with trypsin and using the Accuri flow cytometer to count the number of CFSE 

labelled cells. 

Fluorescent imaging demonstrated a marked increase in the number of MSCTNF-α/IL-1β 

which had migrated through the transwell compared to MSCUTR (Figure 3.29 A). 

Quantification of migrated MSCs by flow cytometry demonstrated a significant increase 

in the total number of migrating MSCs following TNF-α/IL-1β stimulation (MSCTNF-α/IL-1β, 

Figure 3.29 B, C) compared to untreated MSCs (MSCUTR, Figure 3.29 B, C). Taken 

together, this data demonstrates TNF-α/IL-1β stimulation up-regulates the expression 

of adhesion and migration associated molecules on the surface of MSCs, enhancing 

MSCs capacity to migrate. 
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Figure 3.29 TNF-α/IL-1β significantly enhances MSCs migration capacity. 
(A) Fluorescent microscopy imaging of transwells containing Calcein AM stained MSCUTR and 
MSCTNF-α/IL-1β. (B) Flow cytometry gating strategy to quantify number of Calcein AM positive MSCs 
which had migrated through transwell. (C) Quantification of MSCs that had migrated through 
transwell by flow cytometry. (Unpaired two-tailed students t-test, mean±SEM, **p≤0.01). 
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3.5 Discussion 

The data in this study confirm the hypothesis that MSCs capacity to modulate syngeneic 

immune cells could be enhanced by licensing with pro-inflammatory cytokines IFN-γ, 

TNF-α and/or IL-1β. The results of Chapter 3 will briefly be discussed here and discussed 

in more detail in Chapter 5 in the context of the in vivo results.  

Licensing of MSCs induced morphological changes, an increase in cell granularity and a 

reduction in cell number per well. These changes were most significant when MSCs were 

licensed with the combination of TNF-α/IL-1β. Interestingly, a recent study has 

demonstrated that morphological changes following MSC licensing are indicative of the 

MSCs immunosuppressive capacity [200]. Klinker et al demonstrated following IFN-γ 

licensing, MSCs which acquired a more elongated structure were more 

immunosuppressive [200]. The authors concluded that morphological changes in the 

MSCs may be predictive of their immunomodulatory capacity. It is interesting to note 

then in this study, that TNF-α/IL-1β licensed MSCs demonstrated both the most obvious 

morphological changes and the most potent immunosuppressive properties.  

Conformational changes, an increase in granularity and a reduction in cell count may 

indicate the treatment was inducing cell stress causing cell death or apoptosis.  

However, MSCTNF-α/IL-1β did not have increased 7-AAD positive cells or PI/AnnexinV 

positive cells indicating that cells that were harvested from the plate following 72 hour 

licensing were viable. It must be noted that this assay only analysed the harvested cells 

which were still adherent to the plate after 72 hours, the assay did not analyse the 

apoptotic marker expression of any floating cells in the supernatant. Therefore, it cannot 

be ruled out that the treatment induces apoptosis or cell death in some MSCs which as 

a result are floating in the supernatant and are not analysed in this assay. However, as 

the adherent MSCTNF-α/IL-1β cells did not display an increase in 7-AAD positive cells or 

PI/AnnexinV positive cells, it can be assumed that the licensed MSCs subsequently 

administered in vivo did not have an increase in apoptosis or cell death compared to 

MSCUTR. The apoptosis of MSCs following i.v. injection has recently gathered attention 

with reports that MSCs immunomodulatory properties are dependent upon their 

apoptosis and engulfment by APCs [201, 202]. In these studies the site of apoptosis 
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appears to be crucial as MSCs which were already apoptotic upon administration failed 

to confer their immunomodulatory properties [201]. Therefore, it was important that 

licensed MSCs in this study were viable at the time of injection.  

MSCTNF-α/IL-β remained positive for cell surface characterisation markers CD90 and CD29 

while they had increased expression of CD73. MSCTNF-α/IL-β also remained negative for 

CD45 (lymphocyte common antigen) and co-stimulatory molecule CD86. However, it is 

important to note MSCTNF-α/IL-1β had increased surface expression of MHC I and MHC II 

which could cause an increased antigen specific donor response if licensed MSCs were 

to be used in an allogeneic setting. The increase in MHC I and MHC II increases the 

likelihood that allogeneic MSCs could elicit an immune response from alloreactive T cells 

through the indirect or semi-direct pathway of antigen recognition [65]. Therefore, 

while licensing of syngeneic MSCs can enhance their efficacy, licensing of allogeneic 

MSCs could in fact be deleterious.  

Examination of the multipotency of MSCTNF-α/IL-1β showed that adipogenic differentiation 

was not affected by licensing, however, TNF-α/IL-1β licensing inhibited MSCs osteogenic 

differentiation capacity. Futhermore, analysis of the microarray data comparing mRNA 

from MSCUTR and MSCTNF-α/IL-1β demonstrated that MSCTNF-α/IL-1β had down-regulated 

expression of Runx2 and bone sialoprotein-2 (iBSP) two key osteogenic differentiation 

factors (data not shown)[203]. This observation is in line with published studies showing 

that TNF-α and IL-1β licensed MSCs lose their capacity to differentiate to an osteogenic 

lineage, an effect which is thought to be mediated by NFκB signalling and down 

regulation of osteogenic transcriptional regulator Runx2 [181-183]. It must be noted 

that the osteogenic differentiation experiment was only carried out once, the 

experiment should be repeated at least twice more to confirm the observation. The 

result is included as it is in line with the observations of others but should be considered 

a preliminary result.  

The key finding in this study was that Lewis rat MSCs ability to suppress syngeneic T cells 

was increased by licensing with IL-1β, IFN-γ/IL-1β and TNF-α/IL-1β in combination. 

MSCIL-1β, MSCIFN-γ/IL-1β and MSCTNF-α/IL-1β significantly inhibited proliferation of both CD4+ 

and CD8+ T cell subsets. Interestingly, in this study, IL-1β was the key pro-inflammatory 
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cytokine in licensing MSCs immunosuppressive function, not IFN-γ as has been reported 

previously in the literature [102, 151-153]. Many of the previous studies describing IFN-

γ as the key stimulator have used mouse MSCs and therefore it was hypothesized in this 

study that the difference may be a species-specific one. However, similar to the rat 

results shown in this study, experiments in house showed that licensing of BALB/c 

mouse MSCs followed by co culture with BALB/c T cells demonstrated, similarly, that IL-

1β was the key to licensing MSCs immunosuppressive capacity (Appendix A). It is unlikely 

that the inability of IFN-γ to license MSCs immunosuppressive effect in this study could 

be attributed to a technical issue with the recombinant IFN-γ purchased, as four 

separate batches of recombinant rat IFN-γ were purchased over the course of this study. 

Futhermore, although IFN-γ licensing did not induce an immunosuppressive phenotype, 

MSCs licensed with IFN-γ alone did up-regulate MHC I and MHC II expression detected 

by flow cytometry (data not shown). It is well characterised that MSCs up-regulate MHC 

molecules in response to IFN-γ [153, 204]. Therefore, these data demonstrate that the 

IFN-γ was bio-reactive. The difference in key cytokine in licensing MSCs will be discussed 

further in Chapter 5.1.2.  

In this study, licensing MSCs with IFN-γ/IL-1β or TNF-α/IL-1β elicited the most 

immunosuppressive MSC phenotype. As there appeared to be a trend increase in 

immunosuppressive capacity of MSCTNF-α/IL-1β compared to MSCIFN-γ/IL-1β coupled with 

only MSCTNF-α/IL-1β producing signicant levels of NO when licensed (prior to co-culture 

with stimulated T cells), MSCTNF-α/IL-1β  were selected as the MSC licensing treatment for 

further analysis and in vivo adiminstration. To determine the mechanism of immune 

suppression of MSCTNF-α/IL-β, their NO production was tested. NO was first demonstrated 

to be critical to MSC mediated T cell suppression by Sato and colleagues [128]. Ren et al 

further demonstrated that the production of NO was triggered by pro-inflammatory 

cytokines IFN-γ, TNF-α and IL-1β [102]. Similarily to previous reports inhibition of NO 

(through the addition of NO inhibitor SMT) abrogated the immunosuppressive capacity 

of MSCTNF-α/IL-β demonstrating that NO was the primary mechanism by which MSCTNF-α/IL-

β  suppressed T cell proliferation. The mechanism by which NO inhibits T cell proliferation 

has been described extensively with regard to the interactions between alveolar 

macrophages and T cells. Strickland and colleagues demonstrated that T cells, in the 



Chapter Three 

 

            - 121- 
 

 

presence of NO, initially undergo the normal activation sequence in response to 

mitogenic or antigenic stimuli, including normal calcium flux, TCR modulation, secretion 

of IL-2 and expression of IL-2R (CD25). However, the T cells subsequently fail to respond 

to IL-2 and are arrested in G0/G1 phase, until the source of the NO is removed [205, 

206]. The same group further elucidated the underlying molecular mechanism, showing 

that NO disrupts the phosphorylation of downstream targets of IL-2R signalling, Janus 

kinase 3 (Jak3) and STAT5 via activation of guanylate synthase resulting in higher cGMP 

levels [207]. The high levels of cGMP can activate a number of downstream targets 

capable of disrupting JAK/STAT signalling [207, 208] Therefore, the high levels of NO 

observed in wells with MSCTNF-α/IL-β most likely inhibit T cell proliferation by disrupting 

the phosphorylation of downstream targets of IL-2R signalling resulting in arrest in 

GO/G1 phase. These findings may also explain our observation that IL-2 levels in the 

supernatants were significantly increased in the presence of MSCTNF-α/IL-1β compared to 

all other groups including stimulated lymphocytes alone. In the presence of MSCTNF-α/IL-

1β the T cells are activated to secrete IL-2 however they are arrested in G0/G1 phase and 

IL-2R signalling is disrupted resulting in accumulation of IL-2 in the supernatant.  

While IL-2/IL-2R signalling plays an important role in the development and clonal 

expansion of effector T cells, it is not essential. This was demonstrated in IL-2 and IL-2R 

deficient mice which developed serious lymphoproliferative and autoimmune disorders 

and not an immune-deficiency as may have been expected [209-213]. It is now known 

that the lymphoproliferative and autoimmune disorders in mice with disrupted  IL-2/IL-

2R signalling is due to defective production of CD4+CD25+Foxp3+ regulatory T cells [214]. 

It is also now well established that while IL-2/IL-2R signalling is important in the 

development and function of effector T cells it is essential for the development and 

function of CD4+CD25+Foxp3+ regulatory T cells [214]. Therefore, the result observed in 

this study that Foxp3+ regulatory T cell proportions are reduced in the presence of 

MSCTNF-α/IL-1β may be explained by disruption of IL-2/IL-2R signalling by the high levels of 

NO resulting in a more significant or preferential inhibition of CD4+CD25+Foxp3+ 

regulatory T cells over non-regulatory effector T cells. 

The addition of SMT however, did not restore the T cell secretion of IFN-γ and TNF-α. 

The inhibition of T cell pro-inflammatory cytokine secretion by MSCs has previously been 
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reported to be NO independent [189]. In this study it is also demonstrated that 

lymphocytes in the presence of MSCTNF-α/IL-β + SMT secrete significant levels of the Th2 

associated cytokines IL-10 and IL-13, however, lymphocytes in the presence of MSCTNF-

α/IL-β without SMT do not. In the presence of MSCTNF-α/IL-β, lymphocytes do not proliferate, 

seemingly remaining in a naïve undifferentiated state. The addition of SMT inhibits NO 

thereby allowing the lymphocytes to proliferate and the proliferating lymphocytes are 

differentiated to a Th2 or anti-inflammatory phenotype by MSCTNF-α/IL-β. This result 

indicates that MSCTNF-α/IL-β have a capacity to induce immune cells present in the 

lymphocyte co-culture to produce anti-inflammatory molecules when NO is absent. The 

up-regulation of Pd-l1, Il-6 and Il-10 mRNA expression on MSCTNF-α/IL-1β provide three 

potential mechanisms by which licensed MSCs could induce a Th2 or anti-inflammatory 

T cell phenotype. PD-L1 which has increased mRNA expression on  MSCTNF-α/IL-β has 

recently been shown to suppress CD4+ T cell activation and  IL-2 production and induce 

T cell death [108], IL-10 produced by MSCs promotes Foxp3+ Treg differentiation and 

inhibits Th17 differentiation [215], and IL-6 is reported to shift the Th1/Th2 balance 

towards Th2 [216]. Futhermore, analysis of migration associated molecules on the 

surface of MSCTNF-α/IL-1β demonstrated a significant increase in the expression of CD73 in 

this study. In addition to mediating MSC migration, CD73 functions as an 

immunosuppressive molecule. CD73 is a ecto-5’-nucleosidase that converts AMP to 

adenosine. CD73 functions with CD39 which first hydrolyses ATP/ADP to AMP followed 

by CD73-mediated conversion of AMP to adenosine [217-219]. ATP functions to 

promote pro-inflammatory responses whereas the CD73 produced ATP-metabolite 

adenosine functions as an  anti-inflammatory molecule [218]. Adenosine interacts with 

one of its receptors, A2A, on lymphocytes preventing activation and proliferation of 

CD4+ T cells, inhibiting IFN-γ production and suppressing Th17 responses. It has also 

been reported to induce Foxp3+ Tregs [220-222]. Furthermore, recent studies have 

implicated the co-expression of CD39 and CD73 in MSC-mediated T cell suppression and 

modulation of Th17 responses [223, 224]. This evidence suggests that CD73 may provide 

an alternative mechanism of MSCTNF-α/IL-1β mediated suppression of T cell proliferation 

and that CD73 may be, in part, responsible for the reduced pro-inflammatory cytokines 

(IFN-γ and TNF-α) levels observed in co culture wells of MSCs and T cells. 
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The T cell/MSC co culture assay developed and used in this study as described in the 

Materials and Methods Section 2.2.1 consisted of 95% cells of lymph node origin and 5% 

splenocytes. As lymph nodes consist of a low proportion of APCs, splenocytes were 

added to increase the proportions of APCs in the culture and to create an environment 

more physiologically relevant to that which MSCs would encounter upon in vivo 

administration. However, the mixed immune cell composition of the assay does have a 

number of drawbacks. Firstly, it cannot be said definitively that MSCTNF-α/IL-β are directly 

suppressing T cell proliferation. It is possible the MSCs function through an intermediary 

immune cell, such as a splenic APC, that subsequently suppresses T cell proliferation. It 

can also not be ruled out that the NO detected in co culture wells was produced by 

immune cell components of the assay other than the licensed MSCs. Macrophages 

produce NO in response to stimuli such as IFN-γ, TNF-α and IL-1β which may be released 

by the T cells stimulated by anti-CD3/CD28 beads [110]. In addition, the licensed MSCs 

may interact with splenic macrophages in the culture and stimulate them to produce 

NO. To answer this question, MSCTNF-α/IL-β should be cultured directly with purified CD3+, 

CD4+ and CD8+ T cells to determine whether they can directly suppress T cell 

proliferation and analysis of the NO levels per well would determine whether the 

licensed MSCs alone are responsible for the NO detected in co culture wells in this study. 

Evidence from this study that the ability of MSCTNF-α/IL-β to suppress T cell proliferation 

was inhibited in the absence of NO (in the presence of SMT) and that knockdown of 

Nos2 (MSCNos2shRNA) in TNF-α/IL-1β licensed MSCs restores T cell proliferation similarly 

indicates that the licensed MSCs are likely to be the predominant source of the NO 

mediating T cell suppression. Secondly, the co-cultures performed in this study did not 

investigate whether contact was necessary for the T cell suppression exerted by the 

licensed MSCs. Both contact-dependent and contact-independent mechanisms of MSC-

mediated T cell suppression have been reported. Contact-dependent mechanisms of 

suppression include: PD-1/PD-L1 interactions and interactions between ICAM-1 and 

VCAM-1 on MSCs and T cells [102, 108]. In addition, contact between the T cell and MSC 

may be required to trigger the release of soluble mediators by MSCs. To determine what 

role contact between the T cell and MSC plays in licensed MSC mediated T cell 

suppression, contact independent co cultures should be performed in which MSCs are 

cultured in transwells where contact between the MSCs and T cells is prevented. These 
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experiments would further examine whether T cell:MSC contact is required to trigger 

licensed MSCs to become immunosuppressive and whether licensed MSC-mediated 

suppression was contact-dependent. Contact-dependent and contact-independent 

mechanisms of suppression could be further investigated by adding licensed MSC 

conditioned media to stimulated T cells to determine if soluble mediators secreted by 

the licensed MSCs prior to contact with the T cells were sufficient to inhibit proliferation. 

As TNF-α/IL-1β licensed MSCs alone produce detectable levels of NO it would be 

expected that contact-independent cultures of MSCTNF-α/IL-1β and stimulated T cells 

would also result in T cell suppression. 

Although there may be some outstanding questions regarding the exact mechanism of 

licensed MSC mediated T cell suppression, the assays performed here confirmed that 

licensing of MSCs – specifically with IL-1β in combination with TNF-α or IFN-γ –enhances 

their capacity to suppress syngeneic stimulated T cell proliferation and that this effect 

was mediated by NO. 

MSCTNF-α/IL-1β also demonstrated an enhanced capacity to modulate components of the 

innate immune system. Upon IFN-γ and LPS stimulation, BMDMs differentiate to a 

mature phenotype characterised by increased MHC II expression. MSCUTR significantly 

inhibited macrophage MHC II expression and this effect was further inhibited by MSCTNF-

α/IL-1β. 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 [75]. As discussed above a 

number of reports have recently reported that MSCs are phagocytosed mainly in the 

lung following i.v. administration which confers the MSCs immunomodulatory 

properties to the phagocyte [201, 202, 225]. This along with evidence that MSCs through 

TSG-6 and PGE2 dependent mechanisms induce IL-10 producing regulatory 

macrophages in the lung illustrates the importance of APCs as intermediaries of MSCs 

immunomodulatory properties [112, 115]. Therefore, the ability of MSCTNF-α/IL-1β to 

modulate BMDMs may indicate a more potent capacity to modulate APCs of the lung 

following i.v. administration.  
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Microarray analysis of MSCUTR and MSCTNF-α/IL-1β demonstrated the KEGG pathway 

Chemokine Signalling was also differentially regulated in MSCTNF-α/IL-1β, with numerous 

chemokines capable of recruiting lymphocytes, NKT cells, monocytes and macrophages 

displaying increased expression in MSCTNF-α/IL-1β. The increased chemokine expression 

profile indicates MSCTNF-α/IL-β have an enhanced capacity to recruit immune cells to their 

vicinity where they can then exert their immunomodulatory effects. MSCs recruitment 

of immune cells to their vicinity following in vivo administration will be discussed in 

Chapter 5.  

The KEGG pathways Focal adhesion and ECM-receptor interactions were also 

differentially regulated in MSCTNF-α/IL-1β, indicating TNF-α/IL-1β licensing could enhance 

the migration capacity of MSCs. Analysis of the cell surface of MSCTNF-α/IL-1β 

demonstrated increased expression of adhesion and migration associated molecules 

CD73, CD44, CD47, VCAM-1 and ICAM-1. The enhanced migratory capacity of MSCTNF-

α/IL-1β was confirmed in transwell experiments where MSCTNF-α/IL-1β demonstrated 

superior migration ability compared to MSCUTR. The migration of licensed MSCs will be 

discussed in the context of the in vivo results in Chapter 5.  

As summarised in Figure 3.30, this work has identified TNF-α/IL-1β as the most potent 

stimulator of Lewis rat MSCs immunosuppressive capacity. TNF-α/IL-1β licensing 

stimulates MSCs to: 1.) inhibit T cell proliferation mediated by NO; 2.) significantly inhibit 

macrophage differentiation; 3.) enhance MSCs ability to recruit immune cells to their 

vicinity through chemokine production; and 4.) enhance MSCs migration capacity. These 

enhanced attributes make MSCTNF-α/IL-1β an appealing licensing strategy for in vivo 

administration to a corneal allograft model. 
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Figure 3.30 Summary of in vitro findings 
TNF-α/IL-1β licensing significantly enhances MSCs expression of immunomodulatory molecules 
NO, IL-10, CD73 and PD-L1. In addition, MSC licensing also enhances the transcripts of numerous 
chemokines. This results in a potently immunomodulatory MSC capable of inhibiting T cell 
proliferation and the expression of MHC II by activated BMDMs. Furthermore, TNF-α/IL-1β 
licensed MSCs also have enhanced migratory potential through up regulation of ICAM-1, VCAM-
1, CD44, CD73 and CD47 on the surface, and this translated to a functional capacity to migrate 
in transwell assays. 

 



Chapter Four 

 

            - 127- 
 

 

 

 

 

 

 

Chapter Four: 

Investigating the ability of licensed syngeneic 

MSCs to prolong corneal allograft survival 
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4.1  Introduction 

Full thickness cornea transplantation (penetrating keratoplasty) is the most common 

form of transplantation with about 100,000 procedures carried out each year worldwide 

[58]. Although keratoplasty is generally carried out without tissue matching or the use 

of immunosuppressant drugs, the survival rate in the first year is over 90% [18]. The five 

year prognosis, however, is much lower (  5̴0% survival) due to the increased risk of 

rejection in “high risk” patients [63, 64]. Systemic immunosuppressants have been used 

in the case of “high risk” patients with recent evidence suggesting they are effective at 

reducing episodes of corneal allograft rejection [226]. However, systemic 

immunosuppressants are associated with serious side effects such as nephrotoxicity, 

altered glucose metablolism, hypertension, hepatoxicity, hyperplasia and increased risk 

of malignancies [92, 226]. Therefore, the lifelong administration of systemic 

immunosuppressants for a non-life threatening disorder is not desirable. Consequently, 

alternative thereapeutic measures to alleviate immune mediated corneal allograft 

rejection must be explored. 

Immune-mediated corneal allograft rejection is caused by the presentation of 

alloantigen by professional APCs (through the direct or indirect pathways of alloantigen 

recognition) to allo-reactive T cells, resulting in delayed type hypersensitivity (DTH) and 

cytotoxic T lymphocyte responses (CTL) reactions [17]. The importance of professional 

APCs in graft rejection is evidenced by studies in which professional APCs are depleted 

by clodronate-containing liposomes, resulting in significantly reduced incidence of graft 

rejection [75, 76]. While allografts may still reject without professional APCs, it is clear 

that T cells are essential for graft rejection. T cell deficient SCID mice and nude mice 

demonstrate 100% graft survival [17]. If, however, T cells from “high risk” corneal 

allograft rejector mice are adoptively transferred to SCID mice, rejection occurs 100% of 

the time, demonstrating that T cells are essential for corneal allograft rejection to occur 

[17]. As discussed in Chapter 1, MSCs possess numerous mechanisms of immune 

regulation in their arsenal including inhibition of T cell proliferation, suppression of T cell 

derived pro-inflammatory cytokine secretion, expansion of regulatory T cells, inhibition 

of B cell proliferation and differentiation, alternative activation of macrophages to an 
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anti-inflammatory phenotype and inhibition of DC maturation [102, 112, 117, 130, 137, 

189]. MSCs, therefore, hold great potential as a therapy for the prevention of corneal 

allograft rejection, as they modulate the primary effector cells of allograft rejection, T 

cells and APCs.  

To date, a number of groups have demonstrated MSC therapy to be efficacious in 

prolonging corneal allograft survival. Jia and colleagues showed that allogeneic MSCs 

intravenously administered post transplantation were associated with an increase in 

CD4+CD25+Foxp3+ regulatory T cells in the draining lymph node and a prolongation of 

corneal allograft survival [135]. Omoto et al described syngeneic MSCs capable of 

prolonging graft survival by migrating to the ocular surface where they suppressed the 

maturation of DCs resulting in the inhibition of direct and indirect allosensitisation of 

alloreactive T cells [174]. Prockop and colleagues have demonstrated that human MSCs 

(hMSCs) can prolong allograft survival in mice by enriching a population of 

CD11b+B220+ regulatory macrophages in the lung, which remained in circulation for up 

to 7 days, suppressing the T cell response and prolonging allograft survival [115, 173]. 

Our lab has also previously demonstrated the efficacy of MSCs in prolonging corneal 

allograft survival. Treacy et al demonstrated that allogeneic MSCs administered pre-

transplantation (day -7 and day 0) prolonged allograft survival and this was associated 

with an increased proportion of Foxp3+ regulatory T cells in the spleen [134]. 

Interestingly, however, in this study syngeneic MSCs failed to prolong allograft survival 

and although the authors licensed the MSCs with IFN-γ it did not enhance their ability 

to prolong survival of the graft [134]. These observations laid the foundation for the 

current study. As discussed in Chapter 1, allogeneic MSCs are no longer deemed immune 

privileged and have been shown to elicit a donor specific humoral and cellular immune 

response. Therefore, an efficacious syngeneic therapy to prolong corneal allograft 

survival is desirable. 

To this end, Chapter 3 focused on optimizing the capacity of Lewis rat MSCs to modulate 

syngeneic T cells and APCs through pro-inflammatory cytokine licensing.  The primary 

aim of Chapter 4 was to determine whether the most potently immunosuppressive 

licensed syngeneic MSCs identified in Chapter 3 (MSCTNF-α/IL-1β) could prolong corneal 

allograft survival. To investigate the mechanism of action of syngeneic MSCs in 
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prolonging allograft survival, their localisation and distribution post administration must 

be understood. MSCs, when intravenously administered, are too large (>20μM 

diameter) to pass through the micro capilliaries of the lung and become trapped in 

what’s known as the pulmonary first pass effect [114]. Up to 95% of MSCs intravenously 

administered have been demonstrated to be trapped in the lung and do not migrate to 

injured tissue or organs [114]. It has been reported previously that MSCs can migrate 

from the lung to other tissues or organs and preferentially to sites of inflammation, 

including the corneal graft bed, following transplantation [174, 227-230]. However, 

more recent evidence suggests MSCs survival in vivo is short lived and few, if any, viable 

MSCs are detected outside the lung [113, 231]. Moreover, it is in the lung where Prockop 

and co-authors describe the MSCs enriching a population of regulatory innate immune 

cells which then migrate to sites of inflammation such as the draining lymph node or the 

spleen [115]. Therefore, to understand the mechanisms of MSC immune modulation, 

the immune cell populations of the lung post intravenous administration must be 

assessed. The size of the resident immune cell populations of the lung means, once 

modulated by the MSCs, they can pass through the microcapillaries and migrate through 

the blood vessels to other organs and sites of inflammation to exert their acquired 

immune regulatory effect. One of the first organs these intermediary populations would 

encounter is the spleen, a blood filtering organ with the capacity to trap or sequester 

immune cell populations from the blood [232]. Upon entering the spleen, the 

intermediary populations could modulate the immune cells of the spleen creating an 

anti-inflammatory environment [232]. Hence, the immune composition of the spleen 

following MSC administration should be assessed to understand MSCs mechanism of 

immune suppression. Finally, the draining lymph node, as discussed in the Chapter 1, is 

the crucial organ in mediating corneal allograft rejection as it is at this site that 

allosensitizaion of alloreactive T cells occurs. The draining lymph node’s importance is 

evidenced by the fact that its removal prior to corneal allograft transplantation resulting 

in 100% allograft survival in a normal risk mouse model of corneal transplantation [88]. 

Therefore, the effects of MSCTNF-α/IL-1β therapy on the draining lymph node (dLN) were 

also assessed to determine the mechanism of immune suppression associated with a 

prolongation of graft survival. 
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4.1.1 Hypothesis and Objectives 

4.1.2 Hypothesis 

I. TNF-α/IL-1β licensed syngeneic MSCs can prolong corneal allograft survival 

4.1.3 Objectives 

I. To investigate corneal allograft survival rates following MSCUTR and MSCTNF-α/IL-

1β therapy 

II. To investigate the mechanisms of immune modulation which mediate MSCs 

ability to prolong allograft survival 

III. To determine the role of MSCTNF-α/IL-1β produced NO in the prolongation of 

corneal allograft survival 
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4.2  Results 

This study included a total of 10 allograft transplant control, 8 MSCUTR treated and 10 

MSCTNF-α/IL-1β treated animals to assess the corneal allograft survival following MSC therapy 

(Section 4.2.1). The same animals also provided the opacity and neovascularisation data 

also presented in Section 4.2.1.  

For the analysis of immune cells populations (presented in Sections 4.2.2-4), the lungs, 

spleens and draining lymph nodes from 5 animals for the control group, 8 for the MSCUTR 

treated group and 9 for the MSCTNF-α/IL-1β treated group were analysed by flow cytometry at 

the day 9 timepoint. At the day 17-19 timepoint, 11 control animals, 13 MSCUTR treated 

animals and 8 MSCTNF-α/IL-1β were analysed for the spleen, a subset of these animals (5 

control animals, 7 MSCUTR treated animals and 6 MSCTNF-α/IL-1β treated animals) represent 

the lung and draining lymph node flow cytometry analysis at this timepoint. The increased 

number of animals used for the analysis of the spleen was due to its size and the number of 

cells recovered (~6x108). It was possible to recover enough cells for flow cytometry while 

also preserving sections of the spleen which could be used for future histological analysis 

and to store cell pellets for PCR. For the draining lymph node (~1x107 cells recovered) and 

the lung (~3x107 cells recovered), samples had to be either analysed for flow cytometry or 

stored for histological analysis. In some cases, the graphs do not represent the total number 

of animals analysed as some samples had to be excluded due to technical issues such as a 

high degree of cell death or lack of antibody staining. 

RT-PCR results at both timepoints represent the analysis of processed lung, spleen or 

draining lymph node tissue from 4 animals from each treatment group.  

Finally, for the analysis of the corneal allograft survival following therapy with NOS2 

knockdown MSCs (Section 4.2.5), 6 animals treated with TNF-α/IL-1β treated MSCscrbl-shRNA 

and 8 animals treated with TNF-α/IL-1β treated MSCNos2-shRNA were used.  

 



Chapter Five 

 

-  133 - 
 

4.2.1 Licensing further augments the capacity of post operatively 

administered syngeneic MSCs to prolong corneal allograft survival 

Previously in our lab it was demonstrated that syngeneic MSCs administered pre-

transplantation (day -7, day 0) failed to prolong allograft survival [134]. In this study, we 

investigated whether syngeneic MSC therapy could be enhanced to prolong graft survival. 

To enhance the ability of syngeneic MSC therapy to prolong allograft survival two strategies 

were adopted. Firstly, as demonstrated in Chapter 3, syngeneic MSCs immunosuppressive 

capacity was enhanced by licensing with TNF-α/IL-1β. Secondly, the timing of 

administration of syngeneic MSCs was altered to a post-transplantation regimen at post 

operative days (POD) 1 and 7. POD 1 was chosen because the innate immune response 

begins within hours of the surgery and MSCTNF-α/IL-1β had demonstrated a capacity to inhibit 

innate immune cell maturation (Chapter 3.4.6)[90, 233]. Hence, their presence at this early 

timepoint may inhibit the allosensitization of T cells by APCs. MSCTNF-α/IL-1β  also 

demonstrated a potent capacity to suppress the adaptive immune response(Chapter 3.4.4), 

therefore, POD 7 was chosen for the second administration as this is around the time when 

the T cell mediated adaptive immune response is beginning to ramp up[17, 90]. 

A well-established fully allogeneic MHC I and II mismatched pre-clinical model of corneal 

allo-transplantation was used to investigate whether timing and licensing strategies could 

be employed to enhance syngeneic MSC therapy to prolong graft survival [134, 234]. Dark 

Agouti corneal grafts were harvested and transplanted to Lewis rat recipients. 1x106 

untreated (MSCUTR) or 1x106 TNF-α/IL-1β licensed (MSCTNF-α/IL-1β) Lewis rat MSCs were 

intravenously administered on POD 1 and POD 7 post-transplantation (Figure 4.1). 

Syngeneic MSCUTR and syngeneic MSCTNF-α/IL-1β administration on POD 1 and POD 7 both 

significantly prolonged corneal allograft survival rate compared to allograft controls (50% 

survival, p≤0.05 and 70% survival, p≤0.001 respectively)(Figure 4.2). Although there was no 

significant difference in corneal allograft survival between animals treated with MSCUTR and 

those treated with MSCTNF-α/IL-1β, there was a trend toward increased in survival in the 

MSCTNF-α/IL-1β-treated group [70% survival compared to 50% in the MSCUTR-treated group 

(Figure 4.2)].  
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Figure 4.1 Schematic of pre-clinical model of corneal allograft transplantation 
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Figure 4.2 Syngeneic MSCUTR and MSCTNF-α/IL-1β administered post transplant prolong corneal 
allograft survival  

Lewis rats received a DA corneal allograft (allogeneic transplant) followed by MSCUTR or MSCTNF-α/IL-

1β administration on POD 1 (d+1) and POD 7 (d+7). Kaplan-Meier survival curve analysis of allogeneic 
transplant controls (black line) (n=10), corneal allograft + MSCUTR (blue line) (n=8) and corneal 
allograft + MSCTNF-α/IL-1β (orange line) (n=10).  (Log-rank (Mantel-Cox) test, *p=0.05, ***p=0.001, NS 
= not significant). 
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Corneal grafts were monitored for increases in opacity and neovascularisation between 

POD 3 and POD 30 (pre-determined end of observation). A corneal allograft is deemed to 

have rejected if it has one opacity score of 3 where the pupil margin is no longer visible or 

by 2 consecutive scores of 2.5 [134]. While graft opacity was evident in both MSCUTR and 

MSCTNF-α/IL-1β treated graft recipients in both groups, opacity was reduced compared to 

allogeneic transplant controls (Figure 4.3, A). Analysis of the maximum opacity score 

recorded of graft recipients showed a significant reduction in both MSCUTR and MSCTNF-α/IL-

1β treated groups compared to allogeneic transplant controls, indicating both treatments 

can suppress the cellular infiltration associated with corneal allograft rejection (Figure 4.3, 

B).  

Interestingly, there appeared to be a trend increase in neovascularisation in MSCTNF-α/IL-1β 

treated graft recipients compared to MSCUTR treated and allogeneic transplant controls 

(Figure 4.3, C). Although there is an increase in neovascularisation in the MSCTNF-α/IL-1β 

treated group, it does not affect their ability to prolong allograft survival.  

Representative images of corneal allografts demonstrate the difference in opacity observed 

between allogeneic transplant controls (Figure 4.4, A), MSCUTR treated graft recipients 

(Figure 4.4, B) and MSCTNF-α/IL-1β treated graft recipients (Figure 4.4, C). An opacity score of 

3 can be observed in Figure 4.4 A (allogeneic control group) at POD 18 where the pupil 

margin is no longer visible, indicating a rejected graft (Figure 4.4, A). Representative images 

taken at the same time-point of MSCUTR and MSCTNF-α/IL-1β treated groups indicate that the 

pupil margin was clearly visible, as were underlying iris vessels, indicating a score of 2 or 

below. 
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Figure 4.3 Corneal opacity but not neovascularisation was reduced significantly following MSCUTR 
and MSCTNF-α/IL-1β administration. 

(A) Opacity scores from POD 4-30 for controls (n=10), MSCUTR (n=8) and MSCTNF-α/IL-1β (n=10) treated 
graft recipients.  (B) The maximum opacity score reached for each recipient, graft rejectors are 
marked (One-way ANOVA, Tukey’s multiple comparison post test, mean±SEM, **p=0.01) (C) 
neovascularisation scores from POD 4-30 post transplantation of a controls (black line), MSCUTR (blue 
line) and MSCTNF-α/IL-1β (orange line). 
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Figure 4.4 Representative images of allogeneic corneal allograft in allogeneic transplant controls 
and MSCUTR and MSCTNF-α/IL-1β treated transplant recipients. 

Light microscopy images of corneal allografts from post operative day (POD) 10 to POD 30 in (A) 
allogeneic transplant controls, (B) MSCUTR treated transplant recipients and (C) MSCTNF-α/IL-1β treated 
transplant recipients. 

 

To summarise, these results show that syngeneic MSCs that previously failed to prolong 

allograft survival when administered prior to transplant have the ability to modulate 

allograft rejection if administered post-transplantation, thereby indicating the importance 

of timing of administration. Next, to investigate the mechanism of immune suppression of 

licensed MSCs, the immune cell populations of the lung, spleen and lymph node following 

MSC treatment were analysed. 
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4.2.2 A transient inflammatory event in the lung following MSCTNF-α/IL-1β 

administration results in a potently anti-inflammatory environment 

Following intravenous administration, the majority of MSCs become trapped in the lung 

with recent evidence suggesting their primary immune modulatory effect occurs at this site 

[112-115]. Therefore, it is likely that the mechanism of MSCs immune suppression involves 

modulation of immune cell populations at this site. To investigate the effects of MSC 

treatment, the lungs of control, MSCUTR and MSCTNF-α/IL-1β treated graft recipients were 

assessed.  

The lungs were harvested and processed at POD 9 (2 days after 2nd injection) and the 

average time of rejection (TOR) as described in Chapter 2. The proportions of activated APCs 

(CD45+CD11b/c+MHC II+), regulatory macrophages (CD45+CD11b+B220+), B cells 

(CD45+CD45RA+), activated T cells (CD45+CD4+CD25+) and regulatory T cells 

(CD45+CD4+CD25+Foxp3+) were assessed by flow cytometry using the gating strategy is 

outlined in Figure 4.5. The analysis revealed a significant increase in CD11b/c+MHC II+ APCs 

in the MSCUTR   (p≤0.05) and MSCTNF-α/IL-1β treated groups (p≤0.001), compared to allogeneic 

transplant controls (Figure 4.6, A). The MSCTNF-α/IL-1β group also demonstrated significantly 

increased proportions of CD11b/c+MHCII+ APCs, compared to the MSCUTR   treated group 

(p≤0.05)(Figure 4.6, A). As discussed in the introduction, Ko et al recently described a 

population of CD11b+B220+ monocytes/macrophages that were preconditioned in the lung 

and capable of migrating to the draining lymph node and prolonging graft survival [115]. In 

concurrence with that work, in this study both MSC treatment groups significantly enriched 

CD11b+B220+ monocytes/macrophages in the lung at POD 9 (p≤0.01)(Figure 4.6, B). Both 

MSC groups significantly reduced the proportions of CD45RA+ B cells in the lung at POD 9 

compared to allograft controls (p≤0.05) (Figure 4.6, C). In addition, administration of both 

MSCUTR (p≤0.05) and MSCTNF-α/IL-1β (p≤0.001) resulted in increased frequencies of activated 

CD3+CD4+CD25+ T cells, compared to allogeneic transplant controls (Figure 4.6, D). CD25 

(also known as IL-2 receptor α-chain) has previously been used to define regulatory T cells 

capable of maintaining self-tolerance, however, conventional T cells upon activation also 



Chapter Five 

 

-  140 - 
 

express CD25 [235]. To test whether MSCTNF-α/IL-1β were not only significantly increasing the 

proportions of activated T cells but enriching a population of regulatory T cells, the 

proportions of CD3+CD4+CD25+Foxp3+ cells were analysed. The results demonstrated that 

MSCUTR (p≤0.05) and MSCTNF-α/IL-1β (p≤0.01) significantly increased the proportion of 

CD3+CD4+CD25+Foxp3+ regulatory T cells in the lung at POD 9, compared to controls (Figure 

4.6, E).   
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Figure 4.5 Flow cytometry gating strategy for identification of immune cell populations of the 
lung. 

Lung tissues were processed as described in Materials and Methods. Lung cells were stained with 
CD4, CD3, CD25, Foxp3, CD45, CD11b, CD11b/c, and MHC II. Cell populations were identified as: (A) 
CD11b/c+MHC II+ cells of CD45+ cells –activated macrophages; (B)CD11b+B220+  cells of CD45+ cells—
regulatory macrophages; (C) CD45+CD45RA+ cells of live cells—B cells; (D) CD4+CD25+ cells of CD45+ 
cells—activated T cells and (E)CD25+Foxp3+ cells of CD4+CD3+ cells—Foxp3+ regulatory T cells. 
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Figure 4.6 MSCTNF-α/IL-1β significantly increase the proportions of monocyte/macrophages and 
regulatory T cells in the lung of corneal allograft recipients at POD 9. 

Percentages of  (A) APCs (controls n=5, MSCUTR n=7, MSCTNF-α/IL-1β n=4), (B) regulatory 
monocytes/macrophages (controls n=5, MSCUTR n=6, MSCTNF-α/IL-1β n=5), (C) B cells (controls n=5, 
MSCUTR n=6, MSCTNF-α/IL-1β n=4), (D) activated T cells (controls n=5, MSCUTR n=7, MSCTNF-α/IL-1β n=4) and 
Foxp3+ regulatory T cells (controls n=3, MSCUTR n=3, MSCTNF-α/IL-1β n=4) in the lung at POD 9 analysed 
by flow cytometry (One-way ANOVA, Tukey’s multiple comparison test, mean±SEM, *p≤0.05, 
**p≤0.01, ***p≤0.001).  
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RT-PCR analysis on the lung isolation at POD 9 of control, MSCUTR and MSCTNF-α/IL-1β graft 

recipients showed an increase in mRNA expression of inflammatory associated markers 

(Figure 4.7). The mRNA expression of inflammatory mediator Il-1β was significantly 

increased in both MSCUTR (p≤0.01) and MSCTNF-α/IL-1β (p≤0.05) graft recipients compared to 

allograft controls (Fi gure 4.7, A). Activated macrophage and MSC associated Nos2 mRNA 

expression was also significantly increased in both MSC treated groups (p≤0.05) and Il-6 

mRNA expression was also significantly increased in both MSCUTR (p≤0.01) and MSCTNF-α/IL-1β 

(p≤0.05) graft recipients, compared to allograft controls (Figure 4.7 C, D). Tnf-α mRNA 

expression was also detected in the lung but there was no significant increase in expression 

in the MSC treated groups, although there appeared to be a trend increase in the MSCUTR 

group (Figure 4.7, A). Ifn-γ mRNA expression was tested for in the lung at POD 9 but was 

not detected.  

 

 

 

 

 

 

 

 

Figure 4.7 MSCUTR and MSCTNF-α/IL-1β increase the expression of pro-inflammatory modulators in 
the lung at POD 9. 

RT-PCR analysis of the mRNA expression within the lung at POD 9 (normalised to Gapdh, fold change 
relative to allogeneic transplant controls) of (A) Tnf-α, (B) Il-1β, (C) iNos and (D) Il-6,(One-way 
ANOVA, Tukey’s multiple comparison post test, n=4 per group, mean±SEM, *p≤0.05, **p≤0.01, 
***p≤0.001).  
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Analysis of the immune cell populations present in the lung at POD 17-19 demonstrates that 

MSC treatment results in an immune suppressed environment at the average time of 

rejection (TOR). At the TOR, a trend decrease in activated APCs (CD45+CD11b/c+MHCII+) was 

observed in both the MSCUTR and MSCTNF-α/IL-1β treated groups, compared to controls (Figure 

4.8, A). The significant reduction in B cells observed at POD 9 was no longer present and 

there was no difference in B cell proportions (CD45RA+) in the lung at the TOR between 

controls and MSC treated groups (Figure 4.8, B). The proportion of activated T cells 

(CD3+CD4+CD25+) was significantly increased in the MSCTNF-α/IL-1β treated group compared 

to both controls and MSCUTR (p≤0.01)(Figure 4.8, C)  while there was no difference in CD25+ 

expression in CD3+CD4+ T cell population  in the MSCUTR treated group compared to controls 

(Figure 4.8, C). Interestingly, a similar trend was observed in the CD25+Foxp3+ proportion of 

CD3+CD4+ T cell population with  a significant increase in the population of 

CD4+CD25+Foxp3+ regulatory T cells in the MSCTNF-α/IL-1β group (p≤0.001) but not in the 

MSCUTR group, compared to controls, signifying the more potent immune regulatory 

properties of the licensed MSCs capable of enriching a population of regulatory T cells which 

remain in the lung for at least 12 days following MSC administration (Figure 4.8, D).  
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Figure 4.8 MSCTNF-α/IL-1β therapy enrich the proportion of Foxp3+ regulatory T cells which remain 
present in the lung at POD 17-19. 

Percentages of  (A) APCs (controls n=5, MSCUTR n=3, MSCTNF-α/IL-1β n=3), (B) B cells (controls n=5, 
MSCUTR n=3, MSCTNF-α/IL-1β n=3), (C) activated T cells (controls n=5, MSCUTR n=3, MSCTNF-α/IL-1β n=3) and 
(D) Foxp3+ regulatory T cells (controls n=5, MSCUTR n=3, MSCTNF-α/IL-1β n=3) in the lung at POD 17-19, 
analysed by flow cytometry (One-way ANOVA, Tukey’s multiple comparison test, mean±SEM, 
*p≤0.05, ***p≤0.001).  
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The RT-PCR data also demonstrate the existence of an anti-inflammatory environment in 

the lungs of MSC treated groups at the TOR. Most strikingly, Tnf-α mRNA expression was 

significantly decreased in MSCUTR treated graft recipients compared to controls (p≤0.001) 

and its expression was further reduced in MSCTNF-α/IL-1β treated graft recipients compared to 

controls (p≤0.001) and to MSCUTR (p≤0.01) (Figure 4.9, A). Il-1β mRNA expression was 

significantly increased in the lungs of both MSC groups at POD 9, however, at the average 

TOR there is no difference in the MSCUTR group compared to controls, while there is a 

significant decrease in expression in the MSCTNF-α/IL-1β treated group compared to controls 

(p≤0.001) (Figure 4.9, B). Similarly, iNOS expression was increased in both MSC groups at 

POD 9 but, at the average TOR, there was no significant increase or decreasein iNOS 

expression in both MSC groups (Figure 4.9, C). Interestingly, IL-6, which has both pro and 

anti-inflammatory functions depending on the context, continued to have significantly 

increased mRNA expression in both the MSCUTR (p≤0.05) and MSCTNF-α/IL-1β treated groups 

(p≤0.01) (Figure 4.9, D).  

 

   

 

 

 

 

 

Figure 4.9 RT-PCR results at the average TOR in the lung demonstrate MSCTNF-α/IL-1β suppress the 
pro-inflammatory response observed in allograft control group. 

RT-PCR analysis of the mRNA expression within the lung at POD 17-19 (normalised to Gapdh, fold 
change relative to allogeneic transplant controls) of (A) Tnf-α, (B) Il-1β, (C) iNos, and (D) Il-6(One-
way ANOVA, Tukey’s multiple comparison post test, n=4 per group, mean±SEM, *p=0.05, **p=0.01, 
***p=0.001). 
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Taken together, these results demonstrate that MSCTNF-α/IL-1β administration leads to an 

increase in activated immune effector cells and regulatory cells in the lung directly after 

administration (POD 9), but this is resolved and an immune regulatory environment 

associated with an enriched population of Foxp3+ regulatory T cells is observed at the 

average TOR (POD 17-19) in MSCTNF-α/IL-1β graft recipients. 
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4.2.3 MSCUTR and MSCTNF-α/IL-1β treated graft recipients display an immune 

regulatory phenotype in the spleen 

A number of studies have described an MSC mediated increase in immune regulatory cells 

in the spleen which was associated with a prolongation of corneal allograft survival [134, 

135]. To investigate whether syngeneic MSCTNF-α/IL-1β mediated prolongation of graft survival 

was associated with modulation of immune cells in the periphery, the spleens of control, 

MSCUTR and MSCTNF-α/IL-1β treated recipients were assessed.  

The spleens of allograft controls, MSCUTR and MSCTNF-α/IL-1β graft recipients were harvested 

and processed (see Materials and Methods Section 2.7.2) both at POD 9 and POD 17-19. 

The proportions of activated APCs (CD45+CD11b/c+MHC II+), regulatory macrophages 

(CD45+CD11b+B220+), B cells (CD45+CD45RA+), activated T cells (CD45+CD4+CD25+) and 

regulatory T cells (CD45+CD4+CD25+Foxp3+) were assessed by flow cytometry and the gating 

strategy is outlined in Figure 4.10. At POD 9, MSCTNF-α/IL-1β treatment more potently 

modulated the immune cell populations of the spleen than MSCUTR treatment. MSCTNF-α/IL-1β 

treatment significantly increased the proportions of CD11b/c+MHCII+ APCs (p≤0.01), 

CD11b+B220+ regulatory APCs (p≤0.01), and crucially, CD4+CD25+Foxp3+ regulatory T cells 

(p≤0.01), compared to allograft controls (Figure 4.11 A, B, E). The MSCUTR treated group only 

significantly increased the proportions of CD45+CD11b+B220+ regulatory APCs 

(p≤0.05)(Figure 4.11, B) and although there was a trend increase, they did not significantly 

increase the proportions of activated APCs or Foxp3+ regulatory T cells (Figure 4.11, A,E). 

Interestingly, there was no significant increase of CD4+CD25+ T cells in the spleen at POD 9 

in either MSC treated group (Figure 4.11, D).  
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Figure 4.10 Flow cytometry gating strategy for identification of immune cell populations of the 
spleen and draining lymph node. 

Spleen and dLN tissues were processed as described in Materials and Methods. Spleen and lung cells 
were stained with CD4, CD3, CD25, Foxp3, CD45RA, CD45, CD11b, B220, CD11b/c, MHC II. Cell 
populations were identified as: (A) CD11b/c+MHC II+ cells of CD45+ cells –activated macrophages; 
(B)CD11b+B220+  cells of CD45+ cells—regulatory macrophages; (C) CD45+CD45RA+ cells of live 
cells—B cells; (D) CD4+CD25+ cells of CD45+ cells—activated T cells and (E)CD25+Foxp3+ cells of 
CD4+CD3+ cells—Foxp3+ regulatory T cells.  
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Figure 4.11 MSCTNF-α/IL-1β enrich the proportions of activated/regulatory macrophages, B cells and 
regulatory T cells in the spleen at POD 9 post transplantation. 

Percentages of  (A) APCs (controls n=5, MSCUTR n=6, MSCTNF-α/IL-1β n=5), (B) regulatory 
monocytes/macrophages (controls n=5, MSCUTR n=8, MSCTNF-α/IL-1β n=9), (C) B cells (controls n=5, 
MSCUTR n=6, MSCTNF-α/IL-1β n=6), (D) activated T cells (controls n=5, MSCUTR n=6, MSCTNF-α/IL-1β n=5) and 
Foxp3+ regulatory T cells (controls n=5, MSCUTR n=6, MSCTNF-α/IL-1β n=5) in the spleen at POD 9 analysed 
by flow cytometry (One-way ANOVA, Tukey’s multiple comparison test, mean±SEM, *p≤0.05, 
**p≤0.01, ***p≤0.001).  
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MSCTNF-α/IL-1β also significantly decreased the mRNA expression of pro-inflammatory 

associated markers Ifn-γ (p≤0.05), Tnf-α (p≤0.05), Nos2 (p≤0.01) and Il-6 (p≤0.01) compared 

to allogeneic controls and decreased Il-1β mRNA expression compared to MSCUTR treated 

graft recipients (p≤0.01) (Figure 4.12). Surprisingly, MSCUTR graft recipients had increased 

Tnf-α (p≤0.001) and Il-1β (p≤0.01) mRNA expression in the spleen at POD 9 and did not 

significantly reduce Ifn-γ, Nos2 or Il-6 expression compared to controls (Figure 4.12). 

 

 

 

 

 

 

 

 
 

Figure 4.12 Proinflammatory cytokine mRNA expression is suppressed in the spleen at POD 9 of 
MSCTNF-α/IL-1β treated graft recipients. 

RT-PCR analysis of the mRNA expression within the spleen at POD 9 (normalised to Gapdh, fold 
change relative to allogeneic transplant controls) of (A) Ifn-γ (B) Tnf-α, (C) Il-1β, (D) iNos, and (E) Il-
6 (One-way ANOVA, Tukey’s multiple comparison post test, n=4 per group, mean±SEM, *p≤0.05, 
**p≤0.01, ***p≤0.001). 
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At the TOR, the percentages of CD4+CD25+ activated T cells and CD45RA+ B cells were 

significantly increased in MSCTNF-α/IL-1β treated graft recipients (Figure 4.13, B, C). Similar to 

the results obtained in the lung, MSCTNF-α/IL-1β treated graft recipients had significantly 

increased CD4+CD25+Foxp3+ regulatory T cells in the spleen at TOR compared to both 

controls (p≤0.01) and MSCUTR (p≤0.01) (Figure 4.13, D). MSCUTR graft recipients 

demonstrated significant increases in CD11b/c+MHCII+ APCs (p≤0.001) and CD4+CD25+ 

activated T cells (p≤0.05)(Figure 4.13 A, C). This indicates that syngeneic MSCUTR can 

modulate splenic immune cell populations at the average TOR without a significant increase 

in the proportions of regulatory T cells while MSCTNF-α/IL-1β have a more potent capacity to 

induce a regulatory phenotype (Figure 4.11, D). 
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Figure 4.13 Analysis of immune cell populations in the spleen at TOR demonstrates MSCTNF-α/IL-1β 
therapy enriches the proportion of Foxp3+ regulatory T cells. 

Percentages of  (A) APCs (controls n=9, MSCUTR n=7, MSCTNF-α/IL-1β n=5), (B) B cells (controls n=2, 
MSCUTR n=7, MSCTNF-α/IL-1β n=5), (C) activated T cells (controls n=11, MSCUTR n=13, MSCTNF-α/IL-1β n=8) 
and (D) Foxp3+ regulatory T cells (controls n=8, MSCUTR n=12, MSCTNF-α/IL-1β n=8) in the spleen at POD 
17-19, analysed by flow cytometry (One-way ANOVA, Tukey’s multiple comparison test, mean±SEM, 
*p≤0.05,**p≤0.01, ***p≤0.001).  
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Figure 4.14 MSCTNF-α/IL-1β therapy suppresses the pro-inflammatory response in the spleen at the 
time of rejection (POD 17-19) in corneal allograft recipients. 

RT-PCR analysis of the mRNA expression within the spleen at the average TOR (normalised to Gapdh, 
fold change relative to allogeneic transplant controls) of (A) Ifn-γ (B) Tnf-α, (C) Il-1β, (D) iNos and (E) 
Il-6 (One-way ANOVA, Tukey’s multiple comparison post test, n=4 per group, mean±SEM, *p=0.05, 
**p=0.01, ***p=0.001). 

 
 

The RT-PCR results demonstrate that both MSCUTR and MSCTNF-α/IL-1β significantly inhibit the 

expression of Ifn-γ (p≤0.001, p≤0.001), Tnf-α (p≤0.01, p≤0.05), Il-1β (p≤0.001, p≤0.001) and 

Nos2 (p≤0.01, p≤0.001) in the spleen at the TOR (Figure 4.14 A-D). It was also observed that 

IL-6 expression was significantly increased in the MSCUTR group only and not in the MSCTNF-

α/IL-1β treated group (Figure 4.14, E). 

In summary, the results demonstrated that syngeneic MSCTNF-α/IL-1β could potently suppress 

the inflammatory response in the spleens of corneal allograft recipients, an effect that was 

most likely mediated by the presence of an increased proportion of regulatory macrophages 

at POD 9 and an increased proportion of Foxp3+  Tregs at POD 9 and at the average TOR.  
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4.2.4 MSCUTR and MSCTNF-α/IL-1β therapies result in higher proportions of 

regulatory T cells in draining lymph nodes at the average time of 

rejection 

The draining lymph node (dLN) is the critical organ in determining corneal allograft rejection 

or acceptance. As described in the introduction, corneal alloantigen is presented to T cells 

primarily in the dLN [17]. The importance of the dLN is evidenced by the observations that 

its removal results in 100% corneal allograft survival [88]. Therefore, the dLNs of control, 

MSCUTR and MSCTNF-α/IL-1β were analysed to determine whether MSCTNF-α/IL-1β mediated 

prolongation of survival was associated with modulation of the immune environment in the 

dLN.   

The dLNs of graft recipients from the three groups were harvested and processed at POD 9 

and at the average TOR (see Materials and Methods 2.7.2.4). Lymphocytes were analysed 

by flow cytometry and RT-PCR. The proportions of activated APCs (CD11b/c+MHCII+), 

regulatory macrophages (CD45+CD11b+B220+), B cells (CD45RA+), activated T cells 

(CD4+CD25+) and regulatory T cells (CD4+CD25+Foxp3+) were assessed by flow cytometry 

and the gating strategy is outlined in Figure 4.10. Analysis at POD 9 post-transplantation 

revealed no change in the proportions of activated APCs, B220+ regulatory APCs, activated 

T cells or B cells in MSCTNF-α/IL-1β treated graft recipients, compared to controls (Figure 4.15). 

MSCUTR treated animals only displayed a significant increase in the proportions of activated 

T cells (Figure 4.15, C). Compared to allogeneic transplant controls, there was no increase 

in Foxp3+  Tregs in either MSCUTR or MSCTNF-α/IL-1β treated animals (Figure 4.15, E). 

The RT-PCR analysis showed no significant changes in Ifn-γ, Tnf-α, Nos2, or Il-6 in the dLN at 

POD 9 in either MSC treatment group compared to controls (Figure 4.16). There appeared 

to be trend increases in the inflammatory-associated mediators Ifn-γ, Il-1β and Nos2 in the 

MSCTNF-α/IL-1β treated group, however, the results were not statistically significant (Figure 

4.16 A-C).  
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Figure 4.15 Analysis of the immune cell populations of the draining lymph node at POD 9. 
Percentages of  (A) activated APCs (controls n=5, MSCUTR n=5, MSCTNF-α/IL-1β n=6), (B) regulatory 
monocytes/macrophages (controls n=5, MSCUTR n=8, MSCTNF-α/IL-1β n=8), (C) B cells (controls n=5, 
MSCUTR n=5, MSCTNF-α/IL-1β n=5), (D) activated T cells (controls n=5, MSCUTR n=5, MSCTNF-α/IL-1β n=6) and 
Foxp3+ regulatory T cells (controls n=5, MSCUTR n=6, MSCTNF-α/IL-1β n=5) in the draining lymph node at 
POD 9 analysed by flow cytometry (One-way ANOVA, Tukey’s multiple comparison test, mean±SEM, 
*p=0.05,***p=0.001).  
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Figure 4.16 Analysis of pro-inflammatory modulators by RT-PCR determined there were no 
signifcant changes in mRNA expression in the draining lymph node at POD 9. 

RT-PCR analysis of the mRNA expression within the draining lymph node at POD 9 (normalised to 
Gapdh, fold change relative to allogeneic transplant controls) of (A) Ifn-γ, (B)Tnf-α, (C) Il-1β, (D) iNos 
and (E) Il-6,  (One-way ANOVA, Tukey’s multiple comparison post test, n=4 per group, mean±SEM). 
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Analysis of the dLN at the TOR demonstrated a significant increase in percentages of 

activated T cells in both the MSCUTR (p≤0.001) and MSCTNF-α/IL-1β (p≤0.01) treated graft 

recipients (Figure 4.17, C). However, the most striking result in the dLN at the TOR was the 

significant increase in Foxp3+ regulatory T cells in the MSCUTR treated group (p≤0.05) and, 

most significantly, in the MSCTNF-α/IL-1β treated group (p≤0.01) compared to controls (Figure 

4.17, D). This suggests that MSCs enrich a population of regulatory T cells in the draining 

lymph node at the average time of graft rejection, potentially capable of inhibiting adaptive 

immune response associated with graft rejection.  

The mRNA expression levels of the pro-inflammatory cytokines Ifn-γ and Tnf-α were 

suppressed by both MSCUTR and MSCTNF-α/IL-1β therapy in the dLN at the TOR (Figure 4.18, A, 

B). There was little difference in mRNA expression levels of Il-1β, Il-6 and Nos2 in the dLNs 

of MSC treated graft recipients compared to controls at this time-point (Figure 4.18, C-E). 

Taken together, these data suggest that syngeneic MSCs administered post-transplantation 

have little effect on the immune cell populations of the draining lymph node at POD 9, most 

likely due to the immune response not yet significantly manifesting itself in the dLN at this 

time-point. However, by the TOR, both MSC treatments resulted in an enriched population 

of Foxp3+ regulatory T cells in the draining lymph node which can suppress the T cell-

mediated adaptive immune response associated with corneal allograft rejection. 
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Figure 4.17 Significantly increased proportions of CD25+Foxp3+ regulatory T cells are observed 
in the draining lymph node of MSCTNF-α/IL-1β at the average time of rejection. 

Percentages of  (A) activated APCs (controls n=2, MSCUTR n=7, MSCTNF-α/IL-1β n=5), (B) B cells (controls 
n=2, MSCUTR n=7, MSCTNF-α/IL-1β n=5), (C) activated T cells (controls n=7, MSCUTR n=7, MSCTNF-α/IL-1β n=5) 
and (D) Foxp3+ regulatory T cells (controls n=5, MSCUTR n=7, MSCTNF-α/IL-1β n=5) in the draining lymph 
node at POD 17-19, analysed by flow cytometry (One-way ANOVA, Tukey’s multiple comparison 
test, mean±SEM, *p≤0.05,**p≤0.01, ***p≤0.001).  
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Figure 4.18 Pro-inflammatory cytokines IFN-γ and TNF-α are significantly inhibited in the 
draining lymph node of MSCUTR and MSCTNF-α/IL-1β treated graft recipients at the average TOR. 

RT-PCR analysis of the mRNA expression within the draining lymph node at the TOR (normalised to 
Gapdh, fold change relative to allogeneic transplant controls) of (A) Ifn-γ, (B) Tnf-α, (C) Il-1β, (D) 
iNos, and (E) Il-6, (One-way ANOVA, Tukey’s multiple comparison post test, n=4 per group, 
mean±SEM,***p=0.001). 
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4.2.5 shRNA inhibition of Nos2 abrogates MSCs capacity to prolong corneal 

allograft survival 

Based on the results in Chapter 3 demonstrating that the in vitro immunosuppressive 

properties of MSCTNF-α/IL-1β were primarily mediated by nitric oxide (NO) production, the role 

of NO in the ability of MSCTNF-α/IL-1β to prolong corneal allograft survival was investigated.  

As described in Chapter 3, NO production was knocked down by transducing Lewis rat MSCs 

with a Nos2 shRNA lentiviral construct (MSCNos2-shRNA) and a scrambled shRNA lentiviral 

construct as a control (MSCscrbl-shRNA). MSCNos2-shRNA and MSCscrbl-shRNA were licensed with TNF-

α/IL-1β for 72 hours prior to administration. On POD 1 and POD 7 post-transplantation, 

MSCNos2-shRNA (n=8) or MSCscrbl-shRNA (n=6) (1x106 MSCs in 1ml of PBS) were intravenously 

administered to Lewis rats receiving a DA rat corneal allograft. The results demonstrated 

that MSCNos2-shRNA failed to significantly prolong allograft survival while MSCscrbl-shRNA 

significantly prolonged allograft survival (p≤0.01), compared to allograft controls (Figure 

4.19). These results show that NO produced by licensed MSCs is critical to their ability to 

prolong corneal allograft survival.  
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Figure 4.19 Inhibition of iNOS in MSCs abrogates the MSCs capacity to prolong corneal allograft 
survival. 
Kaplan Meier survival curve of allogeneic transplant controls, NOS2 shRNA transduced TNF-α/IL-1β 
licensed MSC treated graft recipients (n=8) and scramble control shRNA transduced TNF-α/IL-1β 
licensed MSC treated graft recipients (n=6).(log-rank (Mantel-Cox) test comparing MSCNOS2-shRNA or 
MSCscrbl-shRNA to allograft controls, **p≤0.01). 
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In this study we demonstrated that the ability of syngeneic MSCs to prolong corneal 

allograft survival can be further enhanced by licensing the MSCs with the pro-inflammatory 

cytokines TNF-α and IL-1β in combination. MSCTNF-α/IL-1β therapy enriched a population of 

regulatory macrophages and Foxp3+ Tregs in the lung which were also present in the spleen 

at POD 9, creating an immunosuppressive environment in both organs. At the average TOR, 

the Foxp3+ Tregs induced in the lung remained in circulation, present in the lung, the spleen 

and crucially in the draining lymph node where they could suppress the expansion of 

alloreactive T cells resulting in a prolongation of corneal allograft survival. Furthermore, 

these results demonstrate a critical role for NO in mediating MSCs ability to promote 

corneal allograft survival.  

  



Chapter Five 

 

-  164 - 
 

4.3  Discussion 

The results generated in this part of the study demonstrate that syngeneic MSCUTR and 

MSCTNF-α/IL-1β administered post transplantation can prolong allograft survival. MSCTNF-α/IL-1β 

demonstrate a more potent immunomodulation of immune cells and pro-inflammtory 

cytokines in the lung, spleen and draining lymph node compared to MSCUTR. 

In previous studies in the same pre-clinical model of corneal allograft transplantation, 

syngeneic MSCs failed to prolong corneal allograft survival when the MSCs were 

administered pre-transplantation (day-7, day 0)[134]. Here, by altering the timing of 

administration to post-transplantation (day 1, day 7), syngeneic MSCs were capable of 

increasing the survival rate from 0% to 50%. This was an important result demonstrating 

the importance of timing of MSC administration and will be discussed in detail in Chapter 

5.1. In the previous study by Treacy et al, allogeneic MSCs (either donor derived or 3rd party 

derived) were capable of prolonging graft survival when administered on day -7 and day 0 

[134]. This result demonstrates that syngeneic and allogeneic MSC treatments require 

different timing strategies and should be considered as distinct cellular therapies. 

Moreover, TNF-α/IL-1β licensing of syngeneic MSCs further increased their capacity to 

prolong graft survival to 70% - although the difference between this and the 50% survival 

rate observed in the MSCUTR-treated group did not reach statistical significance. 

Nonetheless, this trend, combined with the significant greater immunomodulatory effects 

of MSCTNF-α/IL-1β in the lung and spleen,may indicate that pro-inflammatory cytokine 

licensing offers a potential strategy to enhance the immunomodulatory capacity of 

syngeneic MSC therapy.  

It is noteworthy that a trend increase in vascularisation was observed in MSCTNF-α/IL-1β 

treated animals. Licensing of MSCs has previously been reported to increase the secretion 

of angiogenic factors and promote angiogenesis [236, 237]. An increase in corneal 

neovascularisation is associated with an increased risk of allograft rejection [238, 239]. In 

this study it appears that the risk factor posed by neovascularisation is overridden by the 

potent immunosuppressive capacity of MSCTNF-α/IL-1β, however, if licensing strategies are to 
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be used in a clinical setting the use of anti-angiogenic factors may also need to be 

considered.  

To understand the mechanism of immune modulation of syngeneic MSCUTR and MSCTNF-α/IL-

1β, the immune cell populations of key organs such as the lung, spleen and draining lymph 

node were assessed. The organs’ immune composition was assessed at two time-points. As 

recent evidence suggests that MSCs are short lived in vivo, the first time point selected for 

analysis was day 9, two days after the second MSC administration, to identify the immediate 

effects MSCs have on the immune cells of these key organs [113]. The second time-point 

selected was the average time-point of rejection (day 17-19) in order to determine the 

lasting effects MSCs had on the immune system either directly or through an intermediary 

immune cell population.  

Intravenous administration of MSCUTR and MSCTNF-α/IL-1β results in an initial inflammatory 

environment in the lung with increases in activated macrophages and activated T cells, as 

well as increases in pro-inflammatory cytokines and inflammatory-associated molecules. 

The creation of an inflammatory environment may be caused by the mechanical blockade 

of the capillaries as a result of the large bolus of cells administered. It may also be due to 

the recruitment of inflammatory immune cells via the secretion of chemokines by the MSCs 

or could also be due to the release of soluble mediators activating resident lung immune 

cells. This will be discussed further in Chapter 5. The detected inflammatory milieu following 

MSCUTR or MSCTNF-α/IL-1β administration is transient, as by the average TOR there are no 

significant increases in activated T cells or macrophages in the MSCUTR treated graft 

recipients, however MSCTNF-α/IL-1β treated graft recipients demonstrate a significant increase 

in activated T cells and similarilya significant increase in Foxp3+ Tregs. Contrary to the in 

vitro data, which demonstrated that MSCTNF-α/IL-1β reduced the proportions of Foxp3+ Tregs 

in co-culture assays, in vivo MSCTNF-α/IL-1β enriched the Treg proportions in the lung at both 

day 9 and at the average TOR. This suggests that MSCTNF-α/IL-1β may not directly increase Treg 

proportions but may modulate an intermediary immune cell population in the lung which 

then enriches Foxp3+ Treg. Evidence from the literature supports the idea that intermediary 
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immune cell populations are necessary for MSC-mediated generation of Foxp3+ Tregs. 

Melief et al demonstrated in vitro that MSCs enriched the proportions of human Foxp3+ 

Tregs in PBMC cultures by inducing an anti-inflammatory phenotype in monocytes and that, 

when monocytes were depleted, the MSCs failed to induce Foxp3+ Tregs [240]. Futhermore, 

in vivo MSCs are reported to induce a tolerogenic or M2 phenotype in APCs of the lung 

following i.v. administration [112, 115, 201, 202, 225]. This evidence suggests that the 

Foxp3+ Tregs observed in the lung of MSCTNF-α/IL-1β treated graft recipients may be the result 

of MSCTNF-α/IL-1β mediated modulation of an intermediary APC. Evidence of such an 

intermediary APC is demonstrated at day 9 in the lung with the increased proportions of 

CD11b+B220+ regulatory macrophages in both MSCUTR and MSCTNF-α/IL-1β.Ko et al recently 

described a population of CD11b+B220+ regulatory macrophages enriched by hMSCs in the 

lung, which remain in circulation for up to 7 days and are capable of suppressing the T cell 

response and prolong graft survival [115]. In concurrence with this work, administration of 

both MSCUTR and MSCTNF-α/IL-1β enrich the proportion of CD11b+B220+ regulatory 

macrophages in the lung at day 9, potentially contributing to the immunosuppressive 

environment observed in the lung at the average TOR. Both MSCUTR and MSCTNF-α/IL-1β also 

significantly enriched Foxp3+ regulatory T cells in the lung at day 9. Foxp3+ Tregs play a 

crucial role in modulating the immune system and are capable of promoting tolerance 

following transplantation [241, 242]. Interestingly, a significantly increased proportion of 

Foxp3+ Tregs persist in the lung at the average TOR following MSCTNF-α/IL-1β therapy but not 

MSCUTR, demonstrating an enhanced immune modulatory capacity of licensed MSCs to 

enrich Foxp3+ Tregs in the lung.  This result demonstrates that licensing of MSCs could be a 

beneficial strategy not just in transplantation but also in disorders of the lung. For example, 

acute lung injury can be attenuated by MSC-mediated expansion of Foxp3+ Tregs If the MSCs 

were licensed prior to administration, it could potentially further enhance the efficacy of 

the therapy [243]. The MSC-mediated enrichment of CD11b+B220+ regulatory 

macrophages and Foxp3+ Tregs in the lung and their role in corneal allograft survival will be 

discussed further in Chapter 5.   
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As recent evidence has suggested that because of their size, the majority of MSCs do not 

migrate past the lung, coupled with the fact that their in vivo viability is short lived, it seems 

plausible that intermediary immune effector populations modulated by MSCs migrate to 

other organs and sites of inflammation and exert immunosuppressive effects acquired from 

interaction with the MSC [113, 114]. Therefore, it is interesting to note that the proportions 

of immune cell populations enriched in the lungs of MSCTNF-α/IL-1β treated graft recipients at 

day 9 are also increased in the spleen at day 9. CD11b/c+MHCII+ activated macrophages, 

CD11b+B220+ regulatory macrophages and Foxp3+ Tregs are all proportionally increased at 

day 9 in the spleens of MSCTNF-α/IL-1β treated graft recipients. As these immune effector cell 

populations are smaller than culture expanded MSCs they can, once expanded by MSCs, 

migrate unimpeded through the capillaries of the lung and migrate through the vascular 

system to the spleen. The spleen is a blood filtering organ and it can sequester immune 

effector cells such as Foxp3+ regulatory T cells and CD11b+B220+ regulatory macrophages, 

which then create an immunosuppressive environment as demonstrated by the decrease 

in IFN-γ, iNOS, IL-1β and TNF-α expression in the spleen at day 9. Similar to the lung at the 

average TOR, there remains a significantly increased proportion of Foxp3+ Tregs in the 

spleens of MSCTNF-α/IL-1β treated animals. This result is consistent with previous work in our 

lab and by others who have previously described increases in splenic Foxp3+ regulatory T 

cells in MSC treated animals, which was associated with prolongation of graft survival [134, 

135]. Analysis of the pro-inflammatory cytokines and inflammatory modulators at the 

average TOR in the spleen demonstrates MSCUTR create an immunosuppressive 

environment by suppressing the expression of pro-inflammatory cytokines IFN-γ, TNF-α, IL-

1β and iNOS and this effect is enhanced further MSCTNF-α/IL-1β treatment. These results 

demonstrate a potent capacity of licensed MSCs to modulate the environment of the spleen 

following intravenous administration. The mRNA expression of anti-inflammatory 

molecules PD-L1 and IL-10 was also tested for in the lung, spleen and dLN at both day 9 and 

day 17-19. However, the CT values recorded were below below the detectability threshold 

of 40. This would indicate lower levels of mRNA expression of these molecules compared 

to the pro-inflammatory cytokines. Repeating the RT-PCR analysis of anti-inflammatory 
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molecules using an increased starting concentration of cDNA may provide more accurate 

results for quantifying the expression of anti-inflammatory markers. 

The critical step in immune-mediated  corneal allograft rejection, the presentation of 

alloantigen from donor or host APCs to allo-reactive T cells, can occur in the cornea, in the 

surrounding area of the eye and conjunctiva or in the draining lymph node [90]. Crucially, 

removal of the draining lymph node inhibits graft rejection in both low risk and high risk 

models, demonstrating its importance in the initial antigen presentation phase and 

subsequent expansion of alloreactive T cells [88, 89]. This process of presentation to and 

expansion of allo-reactive T cells can take up to seven days to begin, therefore, the draining 

lymph node at day 9 may not be a sufficiently inflamed environment capable of recruiting 

MSCs or (more likely) secondary immune effector cells [244]. This then would explain why 

there is no observed increase in CD11b+B220+ regulatory macrophages or Foxp3+ 

regulatory T cells in the draining lymph nodes at day 9 of MSC treated graft recipients. 

Furthermore, at this time-point there are no significant changes in inflammatory cytokines 

such as IFN-γ, TNF-α, IL-1β and iNOS, again signifying the lack of inflammation in the 

draining lymph node at day 9. At the average TOR, increased proportions of Foxp3+ 

regulatory T cells are observed in the draining lymph nodes of both MSCUTR and MSCTNF-α/IL-

1β treated graft recipients and may be capable of suppressing the alloreactive T cell 

expansion phase evidence by the decreased mRNA expression of adaptive immunity-

associated cytokines IFN-γ and TNF-α.  

In summary, these results demonstrate that upon intravenous administration MSCs (and 

more potently MSCTNF-α/IL-1β) generate an inflammatory environment in the lung and 

promote the generation of regulatory macrophages and Foxp3+ Tregs capable of creating 

an immunosuppressive environment. The MSC expanded Foxp3+ Tregs are observed in the 

draining lymph node at the average TOR and this is associated with an immunosuppressive 

environment, suggesting the MSCs can expand a population of Tregs in the lung which 

remain in circulation up to day 17-19 and are capable of suppressing immune-mediated 

allograft rejection.  
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In Chapter 3 it was demonstrated that MSCTNF-α/IL-1β had the ability to suppress T cell 

proliferation, an effect that was primarily mediated by production of NO. To elucidate 

whether the substantial NO production of MSCTNF-α/IL-1β contributed to their ability to 

prolong graft survival, iNOS and hence NO production was knocked down by NOS2 shRNA. 

The results demonstrate that knockdown of iNOS expression inhibits the ability of MSCTNF-

α/IL-1β to prolong corneal allograft survival. The role of iNOS in MSCTNF-α/IL-1β mediated 

prolongation of graft survival could be as a result of a number of mechanisms. For example, 

as demonstrated in Chapter 3, NO mediates the capacity of MSCTNF-α/IL-1β to inhibit T cell 

proliferation, is also necessary for MSC mediated modulation of macrophages to an IL-10 

producing M2 phenotype and has been reported to be involved in the differentiation of T 

cells to a CD25+ expressing regulatory phenotype. The role it plays in mediating licensed 

MSCs to prolong corneal allograft survival will be discussed in Chapter 5 [112, 245]. 
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 MSCUTR MSCTNF-α/IL-1β 

Organ Up-regulated Down-regulated Up-Regulated  Down-regulated 

Lung ↑APCs 

↑B220+ Mᶲ 
↑CD25+ T cells 
↑Foxp3+ Tregs 
↑IL-1β 
↑iNOS 
↑IL-6 

↓B Cells ↑APCs 

↑B220+ Mᶲ 
↑CD25+ T cells 
↑Foxp3+ Tregs 
↑IL-1β 
↑iNOS 
↑IL-6 

↓B Cells 

Spleen ↑B220+ Mᶲ 
↑B Cells 

↑TNF-α 

 

N/A ↑APCs 

↑B220+ Mᶲ 
↑B Cells 

↑Foxp3+ Tregs  

 

 

↓IFN-γ 
↓iNOS 
↓TNF-α  

Draining 
lymph node 

↑CD25+ T cells N/A 
N/A N/A 

 

Table 4.1. Summary of immune cells and pro-inflammatory cytokines at the POD 9 in the organs 
of MSCUTR and MSCTNF-α/IL-1β treated graft recipients compared to allograft controls 

 

 MSCUTR MSCTNF-α/IL-1β 

Organ Up-regulated Down-regulated Up-Regulated  Down-regulated 

Lung ↑IL-6 
 

↓TNF-α 
 

↑Foxp3+ Tregs 
↑IL-6 
↑CD25+ T cells 
 

↓TNF-α 
↓IL-1β 

Spleen ↑APCs 
↑CD25+ T cells 
 

↓IFN-γ 
↓IL-1β 
↓TNF-α 
↓iNOS 

↑B Cells 

↑Foxp3+ Tregs 
↑CD25+ T cells 
 

↓IFN-γ 
↓IL-1β 
↓TNF-α 
↓iNOS 

Draining 
lymph node 

↑CD25+ T cells 
↑Foxp3+ Tregs 
↑B cells 

↓IFN-γ 
↓TNF-α 

↑CD25+ T cells 
↑Foxp3+ Tregs 

↓IFN-γ 
↓TNF-α 

 

Table 4.2. Summary of immune cells and pro-inflammatory cytokines at the average TOR in the 
organs of MSCUTR and MSCTNF-α/IL-1β treated graft recipients compared to allograft controls 
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5.1 Discussion 

This study confirmed the original research hypothesis that licensing of syngeneic MSCs prior 

to administration in vivo will stimulate their immunomodulatory properties enabling them 

to promote corneal allograft survival in the rat. The optimized licensing strategy in this study 

was determined to be IL-1β in combination with TNF-α which not only potently enhanced 

the immunomodulatory capacity of syngeneic MSCs but also altered their phenotype and 

migratory potential. The results here demonstrate that licensed syngeneic MSCs 

immunomodulatory capacity is primarily mediated by NO while other immunomodulatory 

mechanisms are also implicated. In vivo licensed MSCs ability to prolong allograft survival is 

associated with increased proportions of Foxp3+ Tregs and B220+ regulatory macrophages 

in the lung and spleen post administration which is followed by an increased proportion of 

Foxp3+ Tregs in the draining lymph node at the timepoint of rejection. The results observed 

in this study will be discussed below in relation to published literature and what future 

experiments may further elucidate the mechanism of action in vivo. 

 

5.1.1 Pro-inflammatory cytokine licensing alters the morphology, 

immunogenic profile and differentiation capacity of rat MSCs 

Licensing MSCs with IFN-γ, TNF-α and IL-1β induced conformational changes as assessed by 

phase contrast microscopy and also by an increase in granularity as measured by flow 

cytometry. Morphological changes were most evident in MSCTNF-α/IL-1β where licensing 

induced the cells to become elongated in structure. Interestingly, a recent report described 

morphological changes in MSCs following IFN-γ treatment as predictive of their 

immunosuppressive potential [200]. Klinker et al reported that following IFN-γ treatment, 

hMSCs which displayed a low maximum feret diameter and low cell perimeter (narrow, 

elongated structure) were associated with a greater immunosuppressive capacity [200]. 

Thus indicating that as MSCs acquire a more immunosuppressive phenotype they become 

elongated and narrow in structure [200]. Therefore, the narrow spindle like morphology 
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observed in MSCTNF-α/IL-1β may be an indication of their acquisition of an immunosuppressive 

phenotype. Despite the increase in granularity, morphological changes and reduced cell 

number, licensing did not increase the rate of cell death or apoptosis in MSCTNF-α/IL-1β. 

MSCTNF-α/IL-1β expressed classical MSC cell surface markers CD29, CD90 and CD73 and were 

negative for leukocyte common antigen (CD45) and co stimulatory molecule CD86, 

however, MHC I and MHC II expression was increased upon TNF-α/IL-1β stimulation. MSC 

licensing has previously been reported to up-regulate MHC I and MHC II expression [65, 

246-248]. In a syngeneic model such as in this study, where immunogenicity is not a 

concern, up-regulation of MHC I and MHC II is unlikely to affect therapeutic efficacy of the 

licensed MSCs. However, in the context of allogeneic MSC therapy, it is important to 

consider that the licensing procedure could enhance the immunogenicity of allogeneic 

MSCs. In this regard, a number of studies have reported a heightened anti-donor immune 

response to licensed allogeneic MSCs. For example, Rafei et al reported that IFN-γ licensing 

abolished the therapeutic efficacy of allogeneic MSCs in an EAE model and increased CD4+ 

T cell infiltration [249]. Previous work in our lab reported a donor-specific antibody 

response in vivo to both untreated and IFN-γ licensed allogeneic MSCs with a heightened 

response in vitro to IFN-γ licensed allo-MSCs [159]. Furthermore, Cho and colleagues 

reported that IFN-γ licensed allogeneic MSCs elicited an increased IgG-mediated humoral 

response compared to untreated allogeneic MSCs [250]. This evidence of a heightened 

donor specific sensitization in response to licensed allogeneic MSCs highlights an important 

consideration with regard to MSC licensing. While no immunogenicity issues surround the 

licensing of syngeneic MSCs, there is evidence to suggest licensing increases allogeneic 

MSCs immunogenicity, hence syngeneic (or autologous) and allogeneic MSC therapies must 

be considered two separate therapies with different approaches to pre-treatment 

strategies.  

In terms of differentiation potential following licensing, we found that MSCTNF-α/IL-1β failed 

to differentiate to an osteogenic lineage. TNF-α and IL-1β stimulation has previously been 

reported to inhibit the osteogenic differentiation capacity of MSCs. Lacey et al reported 
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MSCs cultured in the presence of TNF-α or IL-1β were unable to differentiate to an 

osteogenic lineage due to the downregulation of the transcription factors runt related 

transcription factor 2 (Runx2) and osterix [183]. Chang et al described TNF-α and IL-17 

stimulating production of IκB kinase (IKK)-NFκB and this inhibited osteogenic 

differentiation, while Ding et al also described TNF-α/IL-1β stimulation inhibiting Runx2 

[181-183]. The inability of licensed MSCs to differentiate to an osteogenic lineage is not 

cause for concern in this study, since it is their immunosuppressive capacity that is the 

necessity to prohibit allograft specific immune responses. It is important to note though 

that MSCs efficacy in a regenerative capacity may be impeded if administered to an 

inflammatory environment. For example, the use of MSCs in the field of bone regeneration 

would mean they are often administered to an inflamed environment, potentially inhibiting 

their reparative function [251]. Approaches to inhibit MSC licensing may enhance their 

therapeutic efficacy in this field. Indeed, Chang et al demonstrated that inhibition of the 

downstream effects of TNF-α and IL-17 by targeting NF-κB signalling enhanced the bone 

regenerative capacity of MSCs in vivo [181]. 

In summary, the characterisation assays demonstrate that: i) the licensing strategy 

employed in this study is not toxic to the MSCs; ii) the cell surface characterisation 

demonstrated MSCs retained a classical MSC phenotype; iii) the syngeneic nature of the 

model meant increased MHC I and MHC II would not increase immunogenicity; and iv) as 

MSCs immunomodulatory ability (and not reparative function) was of critical importance in 

this study, the loss of osteogenic potential was not a concern. Therefore, it was deemed 

that the MSCs remained functional following licensing and were safe for in vivo 

administration. 
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5.1.2 Il-1β is the key pro-inflammatory cytokine in licensing Lewis rat MSCs 

immunomodulatory capacity 

A review of the literature shows that various combinations of IFN-γ, TNF-α and IL-1β have 

been employed to license MSCs effectively in a variety of models [127, 152, 153, 180, 252, 

253]. To determine which combination of cytokines licensed the most immunosuppressive 

MSCs in this study, their ability to suppress T cell proliferation was assayed. T cell 

suppression assays are the primary metric by which MSCs immunosuppressive capacity is 

evaluated [184]. In this study, the assay is particularly relevant as T cells are the primary 

mediators of corneal allograft rejection [17]. Hence, the capacity of licensed MSCs to inhibit 

T cell proliferation would be a good indicator of their ability to inhibit allograft rejection.  

The results demonstrated a profound ability of MSCIFN-γ/IL-1β and MSCTNF-α/IL-1β to inhibit total 

T cell proliferation, while the more sensitive analysis (greater than three T cell generations) 

demonstrated MSCIL-1β also significantly inhibited T cell proliferation. To date, much of the 

published literature describe a key role for IFN-γ in stimulation of MSCs immunosuppressive 

capacity, augmented in combination with TNF-α or IL-1β [153, 180, 184, 200, 254]. Here, 

IFN-γ licensing alone or in combination with TNF-α did not significantly enhance the 

immunosuppressive capacity of the MSCs. In this model, IL-1β was the key cytokine in 

licensing MSCs immunosuppressive capacity. At this point it remains unclear why - in 

contrast to much of the published literature - IFN-γ stimulation alone or in combination was 

less effective at producing NO and inhibiting T cell proliferation compared to IL-1β 

stimulation alone or in combination. The hypothesis that it may be species-specific variation 

was disproved as TNF-α/IL-1β stimulated BALB/c MSCs significantly inhibited BALB/c T-cell 

proliferation, while IFN-γ/TNF-α stimulated BALB/c MSCs also failed to inhibit T cell 

proliferation (Appendix A). Perhaps the difference in response to cytokine licensing is strain-

specific? It has been reported that adipose tissue-derived MSCs from BALB/c and C57BL/6 

mice have distinctly different immunosuppressive properties [255]. Hashemi et al reported 

that C57BL/6-derived macrophages increased NO production in response to LPS, however 

BALB/c-derived macrophages did not. Hence, there is evidence that not just the species but 

also the strain the cells are derived from determines their response to extracellular stimuli. 



Chapter Five 

 

-  176 - 
 

Therefore, the contradiction in licensing procedures in different studies such as this 

compared to Ren et al may be a strain- and species-specific difference [102]. This is an 

important issue to consider in the context of the clinic. Depending on the genetic 

background and immunological make-up of the MSC donor, the MSCs, whether “off the 

shelf” or autologous, may require different cytokine treatment regimens to stimulate the 

most effective/immunosuppressive MSCs.  

Although the pro-inflammatory cytokines required to license MSCs immunomodulatory 

properties differ between this study and others, the mechanism of immunosuppression 

remains the same [102]. That is, that licensed MSCs suppression of T cell proliferation was 

primarily mediated by NO [102, 128]. It is interesting that only the combination of TNF-α/IL-

1β licensed MSCs to produce NO in monolayer culture, however, in the presence of 

activated T cells all MSC groups produced detectable levels of NO. This demonstrates that 

the T cell generated inflammatory milieu provides an extra stimulus, sufficient for all MSCs 

to reach an activation threshold to produce NO. The importance of NO in mediating MSCs 

immunosuppressive properties was confirmed by the restoration of T cell proliferation with 

the addition of NO inhibitor SMT. Interestingly, although T cells proliferated in the presence 

of MSCTNF-α/IL-1β +SMT they displayed a drastically different phenotype to activated T cells 

alone. T cell proliferation in the presence of MSCTNF-α/IL-1β +SMT was comparable to 

stimulated T cells alone, however, IFN-γ and TNF-α secretion was significantly reduced, 

demonstrating, independently of NO, MSCs modulate the activation of naïve T cells. This 

finding replicates the work of Zinocker and Vaage who previously reported that rat MSCs 

inhibit T cell proliferation through NO but profoundly inhibit cytokine secretion in the 

presence or absence of NO [189]. Moreover, increased secretion of anti-inflammatory 

cytokines IL-10 and IL-13 was observed when T cells were co cultured with MSCTNF-α/IL-1β 

+SMT, thus indicating MSCTNF-α/IL-1β differentiate T cells to an anti-inflammatory or Th2 like 

phenotype when NO is not a limiting factor for T cell proliferation. 

In this study, it was also demonstrated that MSCTNF-α/IL-1β inhibit the differentiation of bone 

marrow derived immature macrophages (BMDMs) to fully activated MHC II high expressing 
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mature BMDMs in vitro. The role the innate immune system plays in mediating MSCs 

immunomodulatory effect is becoming more apparent and will be discussed in Discussion 

Section 5.1.5 [112, 115]. One of the limitations of this study was that the phenotype of the 

BMDMs following co-culture with MSCTNF-α/IL-1β was not extensively characterised. MSCs 

have been shown to induce an anti-inflammatory or M2 macrophage phenotype, therefore 

future co-culture experiments with licensed MSCs and macrophages should investigate the 

macrophage expression levels of the M2-associated markers IL-10, IDO, TGF-β, Arginase-1 

and CD206, and M1 associated markers TNF-α and IL-1β [112, 240].  

Taken together the immune suppression assay results demonstrate that Lewis rat MSCs 

capacity to modulate both adaptive and innate immune cell component is potently licensed 

by TNF-α/IL-1β in combination. While NO primarily mediates the ability of MSCTNF-α/IL-1β to 

inhibit T cell proliferation, other immunomodulatory mechanisms play a role in inducing an 

anti-inflammatory T cell phenotype. 

 

5.1.3 Licensing the Migratory Capacity of Rat MSCs 

The microarray data demonstrating differential expression of ECM-associated genes and 

focal adhesion-associated genes, combined with the cell surface expression of ICAM-1, 

VCAM-1, CD47, CD44 and CD73 indicated that TNF-α/IL-1β licensing may enhance the 

migratory capacity of MSCs. The greatly enhanced migratory capacity of MSCTNF-α/IL-1β over 

MSCUTR was confirmed by studying the migration of MSCTNF-α/IL-1β to an FBS-high gradient in 

transwell experiments. The enhanced migration capacity of MSCs following TNF-α or IL-1β 

licensing has previously been described and has been associated with increased migration 

to sites of inflammation in a DSS-colitis model [256, 257]. However, the migration and 

homing of MSCs following intravenous administration is still not fully understood. Although 

many papers have described detecting MSCs in numerous tissues and sites of inflammation 

following i.v. administration, it is not yet clear whether these cells are alive and functional, 
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or particles engulfed by APCs. This will be discussed in the context of the lung in Chapter 5 

Section 5.1.5. 

Ren et al who first reported that pro-inflammatory cytokine licensing of MSCs stimulated 

their NO production, also reported that licensing increased MSC chemokine secretion, 

further enhancing their immunomodulatory properties [102]. The microarray data 

generated in this study also demonstrates up-regulated transcript expression of numerous 

chemokines following TNF-α/IL-1β licensing. MSCTNF-α/IL-1β up-regulated chemokine 

transcripts associated with the recruitment of APCs, T cell subsets, NKT cells and B cells 

[194]. The enhanced chemotactic potential of MSCTNF-α/IL-1β could further enhance their 

immune modulatory capacity via the recruitment of immune cells to their vicinity, where 

they could potentially induce a regulatory phenotype. 

 

5.1.4 Timing and licensing strategies are critical to the efficacy of MSCs  

The basis for this current study was the observation by Treacy et al that allogeneic MSCs 

administered pre-surgery (day-7, day 0) prolonged allograft survival, however syngeneic 

MSCs failed to do so [134]. The rationale for administration at these time-points stemmed 

from work by Casiraghi et al who had demonstrated that syngeneic MSCs administered pre-

transplantation on day -7 and day -1 significantly prolonged allograft survival in a renal 

transplant model [136]. Treacy et al concluded in their work that syngeneic MSCs failed to 

prolong allograft survival because they were not targeted by the host immune system, 

hence they did not receive an activation stimulus and did not acquire an 

immunomodulatory capacity, contrary to allogeneic MSCs [134]. The activation stimulus or 

lack thereof, may also explain why syngeneic MSCs administered pre-surgery in a renal 

transplant model are efficacious and, in a cornea, transplant they are not. Kidney 

transplantation is an invasive procedure resulting in systemic inflammation immediately 

post-surgery, thereby potentially providing a stimulus to the syngeneic MSCs that were 

administered pre-surgery [258, 259]. Conversely, cornea transplantation is a less invasive 

procedure and rejection is primarily mediated by DTH responses, therefore, an 
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inflammatory response providing stimulus to the i.v. administered syngeneic MSCs may not 

manifest until 7-10 days post-transplantation [90]. In addition, Omoto et al demonstrated 

syngeneic MSCs could prolong allograft survival in a mouse model of corneal allograft 

transplantation when administered post-operatively [174]. Therefore, in this study, in 

addition to licensing syngeneic MSCs, the timing of administration was altered to a post-

operative strategy of POD 1 and POD 7. POD 1 was chosen as the first injection time-point 

because the innate immune response, specifically APC mediated presentation of 

alloantigen, begins within hours after transplantation and MSCTNF-α/IL-1β had demonstrated 

the potential to modulate APCs by potently inhibiting MHC II expression. As the adaptive 

immune response takes up to 7 days to be instigated, POD 7 was chosen as the second 

injection time-point so the MSCs could specifically target the T cell response. Interestingly, 

post-operative administration of syngeneic MSCUTR increased the corneal allograft survival 

rate to 50%. This was an important finding as it clearly demonstrated that timing of 

administration is crucial to the efficacy of the MSCs. As Treacy et al had demonstrated that 

allogeneic MSCs administered pre-operatively prolong corneal allograft survival, this result 

demonstrates a contrast in the mechanisms of allogeneic MSC and syngeneic MSC therapy. 

Furthermore, the increased MHC I and MHC II cell surface expression on licensed MSCs 

suggests that allogeneic and syngeneic MSC therapies should have specifically tailored 

licensing strategies and timing strategies and should be considered as distinct cellular 

therapies.  

Syngeneic MSCs licensed with TNF-α/IL-1β also prolonged corneal allograft survival and, 

although there was no significant increase in the survival rate following MSCTNF-α/IL-1β 

treatment compared to MSCUTR, a trend toward an increase in the rejection-free survival 

rate was observed. As discussed below, MSCTNF-α/IL-1β more potently modulated the immune 

cell proportions of the dLN, spleen and lung, most significantly the spleen and lung at POD 

9 compared to MSCUTR. The more potent immunomodulatory capacity of MSC TNF-α/IL-1β in 

central organs such as the spleen and lung may indicate that licensed MSC therapy could be 

a more effective therapy than untreated MSCs for systemic diseases including GvHD and 

other inflammatory diseases such as acute lung injury and sepsis.  
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Taken together, these results further confirm the importance of timing of MSC 

administration on their therapeutic efficacy demonstrating that syngeneic MSC therapy can 

prolong corneal allograft survival when administered post transplantation. 

 

5.1.5 The importance of the lung in i.v. administered MSC 

immunomodulation 

It is becoming increasingly clear that the lung plays a crucial role in mediating the 

immunomodulatory effects of i.v. administered MSCs. Although numerous papers have 

previously reported that MSCs disappear from the lung after 24 hours and migrate to the 

spleen and liver or selectively to sites of injury, the identification of the MSCs in tissue other 

than the lung have relied on techniques such as: PCR; bioluminescence; 

immunofluorescence detection of DNA; fluorescent labelling; or luciferase assays. However, 

these techniques do not distinguish between live, functional MSCs and phagocytosed 

particles of MSCs [174, 227, 228, 230, 260]. A recent paper addressing the issue of detection 

of viable MSCs following i.v. administration found viable MSCs in the lung up to 24 hours 

later, after which time they were not detected and although the radioactive label used to 

track the MSCs was identified in other tissues, no viable MSCs were recovered. This would 

suggest the radioactive label detected was not of entire, intact MSCs but particles most 

likely engulfed by APCs [113]. The fact that Eggenhofer et al did not detect viable MSCs in 

any other tissue does not rule out that some viable MSCs may have been present but were 

undetected, but it does signify that the majority of MSCs remain in the lung. Therefore, it is 

likely that they predominantly exert their immunomodulatory effects there. As a result, it 

seems likely that MSCs exert their immunomodulatory effects via the modulation of an 

intermediary immune cell. A role for regulatory T cells and APCs as intermediaries of MSCs 

immune modulation is becoming increasingly apparent [112, 115, 131, 132, 240]. MSCs are 

reported to induce regulatory macrophages in the lung through TSG-6- and PGE2-

dependent mechanisms [112, 115]. Recently it has been reported that i.v. administered 

MSCs transfer their immunomodulatory capacity to macrophages of the lung through their 
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phagocytosis [225]. Braza et al administered PKH26 labelled MSCs i.v. and found that the 

majority of PKH26+ cells in the lung, at days 1-10 also expressed specific macrophage 

markers [225]. They also demonstrated that the PKH26+ but not the PKH26- macrophages 

had an M2 like phenotype illustrating a phagocytosis dependent mechanism of MSC 

immune modulation in the lung [225]. Moreover, a mechanism of immune modulation 

dependent on the apoptosis of the MSCs and phagocytosis by APCs has recently been 

described. Liu et al  first reported that the majority of MSCs underwent apoptosis within 24 

hrs in vivo [261]. Leibacher and colleagues have recently reported that i.v. administered 

hMSCs rapidly increase AnnexinV, PI and calreticulin expression, demonstrating a loss of 

viability and an increase in apoptosis [202]. Similarily to Braza et al, the fluorescent MSC 

label detected in the lung also expressed phagocyte specific markers again illustrating the 

majority of MSCs are phagocytosed in the lung [262].  More recently, Galleu et al have 

reported that MSCs immune modulation was dependent upon apoptosis and transfer of 

immunomodulatory properties to APCs. The engulfing of the apoptotic MSCs results in an 

immunomodulatory APC which then delivers the MSC-acquired immunomodulatory effect 

[201]. I.v. administration resulted in MSC apoptosis in the lung and induction of the 

immunomodulatory APC there. Interestingly, i.v. administration of MSCs that were already 

apoptotic did not induce an immunomodulatory APC phenotype, possibly indicating that 

the site at which apoptosis occurs is important in inducing the immunomodulatory 

phenotype. Or perhaps indicating that MSCs first modulate the immune system in an active 

process prior to becoming apoptotic, something that the authors did not rule out [201]. 

Therefore, it appears that MSCs are viable in the lung for up to 24 hours post-

administration. In this time it is likely they modulate an intermediary population of immune 

cells and, through their apoptosis/phagocytosis may further mediate their 

immunomodulatory effects.  

The question arises if apoptosis is necessary to confer MSCs immunomodulatory function, 

why in this study is MSCTNF-α/IL-1β mediated prolongation of graft survival dependent on NO? 

Firstly, the recent report describing MSC apoptosis as necessary for the MSC to exert their 

immunomodulatory effect use hMSCs administered i.v. into a rodent model, as did the 
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Prockop group who described a TSG-6 dependent induction of immunomodulatory APCs 

[115, 173, 201, 202]. The mechanism of immune modulation in a xenogeneic model is likely 

to differ from an allogeneic or syngeneic model. Indeed, Galleu et al mention that hMSCs 

were specifically chosen to avoid the prospect of in vivo licensing [201]. Hence, the 

mechanism of immune modulation in a xenogeneic model may be an inactive process while 

in an allogeneic or syngeneic model the mechanism may be an active process.  Secondly, as 

discussed in the introduction, MSCs efficacy is lost if the in vivo pro-inflammatory stimulus 

is inhibited by cytokine blocking antibodies, cytokine receptor deficient MSCs or cytokine 

deficient T cells, thus demonstrating that MSCs action in vivo is an active process at least 

initially [102, 153]. Therefore, we propose that the fast diffusing NO creates a local 

immunosuppressive microenvironment around MSCTNF-α/IL-1β in the lung, thereby protecting 

them from rapid clearance, while the enhanced chemokine expression profile recruits APCs 

and T cells to the microenvironment of the MSCTNF-α/IL-1β. Once in their vicinity, MSCTNF-α/IL-

1β promote regulatory APCs (B220+ macrophages) and regulatory T cells (Foxp3+ Tregs) 

through their increased expression of soluble mediators such as NO, IL-10, IL-6 and PD-L1 

all demonstrated to be up-regulated in MSCTNF-α/IL-1β in this study and perhaps other 

mediators not tested for such as TGF-β, PGE2 and IL-10. In support of the hypothesis that 

NO provides a protective anti-inflammatory microenvironment, there is evidence to suggest 

that NO is involved in inducing both regulatory macrophages and regulatory T cells. The 

reprogramming of macrophages to an IL-10 producing anti-inflammatory phenotype 

described by Nemeth et al was dependent on the presence of NO [112]. While Niedebala 

and co-workers have reported that NO, in conjunction with TCR activation, expands naïve 

CD4+CD25- T cells to CD4+CD25+ regulatory T cells [245]. In addition, MSCs are reported to 

up-regulate Foxp3+ Tregs directly through numerous mechanisms such as PGE2, IL-10, TGF-

β and IDO dependent pathways and indirectly through the modulation of tolerogenic APCs, 

indicating that MSCTNF-α/IL-1β may induce the regulatory immune cell populations observed 

in the lung through a combination of immune modulatory mechanisms [112, 130, 132, 240, 

263]. 
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The increased expression of pro-inflammatory associated cytokine Il-1β and iNos, 

pleiotropic cytokine Il-6 and increased proportions of activated APCs in the lungs of both 

MSCUTR and MSCTNF-α/IL-1β treated graft recipients at POD 9 indicates that MSC therapy 

causes an inflammatory event upon i.v. administration. A number of potential explanations 

may be offered to explain the enhanced inflammation observed. Firstly, the size of the 

MSCs, too great to pass through the micro capillaries of the lung could cause mechanical 

disruption of the capillaries leading to an embolism and an innate immune response [264]. 

Secondly, it may be an active MSC process, as discussed above, whereby the MSCs are 

recruiting activated immune cells from other sites to their vicinity through the secretion of 

chemokines. The observed increases in activated APCs and APC or phagocyte associated 

cytokines Il-1β, iNos and Il-6 could be an indication that the MSCs are being phagocytosed 

by the APCs adding weight to the idea that, after the initial active immune modulation by 

the MSCs, they may further modulate an intermediary immune cell through their 

phagocytosis. Notably, by the average TOR an immunosuppressive environment is observed 

in the lung of both MSC treatment groups, illustrated by a trend decrease in activated 

macrophages and a significant reduction in Tnf-α expression demonstrating the initial 

inflammatory response is transient. The more potent immunomodulatory properties of 

MSCTNF-α/IL-1β are demonstrated as significant reductions in the proportions CD25+ T cells and 

Il-1β are observed along with a significantly increased proportion of Foxp3+ Tregs. 

In summary and as outlined in Figures 5.1 and 5.2 and in Tables 4.1 and 4.2, MSCTNF-α/IL-1β 

induce an immune regulatory environment in the lung at the average TOR by initially 

enriching regulatory APCs and Foxp3+ Tregs in the lung at day 9. The ability of MSCTNF-α/IL-1β  

to enrich a greater proportion of regulatory APCs and Tregs in the lung at day 9 (in 

comparison to MSCUTR) may be multi-factorial and include: a) the increased chemokine 

expression profile resulting in recruitment of a greater number of immune cells; b) 

increased NO production creating a protective microenvironment around the MSCs and 

priming of  recruited immune cells to an anti-inflammatory phenotype; c) the increased 

expression of soluble mediators further modulating recruited cells to an 
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immunomodulatory phenotype; d) and finally MSCTNF-α/IL-1β may further modulate APCs 

following their apoptosis and engulfment. 

There exists a species variation in the primary mechanism of immune modulation employed 

by human and rodent MSCs [105]. Rodent MSCs produce NO to suppress T cell proliferation 

whereas human MSCs inhibition of T cell proliferation is primarily mediated by the 

production of IDO [105].  The mediator may differ between species however, the 

overarching mechanism may remain the same whereby the local immunosuppressive 

environment created by NO/IDO protects the MSC from rapid clearance while also inducing 

an anti-inflammatory phenotype in immune cells entering the MSCs vicinity. Therefore, 

hMSCs ability to prolong corneal allograft survival in the clinic may be dependent on IDO 

production, similarily to rat MSCs ability being dependent upon NO.  

It is important to note that, although we propose that due to the fact that TNF-α/IL-1β 

licensed MSCNos2-shRNA fail to prolong allograft survival, the ability of MSCTNF-α/IL-1β to prolong 

allograft survival must involve an active production of NO. It cannot, however, be ruled out 

that the MSCs immunomodulation is an inactive or indirect process. The conditions in which 

MSCs are cultured modulate their cell surface expression profile. Therefore, the inability of 

TNF-α/IL-1β licensed MSCNos2-shRNA to prolong allograft survival could be due to disruption 

of a NO-dependent pathway in culture, resulting in decreased expression of 

immunomodulatory molecules on the surface and therefore, a lack of modulation of APCs 

when phagocytosed. If MSCNos2-shRNA were stimulated with TNF-α/IL-1β and a NO donor such 

as S-nitroso-N-acetylpenicillamine (SNAP) it would replicate the in vitro conditions 

experienced by MSCTNF-α/IL-1β therefore the cell surface expression would be comparable at 

the time of administration. This would make it possible to identify whether the MSCs 

production of NO in vivo was essential to their immunomodulatory capacity. The role of NO 

should be investigated further by assessing the proportions of immune cells in the lungs of 

TNF-α/IL-1β licensed MSCNos2-shRNA treated graft recipients. 

Increased proportions of regulatory APCs in the lungs of MSCTNF-α/IL-1β treated graft 

recipients along with recent evidence that MSCs transfer their immunomodulatory capacity 
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to APCs both directly [112, 115] and indirectly [201] indicate the importance of innate 

immune intermediary cell populations in MSCs immunomodulation. To further examine the 

role of APCs in the lung, their depletion by intratracheal administration of clodronate 

containing liposomes followed by i.v. MSC administration would further elucidate their role 

as mediators of MSC immunomodulation [265].  
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Figure 5.1 Summarising the proposed mechanism of MSCTNF-α/IL-1β mediated prolongation of 

corneal graft survival (Part 1). 

The majority of MSCTNF-α/IL-1β once administered become sequestered in the lung (1), where they 
increase the proportions of Foxp3+ Tregs and B220+ regulatory macrophages (2).  The MSCs and/or 
regulatory immune cells migrate to the spleen (3) , inducing an immune regulatory environment(4). 
CD11b+B220+ - Regulatory macrophages; CD4+CD25+Foxp3+ - Tregs.  

 

  

POD 9 
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Figure 5.2 Summarising the proposed mechanism of MSCTNF-α/IL-1β mediated prolongation of 
corneal allograft survival (Part 2). 

Enriched proportions of Foxp3+ Tregs observed in the spleen and lung at day 9 (5) are observed in 
the dLN at the average TOR (6) where they suppress DTH response (7) which results in a 
prolongation of graft survival (8). CD4+CD25+Foxp3+ - Tregs; CD4+ T cells – activated T cells. 

 

  

Day 17-19 
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5.1.6 Licensed MSCs invoke an immunosuppressive splenic environment 

As discussed above, it is becoming increasingly apparent that MSCs immunomodulation 

occurs rapidly after administration and most likely occurs in the lung. Culture expanded 

MSCs are   ̴20μm in diameter, too big to pass through the micro capillaries of the lung where 

up to 95% are trapped before being cleared within 24 hours [113, 114]. This does not rule 

out that a small minority of MSCs migrate from the lung to other tissues and sites of 

inflammation to exert their immune modulatory effect. However, it is more likely that an 

intermediary population reprogrammed by the MSCs are responsible for MSCs 

immunomodulatory effect. Indirectly or directly, it is clear that i.v. MSC administration also 

modulates the host spleen [115, 201, 266]. In the context of cornea transplantation, Treacy 

et al demonstrated that allogeneic MSC-induced prolongation of graft survival was 

associated with an increased proportion of Foxp3+ Tregs in the spleen [134].  

In the current study, increased proportions of both Foxp3+ Tregs and B220+ regulatory 

macrophages were observed in the spleen of MSCTNF-α/IL-1β treated animals at day 9. As the 

same immune cell populations were found to be increased in the lung at the same time-

point, it is likely that MSCTNF-α/IL-1β enrich the populations in the lung and the recipient cells 

- small enough to migrate through the micro capillaries of the lung -  enter the vasculature 

system and become sequestered in the spleen, as the spleen is a blood filtering organ [232]. 

Increased proportions of Foxp3+ Tregs and B220+ regulatory macrophages in the spleen is 

also associated with a decrease in the expression of pro-inflammatory cytokines IFN-γ, TNF-

α and IL-1β following MSCTNF-α/IL-1β therapy. At the average TOR, when the immune response 

to the corneal allograft is at its peak, the spleen of MSCTNF-α/IL-1β treated animals again display 

an immunosuppressed environment with decreased pro-inflammatory cytokine expression 

and increase in Foxp3+ regulatory T cells, compared to allograft controls. This indicates a 

peripheral immunomodulatory effect of MSCTNF-α/IL-1β therapy which remains intact after 

the MSCs are likely to have been cleared. 

The phenomenon of ACAID is discussed in the introduction, whereby alloantigen in the eye 

is taken up by F4/80+ macrophages which migrate to the spleen and induce alloantigen-
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specific Foxp3+ Tregs [37]. There is substantial evidence that ACAID is induced after cornea 

transplantation, generating allo-specific regulatory graft-protective responses in the spleen 

[18, 54, 88, 267]. Furthermore, removal of the spleen results in increased incidence of 

allograft rejection, signifying the important regulatory role the spleen plays in corneal 

allograft tolerance [88]. In this study, MSCTNF-α/IL-1β therapy creates an immunosuppressive 

environment with enriched proportions of Foxp3+ Tregs providing a potentially optimum 

environment in the spleen for F4/80+ macrophages to present alloantigen and promote the 

differentiation of alloantigen-specific Tregs. To determine whether the Tregs observed in 

the spleens of MSCTNF-α/IL-1β treated graft recipients were alloantigen-specific, the Tregs 

could be sorted from the spleen and co-cultured in a mixed lymphocyte reaction (MLR) with 

lymphocytes from DA origin and lymphocytes from a fully MHC mismatched third party 

strain. If Tregs from MSCTNF-α/IL-1β treated graft recipients significantly suppress DA 

lymphocyte proliferation but not third-party lymphocyte proliferation compared to Tregs 

from naïve Lewis rats, it would indicate that the sorted Tregs from MSCTNF-α/IL-1β graft 

recipients are alloantigen-specific. Alternatively, a recall response assay could determine 

the presence of alloantigen-specific Tregs. To do this, the spleens from control, MSCUTR and 

MSCTNF-α/IL-1β treated graft recipients would be harvested 2-3 weeks post transplantation 

and the splenocytes from the transplanted animals (responder cells) cultured with donor-

derived DA or fully MHC mismatched OX62+, gamma-irradiated DCs (stimulator cells). The 

responder and stimulator cells would be co-cultured for 5 days after which time the 

CD4+CD25+Foxp3+ Tregs would be quantified by flow cytometry. Increased Foxp3+ 

responder cells in culture with donor derived OX62+ DCs would indicate the presence of 

alloantigen-specific Tregs.  

ACAID is dependent upon B cell presentation of the alloantigen peptides released by F4/80+ 

macrophages to the T cells. We observed increased proportions of B cells in the spleens of 

MSCTNF-α/IL-1β  treated animals, suggesting that MSCTNF-α/IL-1β therapy creates the optimum 

environment for ACAID to take place [48]. As discussed in the Introduction Section 1.2.2, 

MSCs can induce regulatory B cells. It would be interesting, therefore, to analyse further 

the phenotype of the increased proportions of B cells in the spleen to determine whether 
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MSCTNF-α/IL-1β specifically increase a regulatory B cell population. B cells could be sorted from 

MSCTNF-α/IL-1β treated graft recipients and their cytokine secretome could be analysed to 

determine whether there was an increase in expression of anti-inflammatory molecules 

such as IL-10 - which is characteristic of regulatory B cells [144-146].  

It would be interesting to further examine the role of ACAID in MSC therapy’s capacity to 

prolong corneal allograft survival. Niederkorn and Mellon demonstrated that ACAID was 

abolished when the spleen was removed and resulting in an increase in the incidence of 

graft rejection [54]. Therefore, it would be interesting to perform a splenectomy prior to 

corneal allograft transplantation followed by MSC administration to determine if an intact 

spleen was necessary for MSCTNF-α/IL-1β to prolong graft survival. Moreover, as B cells are 

essential to the induction of ACAID, their depletion using monoclonal antibodies such as 

anti-CD20 would further indicate the role of ACAID in MSC therapies prolongation of graft 

survival [48]. Finally, similar to the work of D’Orazio, Mayhew and Niederkorn, adoptive 

transfer of B cells from the spleens of MSCTNF-α/IL-1β treated Lewis rats receiving a DA rat 

corneal allograft to naïve Lewis rats followed by subcutaneous injection of DA alloantigen 

could determine whether the B cells from MSCTNF-α/IL-1β treated animals are capable of 

inducing ACAID [51].  
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5.1.7 MSCTNF-α/IL-1β therapy induces a significant proportion of Foxp3+ Tregs in 

the draining lymph node at the TOR 

The draining lymph node (dLN) is of critical importance in corneal allograft rejection, it is 

here that presentation of alloantigen by APCs to T cells occurs, resulting in allo-specific DTH 

responses and graft destruction [268]. The importance of the dLN was demonstrated by 

Yamagami and Dana when they reported that removal of the dLN prior to transplantation 

resulted in universal and indefinite survival due to an allo-specific DTH response not being 

induced [88]. Therefore, it was expected in this study that an efficacious MSC therapy would 

mediate the immune cell components of the dLN. At day 9 in the dLN, there were no 

increases in regulatory immune cells in MSC treated graft recipients and there were no 

significant changes in the transcripts of pro-inflammatory cytokines. This would indicate 

that the dLN is not yet a sufficiently inflamed tissue to recruit regulatory immune cells. 

Although allo-sensitisation can occur within hours of cornea transplantation, the adaptive 

immune response can take up to 7 days to respond and at day 9 the dLN is most likely only 

in the early stages of initiating an allo-specific DTH response. Increased proportions of 

Foxp3+ Tregs observed in the dLN at the average TOR in both MSCUTR and MSCTNF-α/IL-1β 

treated graft recipients, coupled with significant reduction in DTH associated pro-

inflammatory cytokines IFN-γ and TNF-α, indicates that the ability of MSC therapy to 

prolong allograft survival is mediated by Foxp3+ Treg suppression of the allo-specific DTH 

response in the dLN. As enriched populations of Foxp3+ Tregs are observed in the lung and 

spleen at day 9 of MSCTNF-α/IL-1β treated graft recipients and a similar proportion is enriched 

in the dLN at the average TOR, it is likely that following MSCTNF-α/IL-1β administration, 

enriched proportions of Foxp3+ Tregs remain in circulation before being recruited to the dLN 

at the onset of the DTH response. As described in the introduction, DTH is the primary 

mechanism of corneal allograft rejection and the dLN is crucial to its manifestation [17, 88]. 

Therefore, the findings in this study that syngeneic MSCUTR treatment can increase the 

proportion of Foxp3+ Tregs in the dLN at the TOR (with further increases seen with the more 

efficacious MSCTNF-α/IL-1β), suggest that syngeneic MSC therapy is mediated by Foxp3+ Treg 

suppression of the DTH response in the dLN. 
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5.2 Limitations and Future Direction 

One of the most interesting unanswered questions in this study is whether MSCTNF-α/IL-1β 

directly migrate to the spleen from the lung or if MSCTNF-α/IL-1β induce regulatory immune 

cell populations in the lung, which migrate to the spleen and exert their acquired 

immunomodulatory effect. The enhanced migratory capacity of MSCTNF-α/IL-1β could result in 

a higher proportion of MSCs migrating to the spleen, thus explaining the increased immune 

modulation observed. However, as discussed above, the size of the culture expanded MSCs 

hinders their passage through the lung suggesting their immunomodulatory capacity is 

transferred to an intermediary. Many reports have been published on the fate of MSCs 

following i.v. administration with much of the recent evidence suggesting that they are 

cleared from the lung within 24 hours and more recent reports suggesting their apoptosis 

is required for their immunomodulatory effect [113, 201, 202, 225]. Many in vivo tracking 

techniques used to identify MSCs do not distinguish between an intact viable MSC and their 

remnants engulfed by a phagocyte [113]. Therefore, there is a need for more sensitive 

tracking techniques to investigate the fate of the MSCs. As described previously, recent 

studies have identified phagocytosed MSC particles by demonstrating phagocyte specific 

markers are co expressed with fluorescently labelled MSCs isolated from the lung [202, 

225]. New technologies such as imaging flow cytometry could further elucidate the 

phagocytic mechanism of immune modulation. Imaging flow cytometers produce high 

resolution images of every fluorescently labelled cell in an image stream. This technology 

could identify each labelled MSC co stained with specific phagocyte markers and the images 

would demonstrate whether the MSCs remain intact or are phagocytosed particles within 

a phagocyte. In vivo imaging systems such as fluorescence or bioluminescence based whole 

animal imaging, CT, MRI or PET imaging systems do not provide a resolution sensitive 

enough to identify whether signal detected in distal organs are MSCs or MSC particles. 

However, new technologies such as 3D cryo-imaging could provide a tool to further study 

MSC distribution. 3D cryo-imaging sections a whole cryo-preserved animal with each 

section being imaged by a high resolution brightfield/fluorescent microscope to create a file 

with tens of thousands of images. The images are rendered to create a 3D image of the 
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animal with single cell resolution. This technology could further elucidate MSC cell fate in 

vivo. MSC tracking studies utilising this technology have recently begun. Reports in both 

mice and rats indicate that MSCs are found preferentially in the lung and in the liver after 

i.v. administration and in line with previous reports the majority are cleared within 24 hours 

[269, 270]. 

MSCTNF-α/IL-1β in this study demonstrated a potent capacity to enrich Foxp3+ Tregs, however, 

it remains unclear whether this was a direct process or an indirect process mediated by anti-

inflammatory APCs. In vitro, the ability of MSCs to induce Foxp3+ Tregs was tested at high 

MSC to T cell ratios (1:10, 1:50, T cell:MSC). At these ratios, MSCTNF-α/IL-1β inhibited total T 

cell proliferation and differentiation, hence reduced Foxp3+ Treg proportions were 

observed compared to stimulated T cells alone (Figure 3.15). Therefore, future experiments 

should test the capacity of MSCTNF-α/IL-1β to induce Foxp3+ Tregs at more biologically relevant 

ratios. Furthermore, this study demonstrated that syngeneic MSC therapy induces an 

immune regulatory phenotype resulting in the prolongation of graft survival. It does not, 

however, answer the question of whether MSC therapy is inducing transplantation 

tolerance or whether prolongation of survival is due to a non-specific immune hypo-

responsiveness. True transplantation tolerance would only be induced if an alloantigen-

specific regulatory memory response was induced. To test this, corneal allograft transplant 

recipients receiving MSC therapy should be monitored for approximately 100 days, long 

after the initial immunomodulatory effects of the MSCs have subsided. Skin transplantation 

from the same strain as the cornea donor would then indicate whether syngeneic MSC 

therapy has in fact induced a memory regulatory immune response and transplantation 

tolerance.  

One limitation of this study was the lack of data on the immunological landscape of the 

cornea itself. The cornea is a very delicate, small (3mm in size) piece of tissue which, when 

transparent, has very few cells [271]. Even in an inflamed opaque cornea, the number can 

be ≤100,000 cells and the process of isolating the cells from the cornea is harsh and results 

in cell death, therefore, flow cytometric analysis did not generate reproducible results. The 
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cell death also appeared to be an issue in assessing the cornea by RT-PCR with results again 

not being reproducible. Histological samples could be probed by immunohistochemistry to 

identify if there are increased regulatory immune cells in the MSC-treated cornea and this 

may be continued in the future. The results from the dLN at the TOR leave little doubt 

however that Foxp3+ Treg-mediated inhibition of the DTH response is the most likely 

mechanism of immunomodulation of syngeneic MSC therapy. 

 

5.3 Concluding Remarks 

The hypothesis for this study was that pro-inflammatory cytokine licensing of syngeneic 

MSCs prior to administration in vivo will stimulate their immunomodulatory properties 

enabling them to prolong corneal allograft survival. Our results in vitro and in vivo confirm 

that syngeneic MSCs become potently immunomodulatory upon pro-inflammatory 

cytokine stimulation and this enhances their capacity to prolong corneal allograft survival. 

Our results in this study further substantiate the premise that timing of MSC administration 

is critical to their efficacy. In the context of transplantation, syngeneic (autologous) MSCs 

provide a readily available source of MSCs with no immunological complications. A number 

of clinical trials have already used autologous MSC therapy to inhibit solid organ transplant 

rejection [170-172]. Autologous MSC therapy does not invoke an allo-specific immune 

response and cells can be readily acquired from the patient in cases where transplantation 

is not urgently required [65]. To the best of our knowledge this is the first time that pro-

inflammatory cytokine licensing has been demonstrated to enhance MSCs ability to prolong 

allogeneic tissue transplant survival. Therefore, this project identifies a new strategy to 

enhance syngeneic MSC therapy for allogeneic tissue transplantation. Moreover, the potent 

anti-inflammatory environment observed in the lungs following licensed MSC therapy 

indicates that the strategy outlined in this work may be beneficial for MSC therapy of lung 

injury models. In the context of allogeneic MSC therapy, licensing may not be suitable due 

to the increase in surface MHC molecules. With the evidence that timing and licensing 
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affects the therapeutic outcome of syngeneic or allogeneic MSC therapy differently, it is 

apparent that they must be considered as distinct cellular therapies. 

The fate of the i.v. administered MSC and its mechanism of immune modulation in vivo 

remains a subject of debate. This research adds further weight to the concept that 

modulation of the lung is integral to the therapeutic efficacy of the MSC. Furthermore, the 

findings in this project add to the growing body of literature illustrating that MSCs immune 

modulation is dependent upon transfer of their immunomodulatory properties to an 

intermediary population. This project demonstrated that rat MSCs therapeutic efficacy was 

dependent upon NO suggesting the immune modulation is at least initially an active 

process.  To better understand the MSCs mechanism of action future fate tracking studies 

should investigate, more specifically, the localisation of MSCs by identifying the MSC 

viability and whether they are intact or phagocytosed particles.  

The results in this project identify a new therapeutic strategy to enhance syngeneic (or 

autologous) MSC therapy to promote allogeneic tissue transplantation and also provide a 

further insight into the complex immune modulatory mechanisms of i.v. administered 

MSCs. 
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Appendix A. TNF-α/IL-1β stimulates BALB/c mouse MSCs to suppress BALB/c mouse lymphocyte 
proliferation however IFN-γ/TNF-α stimulation fails to do so. 

Untreated and licensed BALB/c mouse MSCs were co cultured with anti-CD3/CD28 stimulated 
BALB/c mouse lymphocytes for 4 days. T-cell proliferation was measured by CFSE dilution by flow 
cytometry. Graphical presentation of total T-cell proliferation, representative of one independent 
experiment. 
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1. Publications 

Murphy, Nick., Lynch, Kevin., Lohan, Paul., Treacy, Oliver., Ritter, Thomas. Mesenchymal stem 
cell therapy to promote corneal allograft survival: current status and pathway to clinical 
translation. Curr Opin in Organ Transplant, 2016. 21(6:) 
 

2. Poster Presentations 

2015 European Conference of Immunology Vienna - “Cytokine pre-treatment enhances 

syngeneic MSCs immunosuppressive properties and prolongs corneal allograft survival” 
Nick Murphy, Oliver Treacy, Emma Connolly, Kevin Lynch, Paul Lohan,  Aideen Ryan, Gerry Fahy and Thomas Ritter 

2015  NUIG Post Graduate Research Day – “Licensing of recipient derived mesenchym 
  stem cells enhances their immunosuppressive properties and prolongs cornea  
  allograft survival.” Nick Murphy, Oliver Treacy, Emma Connolly, Kevin Lynch, Paul Lohan, Aideen 

   Ryan, Gerry Fahy and Thomas Ritter 

 

3. Oral Presentations 

2016   NUIG Post Graduate Research Day – “Licensing of recipient derived mesenchym 
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  allograft survival.” Nick Murphy, Oliver Treacy, Emma Connolly, Kevin Lynch, Paul Lohan, Aideen 

   Ryan, Gerry Fahy and Thomas Ritter 

2016   Irish Flow Cytometry Conference 2016 – “Licensing of recipient derived  
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