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ABSTRACT

Introduction: Mesenchymal stromal cells (MSCs) are multipotent cells showing great
promise in pre-clinical studies and currently used in many clinical trials. The regenerative
potential of MSCs is mediated, at least in part, by direct and indirect immunomodulatory
mechanisms through the secretion of paracrine molecules. However, the mechanism of
action behind the beneficial effect of these cells is not fully understood yet, and there are
still concerns about possible undesired negative effects associated with the administration
of living cells. Bioluminescence imaging (BLI) is widely used in preclinical models to
investigate the biodistribution and safety of injected MSCs by monitoring the fate of

luciferase-expressing cells following administration.

Aims: The present study was performed to (i) compare the short term biodistribution of
umbilical cord (UC), bone marrow (BM) and adipose (A) MSCs, (ii) assess the long-term fate
and safety of UC-MSCs in immunocompromised animals and (iii) investigate the mobilisation

of different immune cells following the in vivo administration of UC-MSCs.

Methods: To generate luciferase-expressing MSCs so that the cells could be visualised in vivo,
a lentiviral transduction protocol was optimised by testing different polycations, and then
used to investigate the use of two possible reporter genes, Firefly Luciferase (FLuc) or a novel
luciferase called AkaLuc. An IVIS Spectrum system was used to characterise the two BLI
systems in vitro and to assess their sensitivity in vivo, via the imaging of FLuc and AkalLuc UC-
MSCs intravenously (IV) administrated to C57BL/6J albino mice. Because the FLuc was
selected as the optimal reporter gene, lentiviral vectors were used to generate FLuc-
expressing UC, BM and A-MSCs. The in vivo short term biodistribution was assessed via the
imaging of C57BL/6J albino mice up to 7 days post IV administration of FLuc* MSCs. Severe
combined immunodeficient (SCID) and non-obese diabetic (NOD)/SCID mice were used to
evaluate the long-term safety of FLuc* UC-MSCs up to 31 days from their administration. Flow
cytometry was used to compare the percentage of innate and adaptive immune cells in the
blood, the lungs, the bone marrow, and the spleen of C57BL/6 albino mice 2h and 24h

following the administration of UC-MSCs. A multiplex analysis performed on the plasma of



the animals was used to evaluate the levels of different cytokines, chemokines, soluble

receptors, and growth factors directly associated with the immune system.

Results: The in vivo comparison of FLuc and AkaLuc showed that the signal intensity of cells
expressing AkaLuc was not stronger than FLuc when standard substrate doses were used
(30 mM Akalumine-HCl and 47 mM D-Luciferin). By increasing the D-luciferin dose to
144.5 mM, it was possible to increase the light output obtained with the FLuc system, which
was then 4.5-fold stronger than Akaluc. The Akaluc system was associated with scar
formation under the skin of the animals at the site of subcutaneous injection of the substrate,
AkaLumine-HCI. For these reasons FLuc was selected as the optimal reporter for subsequent

experiments.

FLuc* UC, BM and A-MSCs were entrapped in the lungs of C57BL/6 albino mice after IV
administration. Most of the cells (>90% of the UC, 294% of the BM and 285% of the A) died
in the first 24h post administration and almost no signal was detected by day 3. UC-MSCs
administered to immunocompromised mice were also entrapped in the lungs and showed a
reduction in the signal in the first 24h similar to that observed in immunocompetent animals.
Around 25% of the SCID and 45% of the NOD/SCID animals displayed detectable signal up to
day 14. One NOD/SCID mouse showed weak signal up to day 31. Following the administration
of UC-MSCs in C57BL/6 albino mice, flow cytometry analysis revealed an increase in the
percentage of neutrophils in the lungs, the blood and the spleen 2h after the administration
of the cells. Neutrophil chemoattractants (CCL2, CCL7, Gro-a and IP-10) were also

upregulated in the plasma of the animals 2h after the administration of the MSCs.

Conclusions: The characterisation of the biodistribution of the cells and the involvement of
the immune system show that although MSCs are short-lived in mice they still result in an

immunological response that might contribute to a therapeutic effect.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 KIDNEY STRUCTURE AND FUNCTION?

Kidneys are parenchymatous organs found in vertebrates. Together with two ureters, the
bladder, and the urethra, they constitute the urinary system, responsible for blood filtration

and for the removal of metabolic waste products.

1.1.1 Kidney macroscopic anatomy

In humans, the kidneys are a pair of bean-like shaped organs located behind the peritoneum,
on the right and left sides of the vertebral column. The right kidney is positioned a bit lower
than the left kidney. Above each kidney there is an adrenal gland. On the median surface of
each kidney there is a fissure, called the hilum, through which pass the arterial, venous, and
lymphatic vessels, the nerves, and the ureter. Each kidney receives blood from a renal artery,
a branch of the abdominal aorta. In the resting condition, the two kidneys receive 20% of the
cardiac output. This level of perfusion is very important for renal function, not only for
nutrient supply, but also for their role in blood filtration and clearance. The blood exits the

kidney through the renal vein, connected to the inferior vena cava.

A frontal section of a kidney (Figure 1.1) reveals two main regions: an outer cortex, and an
inner medulla. The medulla is further divided into an outer medulla and an inner medulla,
and the outer medulla is subdivided into an outer and an inner stripe. The medulla is
organised into conical areas called renal pyramids. The base of each pyramid faces the cortex,
while the apex ends in the renal papilla, which is surrounded by a minor calyx. Each renal
papilla empties urine into a minor calyx. All the minor calyces converge into two or three
major ducts, called major calyces, which, in turn, merge together to form a single funnel-

shape duct called the renal pelvis. This is connected to the initial tract of the ureter.

Two books, Principles of Renal Physiology (2012, Springer-Verlag New York, Christopher J. Lote) and
Comprehensive Clinical Nephrology (2019, Elsevier, John Feehally) provided the information for this

section, unless otherwise referenced.
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Figure 1.1]| Longitudinal section of the kidney to illustrate the main structural features. The
components of the kidney are described in the text. Figure produced by Glaze Art for Science.

The functional unit of the kidney is the nephron. Each nephron filters blood and produces
urine. Each kidney can contain approximately 1 million nephrons, although the exact number
can vary among people. The number of nephrons is established during prenatal
development: the genesis of new nephrons stops around the 32° week of gestation and
through life new nephrons cannot form, and lost ones cannot be replaced. A nephron (Figure
1.2) is composed of a renal corpuscle, which produces the renal filtrate, and a renal tubule,
which drains the filtrate into a collecting duct (CDt). The renal corpuscle, divided into a
glomerulus and a Bowman’s capsule, is in the cortex, and three types of nephrons can be
distinguished on its position: cortical (renal corpuscle in the outer part of the cortex),
midcortical and juxtamedullary (renal corpuscle in the inner part of the cortex, close to the
medulla) nephrons. The renal tubule consists of a proximal (convoluted and straight parts)
and a distal tubule (convoluted and straight portions), both connected by the loop of Henle.
The length of the loop of Henle identifies two types of nephrons: those with long loops and

those with short. Short loops turn back in the outer medulla or even in the cortex and are
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usually those descending from cortical nephrons (Figure 1.2). Long loops turn back in the

inner medulla and are usually those from juxtamedullary nephrons.

The CDt is formed in the renal cortex from several nephrons and a connecting tubule

separates each nephron from the CDt. The CDts then descend within the medullary rays of

the cortex. After entering the inner medulla, they fuse together and open on a minor calyx.
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Figure 1.2| Nephrons and the collecting duct system. The figure shows the main structure of short-

and long-looped nephrons, together with a collecting duct system. Arrows represent the confluence

of further nephrons in the same CDt system. The main components are described in the text of the

figure. Figure produced by Glaze Art for Science.
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1.1.1.1 The renal corpuscle

The glomerulus is an intricate specialised capillary network, surrounded by the Bowman’s
capsule, which is connected to the renal tubule (Figure 1.3). The capillary network is
supported by the mesangium, made of intraglomerular mesangial cells and mesangial matrix.
Glomerular capillaries are a unique type of vessel, composed only of highly fenestrated
endothelial cells. The main feature of these capillaries is the presence of pores with a
diameter between 50 and 100 nm lacking diaphragms bridging the pores [1]. This allows only
water and small molecules to pass through the fenestrae. Moreover, the luminal side of the
endothelial cells is covered by a negatively charged hydrated structure known as the
endothelial cell surface layer (ESL) [1]. This applies a further restriction to the type of
molecules that can pass the barrier depending on their charge. The glomerular capillaries and
the mesangium are covered by epithelial cells (podocytes) forming the visceral epithelium of
the Bowman's capsule. The glomerular basement membrane (GBM) develops at the interface
between the side of capillaries and mesangium and the layer of podocytes. The GBM has a
trilaminar structure and is mainly composed of collagen type IV, laminin, and heparan
sulphate proteoglycans. While collagen composes the main structure, laminin provides
mechanical strength and flexibility, and proteoglycans create a meshwork that is well
hydrated and can absorb loading forces [2, 3]. These components give the GBM structural
function with mechanical resistance to hydrostatic pressure. Mesangial cells have many
processes extending from the body toward the GBM and are anchored to it by the mesangial
matrix. Together with mesangial cells, the mesangial matrix supports the GBM. On the other
side of the GBM, there is a layer of podocytes. Differentiated podocytes are unable to
replicate, therefore in adults, lost podocytes cannot be replaced [4-6]. Podocytes have a
voluminous cell body, from which different large primary processes (PPs) emanate. The PPs
further divide into foot processes (FPs) which fix the podocytes to the capillaries, on the other
side of the GBM. The FPs of neighbouring podocytes interdigitate, leaving filtration slits in
between. These slits are bridged by a complex extracellular structure, the slit diaphragm,
forming pores with a maximum radius of 4 nm. This complex structure that adheres to the
GBM is homogenous and creates a uniform cover that represents another size-specific
barrier to macromolecules. The main function of the glomerulus is to produce ultra-filtered
plasma and the endothelial cells, the podocyte layer and the GBM comprise the glomerulus
filtration barrier. As a result of the properties of the components described above, the barrier
is freely permeable to water, solutes, and small molecules. The size and the charge of the

molecules influence filtration restrictions [1].
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Figure 1.3| Renal corpuscle and juxtaglomerular apparatus. The components of the renal corpuscle

are described in the text of the figure. Figure produced by Glaze Art for Science.

The filtration occurs in the following way. The blood flows through an afferent arteriole to
the glomerular capillaries. There, part of the plasma is filtered through the Bowman’s capsule
in a process called glomerular filtration. The blood is then drained through the efferent
arteriole and can re-enter the circulation. The hydrostatic pressure of the blood in the
capillaries regulates the filtration of water and solutes through the glomerular filtration
barrier. The barrier shows high permeability for water, small molecules (e.g. glucose, amino
acids, and urea) and ions (e.g. sodium and potassium), whereas it is very selective for
macromolecules, depending on their size, shape, and charge. Uncharged macromolecules up
to an effective radius of ~1.8 nm can freely pass through the barrier [7]. Larger molecules
are increasingly restricted up to an effective radius of 4 nm, above which the passage is
completely blocked by the slit diaphragm. Plasma albumin has an effective radius of 3.6 nm,
but its passage through the barrier is further obstructed by its negative charge, so only a
minimal amount manages to pass into the glomerular filtrate [8-10]. Almost all of it will be
reabsorbed, mainly in the proximal tubule, resulting in very low excretion of albumin in the

urine of healthy individuals [11-13].
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1.1.1.2 The renal tubule

The renal tubule connects the nephron to the CDt and is divided into different segments: the
proximal tubule (convoluted and straight), an intermediate tubule, known as the loop of
Henle, a distal tubule (straight and convoluted), and a connecting tubule (CNT). The CNT
connects the nephron to the CDt system. The renal tubules are characterised by a single layer
of epithelial cells attached to a basement membrane. These cells have multiple transport
functions and show distinctive adaptations for this role. On the apical side, adjacent cells are
stuck together by tight junctions and connected by desmosomes. On the basal side, there is
a space between adjacent cells, the lateral intercellular space. As a result, two pathways can
be identified: a transcellular pathway, including transport across the transluminal and
basolateral cell membranes, and a paracellular transport, across the junction complexes and
the cellular interspace [14]. The transcellular transport depends on the channels and
transporters located on the transluminal and basolateral cell surfaces. Cells spread across the
renal tubule differ in terms of membrane transporter and channel composition. As a direct

consequence, the various segments of the tubule display different properties.

The liquid filtered in the Bowman capsule enters the initial part of the renal tubule, called
the proximal convoluted tubule, and continues to the proximal straight tubule, which can
also be considered as the thick descending limb of the loop of Henle. The proximal tubule
reabsorbs protein, amino acids, glucose, macromolecules such as albumin, and most of the
water and ions. The proximal tubule can be divided into three segments, that differ in cellular
organisation and, consequently, in function [15]. S; is the initial short part of the convoluted
segment; S; is composed by the other part of the convoluted segment and the initial portion
of the proximal straight tubule; and Ss is the medullary segment of the proximal straight
tubule. Generally, the epithelium of the proximal tubule is composed of cuboidal cells with a
luminal surface enriched in microvilli, forming the brush border. The brush border highly
increases the surface area available for re-absorption of tubular fluid. On the basolateral
membrane, epithelial cells are rich in mitochondria that supply ATP (adenosine triphosphate)
to the Na*/K*-ATPase [16]. This machinery is responsible for the activation of many other
transporters based on the movement of Na*, such as the reabsorption of the filtered glucose
via a sodium-glucose cotransporter [17]. Most other solutes are also reabsorbed in the
proximal tubule (e.g. 60% of calcium, 50% of urea). The apical and the basolateral
membranes are also rich in aquaporin 1 channels, making the proximal tubule highly

permeable to water [18]. Moving from the Bowman’s capsule to the end of the proximal



tubule, the cells change shape. The cells of the straight part of the proximal tubule are flatter

and have a less dense brush border than the cuboidal cells of the convoluted part.

The proximal tubule continues into the loop of Henle, a U-shaped loop composed of a thin
descending limb, a thin ascending limb, and a thick ascending limb. The descending tract goes
deep in the renal medulla, while the ascending limb goes in the direction of the cortex. The
cells of the thin descending and ascending parts of the loop of Henle are squamous (very thin
and flattened) and structurally very similar, even though they display some important
functional differences. The thin descending limb is highly permeable for water, but
impermeable to solutes, whereas the thin ascending limb is impermeable to water, but highly
permeable to ions [19]. The thick ascending limb of the loop of Henle is a cuboidal epithelium
highly impermeable to water. On the other hand, these cells are enriched of the Na-K-Cl
symporter (NKCC2 isoform) in the luminal membrane and can reabsorb a high amount of
sodium and chloride [20]. The thick ascending limb of the loop of Henle goes back in the

direction of the cortex and becomes the straight distal tubule.

Like the proximal tubule, the distal tubule is divided into a straight and a convoluted section.
The straight portion has the same structure and function as the ascending part of the loop of
Henle, with high reabsorption of sodium and chloride. This portion of the nephron continues
in the cortex and at the point where it meets the distal convoluted tubule, the macula densa
can be observed. The macula densa adheres to the glomerulus of the same nephron and is
part of the juxtaglomerular complex. The cells of the convoluted distal tubule are responsible
for the removal of the remaining sodium using a specific Na-Cl-cotransport system (NCC) [21].
Finally, the produced liquid, which is now a concentrated urine, made of excess water

enriched in nitrogenous waste products, flows through the CNT to the collecting duct.
1.1.1.3 The collecting duct

Liquid from renal tubules from different nephrons converge into the same CD. In the cortex,
each CDt receives about six connecting tubules and, as the ducts enter the medulla, they join
with each other to finally form a papillary duct, which drains into a renal calyx. Most of the
cells of the CDt are cuboidal and increase in size toward the apex of the papilla. These cells
contain a shuttle system for aquaporin 2 under the control of vasopressin and can switch the
water permeability from zero/very low to permeable, further concentrating the urine.
Moreover, these cells can increase the expression of sodium channel on the apical surface
under the control of aldosterone. Thanks to this, the CDs are the final regulators of fluid and

electrolyte balance.



1.1.1.4 The juxtaglomerular apparatus

The juxtaglomerular apparatus comprises the macula densa, the extraglomerular
mesangium, the granular cells of the terminal portion of the afferent arteriole, and the initial
portion of the efferent arteriole (Figure 1.3). The granular cells are assembled in clusters and
replace ordinary smooth muscle cells of the afferent arteriole. These cells are rich in
cytoplasmatic granules containing renin and are densely innervated by sympathetic nerve
terminals. The main function of the juxtaglomerular apparatus is to control the release of
renin, which, through the renin-angiotensin-aldosterone system, can act on the volume of

extracellular fluid and arterial vasoconstriction to regulate the blood pressure.
1.2 AcuUTE AND CHRONIC KIDNEY DISEASES

The global burden of diseases (GBD) study analysed data from 1990 to 2017 on death and
disability associated with over 350 different diseases [22]. It revealed that kidney disease,
including acute kidney injury (AKI) and chronic kidney disease (CKD), is a major health

problem worldwide, affecting over 750 million persons [23].

1.2.1 Acute kidney injury

AKl is defined by a rapid and unexpected decrease in kidney function, characterised by both
structural damage and impairment in glomerular filtration rate (GFR) and urine output [24].
It is usually a silent condition, since it does not cause pain or any specific signs or symptoms,
except for urinary tract obstruction. AKI is an important complication among hospitalised
patients, affecting 10-15% of all hospitalisations, and is even more frequent in patients
admitted to intensive care units, where its prevalence can exceed 50% [25]. It can affect both
paediatric and adult patients and is associated with serious and short-term complications,
including increased mortality [26]. A single episode of AKI can potentially lead to the
development of CKD or end stage renal disease (ESRD) [27]. AKI can be caused by many
different aetiologies, and most cases of AKI are multifactorial [28]. The pathogenesis is
characterised by an intense inflammatory response, endothelial dysfunction, altered
microcirculation and tubular injury [24], and is often associated with the presence of sepsis
[29, 30], ischemia [31] and nephrotoxicity [32]. Furthermore, many patients have a mixed
clinical picture, where AKI often coexists with many other syndromes, making it very difficult

to recognise and properly treat [25, 28].

The term “acute kidney injury” was used for the first time by William MacNider in 1918 [33,

34]. Over the years, many different definitions of AKI and its characteristics have been



proposed. To standardise the definition and the different stages of this pathology, an
international interdisciplinary group coined the RIFLE system in 2002 [35]. This system
categorises AKI stages into three severity grades, Risk, Injury and Failure, and two outcome
classes, Loss and End stage renal disease (RIFLE). In 2007 this system was optimised by the
Acute Kidney Injury Network (AKIN), with the aim to increase the sensitivity of AKI diagnostic
criteria [36]. The most recent classification for AKI injury follows the Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines [37], which is based on the previous two
systems. The KDIGO guidelines classify AKI into 3 stages, based on the level of serum
creatinine (SCr) and urine output (Table 1.1).

Table 1.1: Stages of Acute Kidney Injury following the Kidney Disease: Improving Global
Outcomes (KDIGO) clinical practice guidelines [37].

Stage | Serum Creatinine Urine Output
1 1.5-1.9 times baseline < 0.5 mL/kg/h for 6-12 h
Or

> 0.3 mg/dL (> 26 uM) increase within 48 hours

2 2.0-2.9 times baseline < 0.5 mL/kg/hfor>12h
3 3.0 times baseline <0.3 mL/kg/hfor=24h
Or Or
> 4.0 mg/dL (> 352 uM) increase Anuriafor>12h
Or

Initiation of renal replacement therapy (RRT)
Or
Decreased in estimated GFR < 35 mL/min/1.73 m?

in patients younger than 18 years old

The acute renal insult that follows an AKI event leads to the damage of several kidney cell
populations and structures within the kidney. These can include a tubular injury, the
activation of endothelial cells, a tubular obstruction, a vascular injury or the recruitment of
inflammatory cells [38]. All these can contribute to different levels of injury, as indicated
above. However, a variety of repair processes are promptly activated following an AKI event,
all contributing to the repair of kidney function. This process is called adaptive repair and
involves an active proliferation of local kidney cells [39]. Multiple renal injury events can
enhance cell ageing and increase the chances of differentiation toward a profibrotic
phenotype [39]. This process is called maladaptive repair and can be triggered by several

pathophysiological processes [38]. Maladaptive repair can occur in different renal



compartments (tubular, vascular, and interstitial) and can directly contribute to the

progression from AKI to CKD [25, 28].

1.2.2 Chronic kidney disease

The GBD study [22] included the analysis of CKD and revealed an increase in the prevalence
of this disease between 2007 and 2017, which amounted to 28.2% among females, and
25.4% among males [40]. Furthermore, a forecast analysis conducted in 2018 revealed that
the number of deaths due to chronic kidney disease will increase from 1.2 million in 2016 to
approximately 3.1 million in 2040 [41]. Albeit the GBD study has important limitations (e.g.
considerable assumptions are required for countries with sparse data, or difficulties in
identifying CKD), it reveals the growing global impact of CKD, highlighting the importance of
improvement in prevention and in the development of novel treatments for this pathology

[42].

CKD is defined as a pathological change in the kidney function or structure affecting the
health of an individual for more than 3 months. Diabetes [43, 44], obesity [45] and
hypertension [43, 46, 47] are leading causes [48, 49] of CKD development and progression.
Other risk factors that might contribute to the pathology are age [50], previous or current
AKI episodes [51], smoking [52, 53] socioeconomic status [54], and gender [55]. As AKI, there
are different stages of CKD classified following the KDIGO clinical practice guidelines [37]. The
different stages indicate the contribution of GFR, albuminuria and, more infrequently, the

leading cause of CKD (Table 1.2).

Decreased GFR is defined by a value less than 60 mL/min per 1.73 m?, which, together with
albuminuria = 30 mg/g, represent CKD. CKD can lead to ESRD and increased cardiovascular
morbidity and mortality and there is no specific treatment for CKD, although it is possible to
pharmacologically act on some comorbidities (e.g. hypertension and cardiovascular
diseases). Currently, the main interventions to slow the progression towards a more
advanced stage is by acting on lifestyle (e.g. no smoking, reduction in sodium and protein
intake, weight management, and increased physical activity) [49]. At its final stage

(stage 5/ESRD), CKD necessitates the use of dialysis or renal transplantation.

10



Table 1.2: Chronic kidney disease classification according to glomerular filtration rate and
albuminuria following KDIGO guidelines [37]. How GFR and albuminuria interact to influence
the risk to progress to kidney failure is represented from lowest to highest by green, yellow,
orange, and red.

Persistent albuminuria categories description and range
Al A2 A3
Normal to mildly Moderately Severely
increased increased increased
GFR categories (mL/min/1.73 m?) <30 mg/g 30-300 mg/g >300 mg/g
description and range < 3 mg/mmol 3-30 mg/mmol > 30 mg/mmol
G1 Normal or high >90
G2 Mildly decreased 60-89

G3a | Mildly to moderately | 45-59

decreased

G3b | Moderately to 30-44

severely decreased

G4 | Severely decreased 15-29

G5 Kidney failure <15

1.2.3 Current therapies

When AKI stage 3 or ESRD has developed, the patient is no longer able to properly filter their
own blood and a renal replacement therapy (RRT) is required. RRT are therapies capable of
replacing and mimicking renal blood filtration and include various forms of dialysis,
hemofiltration, and renal transplantation. Since their development, their use has increased
progressively due to the growing number of patients. In 2010 the number of people receiving

RRT was estimated to be around 2.6 million worldwide [56].

The rationale of dialysis is to maintain homeostasis (electrolyte, acid-base and volume) and
to remove waste products of nitrogen metabolism that can accumulate in the blood
(uraemia). Unfortunately, dialysis is not able to substitute other kidney functions, like
hormone regulation and activation of vitamin D. Indeed, patients undergoing dialysis
typically experience disorders associated with the hypothalamic-pituitary-gonadal axis, with
impairments of synthesis and clearance of many hormones [57]. Furthermore, patients
undergoing haemodialysis are usually required to go to dialysis centres two or three times a
week for 3-4 hours per session. Similarly, peritoneal dialysis, even if it can be performed at

home or at work, needs to be performed several times per day (every 4-5 hours), or
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continuously during the night (8-10 consecutive hours), requiring specific equipment [58].
Either option can influence both the professional and personal life of the patient and can
have a huge impact on mental and psychological health [58]. Furthermore, despite the
advancements in clinical dialysis management, the mortality and morbidity rates of these

patients remains high [59].

Adult patients on the UK kidney transplant list (31 March, 2012 — 2021)
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Figure 1.4] Number of adult patients on the kidney only UK transplant list on the 31 of March*
each year between 2012 and 2021. Active patients are shown in red, while the suspended patients
are displayed in blue. The total number of patients waiting for a kidney transplant in the UK is shown
in black. ¥2020 data are shown on the 29t of February due to the ongoing pandemic. Figure adapted
from the “Annual report on kidney transplantation 2020/2021 (1 April 2011 — 31 March 2021)” [60].

Life expectancy and quality of life are typically greater after transplantation. In particular,
pre-emptive kidney transplantation is associated with better patient outcomes and organ
survival than transplantation after dialysis has begun [61]. Despite the evident advantages,
performing this type of surgery requires the immediate availability of a donor kidney and the
recipient capable to remain stable off dialysis while all the analysis required by the
transplantation program are performed [62]. However, it is important to know that
transplantation may not be feasible for all patients. The general health condition of the

patient, their ability to undergo a major surgery or to sustain the immunosuppressive therapy
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which follows the transplantation can all be limiting factors. Furthermore, there can also be
complications associated with the surgery itself. Indeed, the transplanted kidney undergoes
an ischemia reperfusion injury that can irreversibly damage the organ. But the major
limitation to kidney transplantation is the lack of donors. The number of adult patients
registered in the waiting list for a kidney transplantation in UK has declined gradually from
2012 to 2021 (The number of patients actively waiting for a kidney transplant in the UK
decreased from 6633 in 2012 to 4618 in 2020, Figure 1.4) [60]. It is important to notice that
the waiting list from the 31t of March 2020 does not accurately reflect the need for kidney
transplantation due to the COVID-19 pandemic, which had an unprecedent impact on the
number of suspensions, leading to the drop of active waiting donors to 3252 in 2021 (Figure
1.4). Indeed, on the 31% of March 2021 many patients were still suspended due to the impact
of the pandemic. Because of that, the data from the last year should be interpreted with
caution [60]. Anyway, an analysis of the 3426 adult patients registered between the 1% of
April 2017 and the 31°t of March 2018 revealed that only 36% of them received a transplant
within one year (Figure 1.5). Furthermore, three years after listing, only 66% of the patient
has received a transplant (Figure 1.5) [60]. Regardless the impact of the pandemic in the last
two year, the gradual reduction identified in the last decade is also partly due to the
expansion of the donor pool by including older donors (60-69 and >70 year group) in the UK
kidney donation guidelines [63]. Despite being well know that older donors are associated
with higher risk of graft loss [64], it has also been recently revealed that the quality of kidneys
from 270 year old donors (2007-2016) improved to the level of kidney from 60 to 69 year old
donor of the previous decade (1997-2006) [65].
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Post-registration outcomes, 1 April 2017 — 31 March 2018
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Figure 1.5| Post registration outcome for the 3426 new adult kidney-only registrations made in the
UK between the 1% of April 2017 and the 31% of March 2018. The graph shows the proportion of
transplanted patients (blue) or still waiting (light blue) one and three years after joining the list in the
UK. It also shows the proportion of removed (grey) patients from the list and those died (black) while
on it. Figure adapted from the “Annual report on kidney transplantation 2020/2021 (1 April 2011 — 31
March 2021)” [60].

Summarising, the poor quality of life of patients doing dialysis while waiting for a
transplantation [66, 67], the lack of donors and the average waiting time before surgery [60]
and the several conditions that can prevent the access of some patients to transplantation
(e.g. age, other clinical conditions that can affect the outcome of the surgery, immunological
compatibility) are all significant limitations of current RRT. All these underlines the need for

novel therapies for kidney disease capable to act at the different stages of AKI, CKD and ESRD.
1.3 REGENERATIVE MEDICINE

Regenerative medicine is a branch of medicine which studies novel methods to repair,
regrow or replace cells, tissues and organs damaged by age, trauma, diseases, or congenital
defects [68]. Regenerative medicine includes cell therapy, tissue engineering and the

production of artificial organs.
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Regenerative medicines are necessary because there are some acute and chronic pathologies
for which there are no treatments capable of stopping and/or reverting the disease. The only
therapies for those pathologies are currently mainly based, where possible, on organ
replacement by transplantation. Unfortunately, this option suffers from huge limitations due
to a restricted number of donors, possible immunological responses, and complications
associated with the clinical procedures themselves. Regenerative medicine aims to overcome
these limitations using two main strategies: fully replacing a damaged tissue with a new one
having the same structural and functional properties of the original healthy tissue or,

contributing to tissue healing (regeneration and repair) [68].

1.3.1 Cell therapies

The goal of cell therapy is to repair or replace damaged tissue or organ by infusion of viable
cells [69]. The potential of this approach has been tested for many different diseases,
including cardiovascular conditions [70], solid [71] and blood associated tumours [72, 73],
neurological impairments [74], kidney associated diseases [75] and others. Bone marrow
transplantation is one of the most well-known and widespread cell therapy in clinical practice
and it was successfully performed in the first time in 1956 [76]. Cells for regenerative
medicine can be basically distinguished between progenitor cells, including hematopoietic
stem cells (HSC) and mesenchymal stromal cells (MSCs), and differentiated cells (e.g. T cells)
[69]. In respect to the source of the cells, they can be derived from the patient (autologous
cells) or from a donor (allogeneic cells) [77]. The choice between the two depends on many

factors and is associated with specific strengths and weaknesses:

a) Autologous cells: the cells come from the patient themself, so there is no possible
immune reaction against them. This is the main advantage of using these cells. Still,
there are several drawbacks. The cells need to be harvested and expanded, a
procedure that can be time-consuming and is not certain to yield enough cells at the
end of the process. The harvest of the cells also requires specific equipment, which
will depend on the tissue of origin. Moreover, for some pathologies it might be risky
or difficult to get and use them (e.g. for blood related tumours, the autograft may be
contaminated with clonogenic tumour cells that can contribute to relapse) [77, 78].

b) Allogeneic cells: the cells come from a donor, so they can be expanded, screened,
and stored in liquid nitrogen (-180° C) long before they need to be used. This can be

performed in specific well-equipped centres. Then, the cells can be shipped and
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distributed to small centres where the cells can be easily thawed and administered

to the patient [77, 78].

The cells can be administered to the recipient using different routes and methods, and the
optimisation of cell delivery is essential to maximise the therapeutic effect of the cells. There

are two main routes of cell administration [69]:

a) Systemic administration: cells can be intravenously (1V) or intraarterially (1A) injected.
This route of administration has the advantage of being minimally invasive and to
theoretically allow the cells to reach every tissue in the body. Nevertheless,
intravenous administration of cells is usually associated with lung entrapment in
animal models [79].

b) Local transplantation: the cells are delivered directly to the tissue of interest.
Because of that, this route of administration can be more invasive than a systemic
one and it is not feasible for all types of tissues. Anyway, there has been limited
evidence that following local transplantation the cells can enter the circulation and

reach different tissues [79].

Following cell administration, two different possible mechanisms of action have been

proposed to take place [69]:

a) Engraftment of the administered cells followed by replacement of diseased cells.
b) Release of cytokines and/or growth factors from the injected cells, which are then

capable of inducing endogenous tissue healing.

Cell therapy is a promising field for the treatment of different diseases. In particular, MSCs

have raised the interest of the scientific community for their characteristics and potentiality.
1.4 MESENCHYMAL STROMAL CELLS

MSCs were isolated for the first time from the bone marrow (BM) in 1968 by Friedenstein
and colleagues, who reported an adherent, fibroblast-like, clonogenic non-hematopoietic
cell population with a high replicative capacity in vitro [80, 81]. Since then MSCs have been
found in and isolated from many other sources, including adipose tissue [82], umbilical cord
blood [83] and Wharton’s Jelly [84], synovial membrane [85], tooth pulp [86] and other
tissues [87]. [87]Three minimum common criteria have been set up by The International
Society for Cellular Therapy to determine whether a cell can be considered a MSC: plastic
adherence, trilineage (adipogenic, chondrogenic, osteogenic) differentiation potential in

vitro and expression of CD73, CD90 and CD105, together with the absence of haematopoietic
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markers such as CD45 and major histocompatibility complex (MHC) class Il human leukocyte

antigen (HLA)-DR [88].

In addition to trilineage potential, there are also many claims that they have the ability to
(trans-)differentiate into cells of all three germ layers (e.g. pancreatic-like cells [89], neural-
like cells [90], hepatocytes-like [91, 92], and others [93]), though the evidence for this is not
very strong and lacks rigorous scientific support [94]. Moreover, in addition to having low
immunogenicity, MSCs also have immuno-regulatory capacity [95]. All these properties have

made MSCs a promising tool for cell therapy and tissue regeneration.

1.4.1 Clinical use of MSCs and importance of understanding the mechanism of action

MSCs were infused for the first time in human as a clinical agent in 1995 by Lazarus and
colleagues [96]. Here, autologous bone marrow MSCs were collected from patients with
hematologic malignancies in complete remission, expanded in vitro and reinfused
intravenously with the aim to evaluate the feasibility of collecting, expanding and injecting
human MSCs [96]. The first clinical trial was completed in 2000 by Koc and co-workers [97],
who evaluated the positive impact of human autologous BM-MSCs on peripheral blood
progenitor cells after the co-infusion of this cells in advanced breast cancer patients that had
received high-dose chemotherapy [97]. Now, the use of stromal cell-based therapies in
clinical applications is rapidly growing. Currently, there are over 3700 MSC-based clinical
trials active or in recruitment world-wide (clinicaltrials.gov). However, despite their
promising properties, little is known about how they might exert beneficial effects in disease
and possible limitations associated with their use. In order to understand their potential
mechanisms of action (MoA), better knowledge on the in vivo biodistribution and fate of
exogenously administered MSCs is fundamental. In turn, a better comprehension of the MoA

will allow optimal dosing regimens and targeting strategies to be established.

A recent report investigating the trends in MSC clinical trials undertaken from 2004 to 2018,
revealed that among the multiple routes of MSC administration, IV injection is the most
commonly used method for delivering MSCs to patients, accounting for 43% of trials [98]. For
this reason, in most preclinical studies involving small animals, the selected route of
administration is 1V, typically through the tail vein of rodents [99, 100]. However, it is now
well recognised that, at least in animal models, the IV-infused MSCs are subjected to a “first-
pass” effect where they get trapped in the microcapillary network of the lungs, with no
migration to other body sites [99, 101-104]. Moreover, they display a short-term survival,

with most cells disappearing in the next few hours [99, 103, 105]. Therefore, one of the main
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guestions about MSCs is: how can these cells exert their therapeutic function if, after IV
injection, they get stuck in the lung and die after a few days? On the other hand, preclinical
studies conducted with locally injected MSCs revealed a prolonged survival of the cells at the
site of injection [106], so understanding which mechanisms are involved in the clearance of

infused cells is also something of a major interest.

1.4.2 MSC immunoregulatory function

Accumulating evidence suggests that MSCs exert their therapeutic potential by modulating
the immune system instead of replacing local damaged cells themselves. Various in vitro and
in vivo studies have shown the ability of MSCs to regulate both the innate and adaptive
immune responses by suppressing natural killer cell proliferation and function [107, 108],
inhibiting dendritic cell maturation [109], reducing B and T cell activation [110, 111], inducing
an anti-inflammatory polarisation of the macrophages and by increasing the differentiation
of T cells toward a regulatory phenotype [108]. MSCs have been reported to be able to
secrete many soluble factors capable of mediating the immunomodulatory effects (Figure
1.6), including transforming growth factor-f1 (TGF-B1), involved in the regulation of
lymphocyte proliferation, differentiation and survival, and in migration and survival of many
innate immune cells; indoleamine-pyrrole 2,3-dioxygenase (IDO), an enzyme involved in the
degradation of the essential amino acid tryptophan required for T cell activity; nitric oxide
(NO), which attenuates T cell responsiveness; interleukin-10 (IL-10), a potent anti-
inflammatory cytokine able to block immune responses at different levels by acting directly
and indirectly on both the innate and adaptive immune systems; and prostaglandin E2
(PGE2), which suppresses the effector functions of macrophages, neutrophils and dendritic
cells, but promotes Th2, Th17, and Treg responses [112-114]. Nevertheless, even if the
modulatory effect is well documented, the therapeutic benefit is not yet well defined.
Therefore, in the following paragraphs some novel insights into MSC-mediated
immunomodulation and the role of the primed immune cells in mediating the therapeutic

effects of MSCs will be introduced (Figure 1.6).
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Immunomodulatory properties

Secrete many immunomodulatory molecules,
including TGF-B, IDO, NO, IL-10 and PGE2.
Suppress NK praoliferation and function.

= Inhibit DC maturation.
= Reduce T- and B-cell activation.

= Induce Th2, Th17 and Treg response.

Extracellular vescicles secretion
* |nduce an increase in the proliferation and a
reduction in the apoptosis of local cells by /

modulating PI3/Akt and ERK/MAPK pathways.
» |ncrease local angiogenesis and tissue healing MsC
via the Wnt/B-catenin signalling.
* Induce M2 macrophage polarisation.

Apoptosis and phagocytosis

* |Induced by host CD8" T and CD56" NK
cytotoxic cells.

= Apoptotic cells are phagocyted by monocytes
(efferocytosis).

= Engulfing monocytes differentiate toward an
M2 phenotype.

M2 macrophages

Upregulation of immunomodulating factors:
IDO, COX2, PD-L1, IL-10 and TGF-B.

Reduction of pro-inflammatory cytokines: IFN-
y, IL-1B, IL-6 and TNF-a..

Induce Foxp3*CD25"CD127-CD4* Treg cells.

Figure 1.6| Summary of the potential mechanisms of action by which MSCs might act. This figure summarises some of the well know and documented mechanisms of action

of MSCs and some novel ones recently proposed. Figure from Amadeo et al [115].
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1.4.3 Apoptosis and phagocytosis of infused MSCs

Recognition and engulfment of apoptotic cells by phagocytic cells have an important role in
tissue homeostasis, immunomodulation, and regulation of inflammation. When a cell
undergoes apoptosis, it is cleared by local macrophages, which can then polarise toward
different phenotypes depending on the stimulus. Apoptosis of IV-injected MSCs in the lungs
followed by phagocytosis of the resultant debris by host macrophages has been recently
proposed as a mechanism involved in MSC-mediated immunomodulation [102, 113, 116,
117]. This hypothesis has been tested in a mouse model of graft-versus-host disease (GVHD)
by Dazzi and co-workers [113]. This group found that, although IV-administered human bone
marrow-derived MSCs (BM-MSCs) rapidly underwent extensive caspase activation and
apoptosis in the lung, this did not affect their ability to mediate immunosuppression.
Apoptosis of the MSCs was mediated by the release of granzyme B and perforin by host CD56*
Natural Killer and CD8" T cytotoxic cells [113]. Interestingly, the recognition of the MSCs was
not triggered or mediated by the human leukocyte antigen (HLA) class | or class Il and did not
require the formation of an immunological synapse. Thus, the mechanism by which infused
MSCs are recognized by cytotoxic cells has not yet been clarified. However, this same study
further confirmed the role of apoptosis in mediating immunomodulation by infusing
apoptotic MSCs (apoMSCs) and obtaining the same immunomodulatory effect. Furthermore,
by labelling and tracing the apoMSCs, among several phagocytic populations investigated,
the authors detected a CD11b"&"CD11c™e™mediate 3 CD11b"&"CD11c™ and a CD11b™CD11c*
population responsible for MSC engulfment and clearance in the lungs, a process called
efferocytosis [113]. To clarify the role of apoMSCs engulfment in exerting MSC function,
Dazzi’s group conducted a further study where they found a reduction in the T-cell response
mediated by monocytes co-cultured with apoMSCs [118]. Interestingly, these monocytes
exhibited a functional and molecular immunosuppressive phenotype, with a significant
upregulation of immunomodulatory molecules, including IDO, cyclooxygenase2 (COX2) and
programmed death-ligand 1 (PD-L1), together with an increased secretion of PGE2 and
interleukin-10 (IL-10), and a reduction of tumour necrosis factor-a (TNF-a). Moreover, the
study showed how the upregulation of PD-L1, IDO and IL-10 was mediated by the COX2/PGE2
axis, identifying it as a key effector of apoMSC-induced immunosuppression [118]. Indeed,
only monocytes that had engulfed the apoMSCs displayed this phenotype, linking the in vivo
MSC apoptosis with their immunomodulatory function [118]. This result agrees with a recent
study published by Witte et al [102], where human umbilical cord MSCs (UC-MSCs) labelled

with the lipophilic dye PKH26 were infused in mice. As expected, the cells got trapped in the
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lungs and, after 24h, the PKH26 dye was mostly found in CD11" cells, suggesting the
phagocytosis of the UC-MSCs from local host innate-immune cells. Witte and colleagues
confirmed these results in vitro by mixing PKH26-labelled MSCs with CD14*monocytes
derived from peripheral blood mononuclear cells: nearly all monocytes became positive for
PKH26 within 24 hours. Interestingly, this co-culture also revealed a shift of the monocytes,
with increased expression of CD163 and CD206, markers associated with an immune
regulatory function. Furthermore, these primed monocytes were added to mixed
lymphocyte reactions resulting in the upregulation of the level of Foxp3*CD25MCD4*
regulatory T (Treg) cells [102]. A similar phagocytosis mechanism was reported by Braza et al
[117], who reported that IV infused PKH26-labelled BM-MSCs were cleared in the lungs by
monocytes/macrophages within 24h. PKH26 positive macrophages were reported to display
an anti-inflammatory M2 phenotype, with an increase in TGF-B and IL-10 secretion. This
result is corroborated by in vitro experiments performed by Ghahremani et al [119], who
showed the induction of an anti-inflammatory-like phenotype in macrophages after the
efferocytosis of adipose derived MSCs (A-MSCs), with an upregulation of IL-10 secretion, and

a reduction of TNF-a and NO production.

A possible mechanism to explain the macrophage-mediated phagocytosis of MSCs was
proposed by Gavin et al [116], who revealed that live MSCs can be phagocytised by
monocytes via a complement-mediated opsonization. The complement system is made up
of a large spectrum of different plasma proteins that can react with each other to opsonise
pathogens and trigger a series of inflammatory responses. After exposing BM-MSCs to
human plasma, an enrichment of C3 complement protein on the surface of the cells was
detected [116]. Interestingly, Gavin et al reported an increase in monocyte phagocytosis of
MSCs pre-treated with plasma, and a significant reduction of this effect by inhibiting the C3
protein, suggesting a direct role of complement opsonization in the clearance of the infused

cells [116].

Taken together, these results suggest a direct involvement of the immune system in the
clearance of IV-infused MSCs and in mediating their function. Apparently, after MSCs get
trapped in the lungs, they are quickly killed and opsonised by local cytotoxic cells and
macrophages, respectively. Then, the phagocytosis triggers the polarization of the
macrophages to a M2 anti-inflammatory phenotype, which can increase the secretion of
immunomodulatory factors, such as IDO, IL-10 and TGF-, and the upregulation of Treg cells.

Nevertheless, even if the involvement of phagocytosis and MSC clearance after IV infusion is
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becoming quite clear, how this mechanism can mediate the final therapeutic process still

remains uncertain.
1.4.4 Exosomes

Another potential mechanism for the therapeutic effect of MSCs is the paracrine secretion
of tropic factors, with exosomes being of special interest. These nano-sized membrane
vesicles are able to carry several types of molecules, including proteins, nucleic acids, and
lipids, some of which could possibly mediate the beneficial effects of MSCs. Indeed, during
the last few years, exosomes derived from different sources of MSCs were found to have a
therapeutic effect in many disease models, such as myocardial ischemia/reperfusion injury
[120-122], kidney disease [123, 124], wound healing [125], hepatic disease [126-128], and
more recently, cartilage and bone regeneration [129-132] and neurological disease [133]. In
particular, many studies have reported an increase in local cell proliferation and reduction of
apoptosis and inflammation after exosome infusion or transplantation [134-136], and
different molecular mechanisms have been investigated. Interestingly, exosomes can be
released by the administered cells, or can be collected in vitro and administered directly into
the subject, avoiding the need of injecting cells and all the possible negative effects that can

be related to that.
1.4.4.1 AKT, ERK and MAPK axis

A molecular pathway that has recently emerged to be mediated by MSC-released exosomes
and to have arole in the regulation of proliferation and apoptosis is the protein kinase B (also
known as Akt), extracellular receptor kinase (ERK) and mitogen-activated protein kinase
(MAPK) axis [131, 132, 136, 137]. The phosphatidylinositol 3-kinase (PI3K)/Akt pathway and
the MAPK/ERK signalling cascade are both composed of a group of downstream effectors
important for regulating cell growth and proliferation, survival and apoptosis, mobility and
invasion [138, 139] . In a recent study involving both an in vitro and an in vivo model of
osteoarthritis (OA), Zhang et al [132] demonstrated that exosomes purified from human
embryonic stem cell-derived MSCs could reduce inflammation and restore matrix
homeostasis by acting through adenosine receptor-mediated Akt and MAPK/ERK
phosphorylation on local chondrocytes. As a direct consequence of the involvement of this
pathway, Zhang and colleagues reported an enhancement in local proliferation, with a
reduction in apoptosis and fibrosis [132]. Furthermore, Zhang et al have previously reported
that activation in chondrocytes of these two pathways was mediated by the ecto-5'-

nucleotidase (NT5E) activity of CD73 carried by the exosomes [136]. Indeed, CD73 can
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convert extracellular adenosine monophosphate to adenosine, which in turn can interact
with adenosine receptor and modulate the Akt and MAPK/ERK signalling [140, 141]. These
results were confirmed by Chew and colleagues, who demonstrated the involvement of this
mechanism in the enhancement of periodontal regeneration mediated by MSC-derived

exosomes [131].
1.4.4.2 WNT/B-Catenin signalling pathway

Another possible molecular mechanism for the role of exosomes in tissue regeneration is the
Wnt/B-catenin signalling pathway. Since this mechanism plays a key role in tissue
homeostasis and cell fate [142], it has become a major field of interest in the last years. This
mechanism was investigated and reported to be involved in wound healing by Zhang and
colleagues, who found that human UC-MSC-derived exosomes could promote angiogenesis
and wound healing when injected subcutaneously into second degree burns [143-145]. After
Wnt4 knockdown, the beneficial effects induced by the exosomes were reduced, suggesting
an involvement of this pathway in exosome mediated angiogenesis in cutaneous wound
healing [144]. The involvement of Wnt/B-catenin was also recently revealed in a model of
myocardial ischemia-reperfusion injury by Cui and colleagues [122], who reported an
increased activation of the pathway in rat myocardium, associated with anti-apoptotic and
pro-survival effects on local cardiomyocytes, after the IV administration of A-MSC derived
exosomes [122]. Nevertheless, there are some controversial results about the role of
exosomes in the activation or inhibition of this pathway. Ron et al recently published a paper
where they claimed BM-MSC derived exosomes reduced liver fibrosis through the inhibition
of the Wnt/B-catenin pathway [146]. So, how this mechanism is regulated by exosomes
remains unclear and further analysis are required to elucidate whether the exosomes are

really able to mediate it and if this has any therapeutic relevance.
1.4.4.3 Exosomes and immunomodulation

Immunomodulation is another function that can be exerted by exosomes, and this has
become a major field of interest. A novel metabolomic study published by Showalter and
colleagues [147] revealed how the correct priming of MSCs can increase the packaging of
molecules and lipid membrane components inside the exosomes that have been directly
associated with immunomodulation, including M2 polarization in vivo. Several studies have
indeed reported the increase of M2 macrophage infiltration and anti-inflammatory cytokine
upregulation, such as IL-10, with a parallel decrease in M1 macrophages and inflammatory

cytokines, including interferon- y (IFN-y), IL-1B, IL-6, and TNF-a following the administration
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of MSCs-derived exosomes [121, 136, 148]. Apparently, the function exerted by exosomes
and the macrophage M2 polarisation are strictly related mechanisms, both involved in MSC-
mediated wound healing. Indeed, in support of this hypothesis, studies have shown that the
depletion of macrophages can reduce and delay the wound healing exerted by infused MSCs
[121, 149]. Likewise, inhibition of exosome release also results in a reduction of macrophage

polarisation toward a M2 phenotype both in vitro and in vivo [149].

Macrophages have displayed polarisation towards an M2 phenotype after exposure to MSC-
derived exosomes in multiple studies [121, 136, 150-153] and different factors have recently
been proposed to be involved in this. Lan, et al revealed how the incorporation of protein
inside the exosomes can exert effects that the free form of the same protein cannot do [148].
They discovered that the incorporation into MSCs exosomes of Metallothionein-2, a critical
regulator of numerous cell activities (including immunomodulation), mediates the
upregulation of macrophages anti-inflammatory ability, while the free form of this protein
has no effect on them [148]. Many research groups are focusing their attention to investigate
the role of the population of miRNA contained inside exosomes and to clarify any possible
role in theirimmunomodulatory capacity. Let-7a, miR-23a, miR-25b [150] and miR-182 [121]
have already been identified as miRNAs able to act on and downregulate the Toll-Like
receptor 4 (TLR4)/NF-kB signalling pathway within macrophages, which in turns increases the

activation of the PI3K/Akt signalling pathway, leading to M2 macrophage polarisation [121].

Even if there is no clarity yet on whether there is a polarisation of the local macrophages or
just a recruitment of these cells, all these results support the active role of
immunomodulatory macrophages in mediating the therapeutic effect of MSCs, and the
involvement of MSC-derived exosomes in this process. However, the in vivo biodistribution,
pharmacokinetics and the specific mechanisms of action of exogenously administered

exosomes are still to be further elucidated.

1.4.5 MSCs in renal treatment

Transplantation of autologous and allogeneic MSCs have been shown to improve kidney
injury in different animal models [154-156], and the use of these cells as a possible
therapeutic agent is now being extensively tested in different clinical trials. The potential
application of MSCs in kidney disease have been explored taking different aspects into

account.

The secretion of a pool of different trophic factors and the immunomodulatory properties of

these cells have been considered and evaluated to enhance the natural regenerative process
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of AKI [157-159]. In preclinical studies, MSC-derived exosomes have been reported to
ameliorate kidney injury in terms of renal cell survival, reduction of epithelial cell apoptosis,
decrease of inflammation and immune response, improvement of the structure of the
extracellular matrix [154, 160]. The same effect can also be obtained with other types of
MSCs derived vesicles. As described previously, vesicle secreted by MSCs are rich in
molecules and miRNA and their use have been extensively investigated for a possible
therapeutic effects in models of AKI [155, 156], where their use was reported to reduce renal
cell apoptosis and increase their proliferation [156]. In a mouse model of induced AKI, the
administration of MSC-derived microvesicles accelerated functional recovery by inducing the
proliferation of tubular cells [157]. A similar effect was also reported in a rat model of renal
ischemic reperfusion injury: the extracellular vesicles improved the tubular injury and

protected renal function by modulating the activity of NK cells [158].

The immunosuppressive effect of MSCs has also been investigated in kidney transplants. In
a rat model of allogeneic kidney transplantation, infusion of allogeneic BM-MSCs reduced
infiltration of CD8 T cells and monocytes into the transplanted kidney and helped reduce the
incidence of graft rejection [161]. A kidney transplantation study performed using a mouse
model revealed that the administration of MSCs 24 hours before kidney transplantation was
associated with an increase in the pool of regulatory T cells and an increased survival of the
graft [162]. On the other hand, some studies have shown no beneficial effect of MSCs on
renal transplantation. A recent Chinese study reporting on the outcome of a clinical trial
where 21 recipients received allogeneic UC-MSCs immediately prior to transplantation,
revealed no statistically significant differences with the controls in terms of renal function,
rejection or survival of the kidney transplant one year post-transplantation [163]. Moreover,
an experimental study conducted in Germany revealed adverse effects following MSC
infusion in a rat model of kidney transplantation. The intravenous administration of BM-
MSCs four days before kidney transplantation was associated with a more severe cellular and
humoral rejection and worse graft function [164]. This is another example of how it is
necessary to have a good understanding of the mechanisms of action before moving

forwards with clinical studies.

1.4.6  MSCs: possible limitations and importance of conducting proper pre-clinical studies

Besides the importance of understanding the mechanism of action of MSCs to determine
whether the cells or their derived products such as extracellular vesicles or apoptotic bodies

exert the therapeutic function, there are many other concerns relating to the applicability of
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MSCs-based regenerative medicine therapies to the clinic. As stated previously in 1.4.1, MSCs
are currently being used in many clinical trials. For this reason, collecting adequate pre-
clinical data relating to the safety, the biodistribution, and the fate of the cells is crucial
before moving to clinic. Some cases of misconduct have already been reported, such as what
has happened with a surgical procedure for replacing parts of the trachea using a tissue
engineering construct. The substitute was developed by growing mesenchymal stromal cells
on a synthetic scaffold and subsequently implanted into nine patients without doing any pre-
clinical analysis. Seven out of those nine patients died within two years after the surgery
[165]. Another example of the importance of proper preclinical studies is the case of a patient
affected by the neurodegenerative hereditary disorder ataxia telangiectasia and
administered with human neuronal stem cells derived from embryonic stem cells [166]. Four
years after the first treatment the patient was diagnosed with a multifocal brain tumour

caused by the implanted cells [166].

The only way to effectively minimise this risk is to obtain robust data from pre-clinical trials

before moving to the clinic. Questions that need to be addressed include:

a) Undesired differentiation: uncontrolled proliferation or differentiation of infused
MSCs can be a major concern related to their clinical use. BM-MSCs used to treat a
model of myocardial infarction in mice has been reported to lead to the formation
of calcified tissue close to the infarcted area [167, 168]. However, no cases of
uncontrolled proliferation have been reported so far in humans.

b) Possible tumorigenicity [169]: this is directly related to the previous point. Due to
their differentiation and proliferation abilities, MSCs could potentially develop a
tumour in the site of engraftment. Also, genetic manipulation and long-term in vitro
cultures can be associated to genetic instability and chromosomal aberration [169].
Additionally, MSCs can also be implanted in chemotherapy or radiotherapy patient,
with a compromised immune system, and this can also be associated with a risk of
tumorigenesis [170].

c) Furthermore, MSCs can contribute to the growth of a pre-existing tumour in different
ways. MSCs immunomodulatory properties can enhance tumour survival and growth
[171] and, additionally, MSCs can enhance the formation of novel vascular structures
and, again, facilitate tumour survival, growth and metastasis [172].

d) Embolism: the administration of MSC through the cardiovascular system can lead to
the blockage of a vessel. The formation of micro-occlusion following intra-arterial

MSCs infusion have been reported and have been revealed to be associated on the
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infusion modalities. In particular, cell dose and infusion velocity seem to influence
the risk of embolism [173]. Also, Jung et al reported lung embolisms and infarcts in
three patients who received multiple intravenous infusions of autologous adipose
MSCs [174].

e) Immunogenicity: despite the immunomodulatory potential of MSCs, using allogeneic
cells can be arisk to trigger an adverse undesired immunological reaction and it must
be considered when moving toward the clinic [175].

f) Efficacy: the evaluation of the efficacy in pre-clinical models should be mandatory,
and the cells’ therapeutic effect should always be compared with the standard
therapies for a specific disease. Each batch of MSCs should be well characterised
prior to administration and the development of novel in vitro assays looking into the

therapeutic potency of the cells can help into this [176].

It is important to investigate all these aspects in appropriate pre-clinical models before
translating into the clinic. Having a complete knowledge of these would also help to better

develop a risk-benefit analysis for each clinical scenario.
1.5 MSCS LIVE IMAGING

The development of non-invasive pre-clinical imaging methods to monitor the fate and the
biodistribution of infused cells into various animal models at different time points can help
to generate a better understanding of the efficacy and the safety of MSC-based therapies
[177]. Cells can be tracked either by labelling the cells with specific molecular probes or by
genetically engineering them to overexpress a specific reporter gene. Labelling probes need
to be taken up by the cells and, because of this, it is important to underline that the signal is
not directly related to the cells and to its viability, but just to the presence of the probe itself,
which can also be released from the labelled cells and lead to misleading false positive results
[178, 179]. Furthermore, when a cell labelled with this kind of probes divides, the probe is
distributed between the two new cells, resulting in a progressive signal dilution [179]. This
type of probes includes fluorescent quantum dots for optical imaging [180],
superparamagnetic iron oxide nanoparticles (SPIONs) or paramagnetic metal chelates for
magnetic resonance imaging (MRI) [181], radioisotopes for positron emission tomography
(PET) and single-photon emission computerized tomography (SPECT) [182] or gold nanorods

for photoacoustic imaging [183].

On the other side, reporter genes can be integrated into the cell genome using viral or non-

viral methods. Once integrated, they can be transcribed and transduced into a final protein.
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This technique can include genes encoding for fluorescent probes for optical imaging [184],
iron homeostasis proteins (e.g. ferritin [185]), reporter enzymes [186] and chemical exchange
saturation transfer [187] for MRI, reporter genes encoding either for protein capable to
phosphorylate a specific PET probe, or for a receptor or a transmembrane protein specific
for a PET probe [188], and genes encoding for enzyme capable of oxidising a specific
bioluminescent substrate resulting in the emission of light (bioluminescence imaging) [189].
The last technique in particular requires the administration of a specific molecule (substrate)
capable of interacting with the protein (enzyme) encoded by the reporter gene to obtain a
signal coming from the cell [177]. Reporter genetic probes have the great advantages of not
losing or diluting the signal when the cells divide and to be directly associated to the cells,
with no release in the surrounding environment for most of the reporter genes used [178].
On the other hand, they have one major limitation, which is the genetic manipulation of the
cells and can represent a safety issue. Further limitations include substrate distribution or
enzyme turnover [177, 178], or background uptake and clearance of the substrate. Also,
some reporter genes, such as the herpes simplex virus 1 — thymidine kinase (HSV1-tk) [188]
or the Firefly luciferase (FLuc) [190], have been associated to an increased immune response

in the host toward the genetically modified cells.

Bioluminescence is a gene reporting imaging technique widely used to track the
biodistribution of infused cells in small animal models. In the next section the principles of

bioluminescence and its use for live imaging will be described.

1.5.1 Bioluminescence

Bioluminescence is a natural phenomenon occurring in many groups of organisms, from
bacteria and protists to animals (e.g. fish and insects) [191]. The production of light is a result
of a biochemical reaction, during which the oxidation of a substrate (e.g. luciferin) is
catalysed by an enzyme (e.g. luciferase). Unlike fluorescence, there is no need of incident
radiation to emit light. This allows the signal to glow on a dark background, resulting in an
increase in the sensitivity of the system. Furthermore, luminescence does not share the
disadvantages of fluorescence associated with the necessity of an incident light source, like
cytotoxicity, autofluorescence of the sample, quenching of the signal or bleaching of the
fluorochrome [192]. All these properties make luminescence a good candidate for non-
invasive imaging in living animals. Consequently, its use has increased greatly in the past two
decades and BLI is now a standard technique for quantitative non-invasive live imaging that

can be used to monitor different mechanisms, such as gene expression [193], cell
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biodistribution [99], tumour growth [194], and protein-protein interaction [195], in animal

models at different intermediate time points without killing the animal [196].

Different bioluminescence systems, composed of a specific enzyme and a related substrate,
have been identified in nature. Bioluminescence systems widely used in research can be
divided into two major groups, based on consumption of adenosine triphosphate (ATP). The
first group of enzymes, mostly derived from insects, generates light through a two-step
oxidative biochemical reaction. The substrate is initially adenylated by ATP to generate an
adenosine monophosphate (AMP)-substrate intermediate. This is subsequently oxidised by
molecular oxygen (0,) leading to the formation of an excited oxy-intermediated from which
photons can be emitted with a specific wavelength [197]. The second group of enzymes
includes ATP-independent luciferases cloned from luminous marine organisms [191]. ATP-
independent luciferase commonly used in laboratories are derived from the sea pansy Renilla
reniformis (RLuc), the marine copepod Gaussia princeps (GLuc), or the deep-sea shrimp
Oplophorus Gracilirostris (OLuc). A substrate shared by many of these marine luciferases is
coelenterazine (CTZ). CTZ can react with O, in presence of its luciferase pair and form an
oxidized intermediate, which can emit light following CO; loss [191]. It is also important to
mention that, whilst most of the luciferases are intracellular enzymes, the GLuc is actually

secreted [198].

The most commonly used ATP-dependent system used in research is composed by the Firefly
Luciferase (FLuc) from Photinus Pyralis and its specific substrate, the D-Luciferin. Luciferases
from other organisms have also been cloned and are used in research, but not as widely

[199].

In vivo bioluminescence imaging (BLI) is the result of light emitted by the reporter system
exceeding the light absorbed and scattered by the animal tissues [200]. Thus, even though
bioluminescence has the great advantage of a dark background because there is no
spontaneous light emission from the tissue, these can reduce the signal intensity at the
surface by absorption [201]. Endogenous chromophores present in the body are responsible
for this phenomenon. Within the visible spectrum (from 400 to 760 nm) haemoglobin is the
main chromophore responsible for light absorption in the tissues, together with melanin in
the skin if the animal is pigmented [201]. As a direct consequence of light attenuation by
tissues, light sources closer to the surface of the animal give a stronger signal when compared

to those that are deep-seated.
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Haemoglobin (Hb) absorbs mainly in the blue and green part of the visible spectrum,
displaying some differences depending on its form (oxyhaemoglobin or deoxyhaemoglobin)
[202]. However, it has a low absorption of wavelength longer than 600 nm, allowing the
transmission of red light through the tissues [201]. Therefore, the spectral properties of the
luminescence system can have a significant impact on imaging, and systems that emit red
light are optimal when transmission through tissues is concerned. The oxidation of D-
Luciferin catalysed by FLuc yields the emission of photons with a peak wavelength of ~560
nm. On the other hand, oxidation of CTZ in the presence of natural marine luciferases
produces photons at ~480 nm [196]. Because of its long-wavelength emission, FLuc and D-
luciferin system have been widely preferred to other luciferases systems. Nonetheless, part
of the light emitted during the oxidation of D-luciferin is still absorbed. Therefore, many

strategies have been studied and developed to generate red-shifted light.

Both ATP-dependent and independent luciferase systems have been extensively engineered
to improve signal output. Table 1.3 summarises some luciferase reporters and the associated
substrates. The gene encoding for the original FLuc, for example, was optimised for
mammalian expression (e.g. luc2 gene). In addition to the enzyme, substrates have also been
engineered. For instance, D-Luciferin analogues have been developed and synthetized [203],
although most of them did not result in an increase of signal intensity when compared to
FLuc/D-Luciferin. Only a few D-Luciferin analogues, such as CycLucl [204] or Akalumine [205],
are claimed to have improved in vivo performance under particular conditions. Engineering
of FLuc/D-luciferin system has also been used for other purposes, not only to increase the
signal. Prescher and colleagues [206] synthetized a series of D-Luciferin analogues and
screened them for different FLuc mutants able to discriminate among the D-Luciferin
analogues. This resulted in a series of FLuc/D-luciferin-derived pairs that can be used to
perform multiple BLI analysis in the same animal at the same time [207]. Furthermore, to
date, more than 30 luciferases able to oxidise D-luciferin have been discovered from different
species. Among all of these, click beetle luciferases such as CBR and ELuc are reporters
commonly used because of their thermal stability and ability to emit different colours from
540 nm to 615 nm following D-luciferin oxidation [208]. Those luciferases have been
modified to optimise the signal as well. Recently, Hall et al [209] reported an engineered
mutant of the CBR, CBR2opt, which showed a maximum emission at 745 nm in presence of a
naphthyl-luciferin analogue, NH2-NpLH2, although the sensitivity in vivo was not better than
CBR2opt paired with D-luciferin (617 nm emission peak) [209].
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As mentioned before, RLuc, GLuc and OLuc are ATP-independent luciferase commonly used
in laboratories. Different luciferases have been derived from these, to increase the
wavelength of emission. It is important to notice that CTZ and some other substrates for
marine luciferases display poor water solubility [210, 211], something that can hinder and
reduce their in vivo application [211]. So, in the same way, many analogues of CTZ have been
synthesized [212] (Table 1.3). Some of the newly developed luciferases have revealed to have
in vitro properties even better than FLuc. For example, a derivate of OLuc, the NanoLuc, in
presence of furimazine (FZ), a CTZ analogue, has revealed a signal ~100-fold brighter than
FLuc in vitro [213]. Unfortunately, NanoLuc, as many other ATP-independent luciferases and
their derivates, displays a blue emission peak at ~460 nm, resulting in poor tissue
penetration and thus are not well-suited for in vivo imaging. A derivate of NanolLuc, teluc,
was recently engineered [214]. In the presence of diphenylterazine (DTZ), a synthetic
substrate, teLuc displays an emission peak at ~502 nm, with a good emission of photons at
wavelength longer than 600 nm [214]. A recent study has reported novel FZ-derived
substrates for NanoLuc able to shift the emission to nearly 600 nm, although the
bioluminescence intensities were low [215]. Another strategy adopted to red shift the signal
from this category of luciferase is the Bioluminescence Resonance Energy Transfer (BRET).
Resonance energy transfer (RET) is a photophysical phenomenon occurring between two
chromophores. An excited donor chromophore may transfer its energy to an acceptor
chromophore via a nonradiative dipole-dipole coupling process [192]. Basically, a photon
emitted by the excited chromophore has the right wavelength to excite the second
chromophore, which will emit a photon with a second wavelength. This energy transfer can
happen only if the two chromophores are in close contact. When the light source required
to excite the second chromophore is the results of a bioluminescence reaction, this
phenomenon is called BRET [192, 216]. Although BRET is a useful method for monitoring
different biological process, like protein-protein interactions [217], it can also be used to
generate a red-shifted signal, evading tissue absorption [218-220]. This has been achieved,
for example, by fusing NanoLuc or teLuc with CyOFP1, a fluorescence protein with an
emission peak at 590 nm, to generate two BRET systems called Antares [218] and Antares2

[214], respectively.
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Table 1.3: Luciferase-luciferin pairs, divided in ATP-dependent and independent groups. The emission peak is specified.

Luciferase Luciferin Amax (nm) References
FLuc D-Luciferin 563 [221, 222]
w2 Cyclucl 600 [204]
23 Akalumine/Akalumine-HCI 675 [223]
§_ § Akaluc Akalumine/Akalumine-HCI 650 [205]
8 = CBR D-Luciferin 615 [208]
lé 3 CBR2opt D-Luciferin 615 [209]
< NH2-NpLH2 745 [209]
ELuc D-Luciferin 538 [224]
Rluc CTZ 482 [225]
RLuc8 CTZ 487 [226]
RLuc8.6 CTZ 535 [227]
. v-CTZ 590 [227]
§ .  Gluc CTZ 473 [228]
< § GLuc Monsta CTz 513 [229]
_§ 8  Glucs CTZ 495 [230]
_!l= g OLuc CTz 460 [231]
a - NanoLuc Fz 460 [213]
< teLuc DTZ 502 [214]
yeluc STZ 527 [214]
Antares (BRET fusion protein) FZ 590 [218]
Antares2 (BRET fusion protein) DTZ 590 [214]

Abbreviations: CBR, click beetle red luciferase; CTZ, coelenterazine; DTZ, diphenylterazine; FLuc, firefly luciferase; FMNH2, reduced flavin, mononucleotide;
Fz, furimazine; GLuc, Gaussia luciferase; RLuc, Renilla luciferase; STZ, selenoterazine.
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Finally, there are other factors that must be considered when performing BLI.
Bioluminescence has a low brightness caused by the slow turnover of the luciferases.
Because of this, bioluminescent reporters are mostly used in macroscopic imaging with low
spatiotemporal resolution, although recent studies revealed the possibility to perform
imaging with a single-cell detection sensitivity [192, 205]. Moreover, several factors influence
the detection of the internal light source (sensitivity). These include the level of expression
of the luciferase, the amount of substrate delivered to the expressing cells, the depth of the
labelled cells within the body, the absorption of the signal from the surrounding tissues, and
the sensitivity of the detection system itself [199, 232]. Improvements in the technology of
the detection systems have increased the sensitivity and the quality of the acquired images.
Emitted photons are detected by a specialised charge couple device (CCD) cameras, which
can convert the incident photons into specific electrical signals that can be converted by a

dedicated software into the final image [199].
1.6 INTRODUCTION SUMMARY AND AIMS OF THE THESIS

Summarising, kidneys are important organs involved in waste removal, fluid and blood
homeostasis, and secretion of important hormones. Different pathologies, including AKl and
CKD, can severely affect kidney function, resulting in patients no longer being able to properly
filter their own blood. There are no specific treatments for AKI or CKD and the only available

therapies involve replacing renal function, either with dialysis or transplantation.

Regenerative therapies are promising solutions for kidney disease and different cell types,
including mesenchymal stromal cells from different sources, have shown beneficial effects in
preclinical models and are currently being tested in clinical trials. However, despite being
widely studied, the current understanding of the biodistribution, safety and the interaction
of MSCs with the host is still not complete. Furthermore, a parallel comparison of the
behaviour in vivo of different sources of MSCs has not been performed yet. Bioluminescence
imaging is a non-invasive preclinical imaging technique that can be used to assess the

biodistribution and the safety of MSCs encoding for a BLI reporting gene in vivo.
The main goals of this thesis were to:

1. Characterise three different sources of MSCs (umbilical cord, bone marrow and adipose)
in vitro and optimise a transduction protocol suitable to generate transduced UC, BM
and A-MSCs.

2. Evaluate the use of a novel Firefly Luciferase analogue, the Akaluc system, as a possible

reporter gene for in vivo cell tracking in small rodents.
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Use the transduced MSCs to explore their short term biodistribution in small rodents
when administered intravenously and to investigate whether the presence of an
ischemia reperfusion injury can impact on it.

Use the transduced UC-MSCs to explore their safety in immunocompromised animals
and to investigate the response of the host immune system in the first 24 hours following

the administration of the cells.
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CHAPTER 2 GENERAL MATERIALS AND METHODS

2.1 CELL CULTURE

Umbilical cord (UC-), bone marrow (BM-) and adipose derived (A-)MSCs are the most used
MSCs in clinical trials (clinicaltrials.gov). As part of the RenalToolBox international training
network, we had the possibility to share between different sites mesenchymal stromal cells
(MSCs) coming from these three different sources (umbilical cord, bone marrow and adipose
tissue). The idea was to culture and work with the three most commonly used MSCs using
standard conditions shared among the sites to identify any possible difference in the in vitro

and in vivo behaviour of the cells.
2.1.1 Cellisolation

The three types of MSCs were provided by different sites according with their specific

regulations.
2.1.1.1 Umbilical cord derived mesenchymal stromal cells

Human UC-MSCs were isolated from umbilical cord tissue donated by 3 healthy volunteers
at National Health Service Blood and Transplant (NHS-BT), in Speke, Liverpool. The
procurement and processing of the umbilical cords was licensed by the UK’s Human Tissue
Authority. The cells were isolated according to NHS-BT good manufacturing practice (GMP)
procedure: at arrival, the cord tissue was quickly washed with an ethanol solution and moved
to the grade A GMP environment. Here, the tissue was halved horizontally, chopped into big
pieces, and plated into 150 mm diameter dishes with the inner layers facing the surface of
the dish. Then, the cord pieces were covered with 60 mL of GMP-grade Minimum Essential
Medium Eagle alpha (MEM-a) supplemented with 10% of GMP-grade human platelet lysate
(HPL). After 7 days, during which the cord was cultured untouched, the pieces were removed,
and the medium replaced with fresh medium. Then, the cells were passaged, and the process
was scaled up to produce the number of cells required for clinical use. When the cells were
split from P2 to P3, an aliquot of cells was cryopreserved and shipped to the Department of
Molecular Physiology and Cell Signalling of the University of Liverpool in accordance with a
Materials Transfer Agreement drawn up by the NHS to cover all the experiments described

in this thesis.
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2.1.1.2 Bone marrow derived mesenchymal stromal cells

Human BM-MSCs were provided by the University of Galway following isolation from 3
separate donors after being purchased from Lonza (Basel, Switzerland). Briefly, at the arrival
of the bone marrow, the tissue was washed twice with phosphate-buffered saline (PBS).
Following a centrifugation at 900g for 5 minutes the supernatant was discarded, and the
lower phase was suspended in 5 mL of PBS to perform a cell count. The mononucleated cells
suspension was then seeded into T-175 flasks with a seeding density between 2.37x10° and
3.39x10° cells/cm?. The cells were expanded until 80% confluence with regular medium
change every 3-4 days. Following passaging, an aliquot of each donor was cryopreserved and
shipped to the Department of Molecular Physiology and Cell Signalling of the University of

Liverpool, to perform all the experiments described in this thesis.
2.1.1.3 Adipose derived mesenchymal stromal cells

Human A-MSCs were isolated in the University of Mannheim from lipoaspirates donated by
3 healthy donors after obtaining informed consent (Mannheim Ethics Commission; vote
number 2006-192NMA). At the arrival of the lipoaspirate, the tissue is digested with a
solution of NB4 Collagenase (Serva/Nordmark) dilute in MEMa (0.15 U/mL) for 30 to 45 min,
at 37°C with gentle agitation. The digestion is then stopped by adding an equal volume of
MEMa and everything is filtered through a 100 um nylon mesh filter to remove any
undigested tissue. The cells are then centrifuged at 1200g for 10 minutes and plated with
MEMa supplemented with 10% foetal bovine serum (FBS). After 24h from the seeding the
cells are extensively washed to remove any non-adherent and red blood cells. The cells have
then been expanded according to the optimal seeding density and an aliquot of cells was
cryopreserved and shipped to the Department of Molecular Physiology and Cell Signalling of

the University of Liverpool, to perform all the experiments described here.

2.1.2 Cell culture procedures

All MSCs were cultured and expanded at the University of Liverpool according to standard
mammalian tissue culture protocols and sterile techniques. In detail, cell culture procedures
were performed using aseptic techniques in a class Il Biosafety Cabinet. Any solution that
entered in close contact with the cells was pre-warmed to 37°C. All the cell lines were
cultured at 37°C in a humidified incubator, with 5% CO,. The different sources of MSCs were
cultured with MEM-a already supplemented with GlutaMAX (Gibco, #32561037), with the
addition of 10 % FBS (Gibco, #10270-106). All the FBS used was from the same batch to

reduce any possible difference associated to the serum production. The FBS was selected
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following a serum screening in Galway with the aim was to find out a serum suitable for the
MSCs coming from all the different sources. The HEK 293T cell line was cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Sigma-Aldrich, #D6546-500ML) supplemented with 10%
FBS (Gibco) and 2 mM L-glutamine (Sigma-Aldrich, #G7513-100ML). The medium was
changed every 3-4 days and the cells were passaged when they reached around 80-90%

confluency.

To passage the cells, the medium was removed, the cells washed twice with sterile PBS
without Ca** and Mg?*" (Sigma-Aldrich, #D8537-500ML) and detached with trypsin/EDTA
[500 mg porcine trypsin and 200 mg EDTA] solution (Sigma-Aldrich, #T4174-100ML) for 3
minutes. Then, trypsin activity was inhibited by adding culture medium supplemented with
FBS (10%). The solution containing the detached cells was collected and centrifuged at 400 g
for 3 minutes. Following the centrifugation, the supernatant was removed, and the cells were
counted and seeded again or frozen down. The seeding density for the three cell types was
optimised at the different sites (here for the UC-MSCs, in Galway for the BM-MSCs and in
Mannheim for the A-MSCs). After the optimisation, a seeding density of 3x103 cells/cm? was
agreed for UC and BM cells, while a seeding density of 3x10? cells/cm? was agreed for the A-

MSCs. The HEK cells were usually split at a ratio of 1:8 or 1:10.

To reduce the risk of contamination, each surface, bottle and/or box of material that entered

the Biosafety Cabinet was disinfected with 70% ethanol.

2.1.3 Cryopreservation and thawing of the cells

For cryopreservation of cells, after performing cell detachment and centrifugation, the cells
were suspended into a freezing medium containing 90 % complete medium (MEM-a with
10% FBS) and 10 % dimethyl sulfoxide (DMSO; Sigma-Aldrich, #D2650-100ML) at a density
between 5x10° and 2x10° cells/mL. Then, the cell suspension was transferred into cryovials
(1 mL each), placed into a freezing container filled with 2-propanol and stored at -80°C
overnight. The day after, the cells were moved to the liquid nitrogen tank (-180°C). The 2-
propanol is required to allow a slow freezing of the cells (1°C/minute circa). DMSO is a
cryoprotective agent which reduces the freezing point of the medium and allows a slower
cooling rate. Both the slow freezing and the cryoprotection are required to reduce the risk of
ice crystals formation during the freezing, which can damage and destroy the cells during the

process.

Thawing is a stressful process for the cells. Contrary to freezing, it must be performed rapidly

to minimise the shock. Cells were warmed in the water bath at 37°C for less than a minute,
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then added gently to 5 mL of fresh medium. The cells were then centrifuged at 400 g for 3
minutes to remove the DMSO, which can interfere with the growing of the cells, and plated

with fresh pre-warmed medium as described in the previous section.

2.1.4 Proliferation and doubling time calculation

The cells coming from the three tissue sources were cultured in the same way through the
entire thesis. After being passaged or thawed, the cells were plated at their optimal seeding
density (3x10? cells/cm? for adipose cells and 3x103% cells/cm? for umbilical cord and bone
marrow cells) and expanded until 60-90% confluence. The cells were then counted and plated

again at each new passage, and the doubling time calculated using the following equation:

t

Td = ———
N
LOQZ(N_;)

Where Td is the doubling time, N is the number of cells at time t and Ny is the number of
cells seeded, from which the number of doublings was calculated based on the time the cells

had been in culture.
2.2 GENERATION OF REPORTER CELL LINES

Foreign genetic material can be introduced into a host cell by viral and non-viral methods,
called transduction and transfection, respectively. The different sources of MSCs have been
transduced with lentiviruses to generate stable reporter cell lines for bioluminescence
imaging (BLI). Lentiviruses are a genus of the retroviral family, and they can infect both
dividing and non-dividing cells. For safety reasons, virus particles for research purpose have
been engineered to be replication incompetent; thus, they can infect host cells, but cannot
produce new virus particles. The production of virus particles is achieved by using specific
cells able to replicate the viral genome, called packaging cells. These cells require the
presence of the transfer plasmid together with other plasmids carrying all the genes encoding
the replication machinery and for the virus structural components, called packaging
plasmids. In this work, the HEK293T packaging cell line was used to produce the lentivirus
particles for MSC transduction by transfection with a transfer, a packaging and an envelope

plasmid, as described in the next sections.

All the work was performed in accordance with the approval of a risk assessment for the
work with genetically modified micro-organisms, in force from the 1% of January 2019 to the
31°t of December 2023. The document regulates the production of genetically modified cells

for their administration into animal models to investigate their biodistribution, fate and
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safety. This regulates the process from the production and isolation of the plasmid to the
administration of reporter cells to animals, including the production and storage of lentiviral
particles and the generation of genetically engineered cell lines as intermediate steps. In
agreement with this, all solutions, materials and surfaces that were in direct contact with the

lentiviral particles were disinfected with a 1% (w/v) solution of Virkon.
2.2.1 Plasmids

Different transfer plasmids were used in this work to perform the separate steps of this
thesis. The detailed sequence of each lentiviral vector (LV) is specified in the related chapter.
All the transfer plasmids used in this thesis are third generation replication incompetent
vectors, suitable for second or third generation packaging systems. In this work, a second-
generation packaging system was used. This involves the use of 3 different plasmids. In
summary, the transfer plasmid, carrying the genes of interest, was cotransfected with the
packaging plasmid psPAX2 (Addgene, #12260) and the envelope plasmid pMD2.G (Addgene,
#12259) into HEK293T cells. The psPAX2 carries the gag and the pol genes, encoding for a
major structural protein of the virus and for the reverse transcriptase respectively, while the

pMD2.G encodes for the VSV-G envelope protein.

2.2.2 Lentiviral particle production

The transient transfection into HEK cells of the transfer plasmid together with the packaging
and the envelope plasmids was performed using the calcium phosphate transfection kit
supplied by Sigma-Aldrich (#CAPHOS). HEK cells were seeded and transduced on the same
day, with a 4-5 hours interval between these steps to allow the cells to attach. To produce
high titres, 2.5x10° or 7x10° HEK cells were seeded into 100 mm @ or 150 mm ¢ dishes,
respectively. Before starting the transfection, the cells were checked to be properly attached
and uniformly distributed on the surface of the dish. To prepare the DNA- calcium chloride
solution, calcium chloride (CaCl;) was diluted to a final concentration of 250 mM into a
solution containing the plasmids (12 pg for a 100mm ¢ dish and 32 pg for a 150 mm ¢ dish)
with a mass ratio of 3:2:1 (transfer : packaging : envelope). Then, an equal volume of 2x
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.05, was carefully added
dropwise to the CaCl,-DNA solution, mixing it lightly while dropping. This leads to the
formation of insoluble calcium phosphate, which co-precipitates with the DNA. After a light
vortex, the precipitate was allowed to sit for about 10 minutes and added to the cells
dropwise. The cells were finally incubated at 37°C for 16 hours. calcium-phosphate-DNA

precipitate complexes adhere to the cell membrane and enter the cytoplasm by endocytosis.
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Following the overnight incubation, the medium was refreshed, and the cells were cultured
under the same condition for 2 days, during which the virus was released into the medium.
The medium was collected and centrifuged at 500 g for 5 minutes to pellet cells and large
debris. The virus-containing supernatant was then filtered with a 0.45 um PES filter and

prepared to be concentrated via ultracentrifugation.

2.2.3 Concentration of lentiviral particles

To concentrate the lentiviral particles, all the filtered collected medium was pooled together
and divided between a maximum of 6 tubes (13.2 mL, 14 mm x 89 mm) for Beckman SW41Ti
rotor. The ultracentrifuge tubes were cleaned and sterilised the day before the
centrifugation. Up to 8 mL of filtered vector-containing cell culture supernatant was moved
into each of the tubes and 1.2 mL of a 20% sucrose solution were gently added to the bottom
of each tube. The tubes were then carefully weighted and balanced adding PBS or media until
they were within 0.1 g of each other. Subsequently, the tubes were placed into the pre-
cooled Beckman SW41Ti rotor and centrifuged at 82700 g for 2 hours at 4°C. At the end of
the centrifugation, the tubes were removed carefully to avoid the detachment of the pellets,
the supernatant was poured off and the tubes were left inverted on a paper towel for 10
minutes and quickly air dried to allow residual liquid to be removed. To slowly dissolve the
pellet, 80 pl of sterile PBS (without Ca?*/Mg?**) was added to each pellet and incubated at 4°C
for 2 hours, vortexing every 20 minutes. The tubes were then spun at 500 g for 1 minute
before suspending the pellet by gently pipetting. Finally, the virus suspensions from all tubes
from a single production cycle were pooled, aliquoted, quickly frozen on dry ice and stored

at -80°C until further use.
2.2.4 \Virus titration

Determining the virus titre is important to infect the cell using a known number of viral
particles per cell, also known as multiplicity of infection (MOI). To determine the virus
titration, HEK cells were transduced with increasing amounts of the produced virus to

generate a dilution curve.

HEK cells were seeded into 6-well plates at a density of 5x10% cells/well. The cells were
transduced in the presence of Polybrene (Pb), a polycation commonly used during
transduction, 4-5 hours after the seeding. To determine the virus titre, serial dilutions of the
virus stock solution were prepared in fresh medium containing 8 pg/mL of Pb. The volumes
of virus ranged from 0.0045 pL to 4.5 pL. The solution was then added to the cells and the

HEK cells were incubated at 37°C for 3 days. Then, the cells were detached, and the
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percentage of transduced cells was evaluated using the flow cytometry(see flow cytometry
paragraph for further details). The titre, in the form of single transducing units (TU)/mL, was
determined by evaluating the percentage of transduced cells and calculated using the
following equation:

TU FxN
mL~ V

Where F is the ratio of cells positive for the fluorescent protein (transduced cells), N is the
total number of cells at the time of transduction (seeded cells) and V is the volume of virus
solution added into each well. A linear relationship should be found between the ratio of
fluorescent cells (F) and the volume of virus stock solution used (V). Moreover, F should be
less than 40% for accurate calculation (>40% suggests that cells may have more than one

infection, leading to underestimation of viral titre).

2.2.5 MSC transduction protocol

A protocol suitable for the transduction of all UC, BM and A-MSCs was optimised in CHAPTER
3, where several transduction procedures where explored. To generate pure transduced MSC
populations, cells were seeded at a density of 3x10° cells/cm? and transduced the same day.
This density was used to transduce also the adipose cells as a preliminary test where the
A-MSCs (n = 3) were transduced at 3x10? cells/cm? showed poor transduction efficiency,
followed by a rapid loss of the expression of the proteins encoded by the transduced genes.
After the seeding the cells were allowed to attach for 4-5 hours before being transduced. The
transduction was performed using a MOI of 5 in freshly prepared medium containing 6 pg/mL
of DEAE-dextran. The cells were incubated with the DEAE-dextran overnight at 37°C in the
incubator and the day after the medium was replaced with fresh medium not containing any
DEAE-dextran or lentiviral particle. Such transduced cells were then sorted in sterile
conditions using a FACSAria Il to ensure the selection populations with a percentage of

transduced cells above 99%.
2.3 FLow CYTOMETRY AND IMAGING TECHNIQUES

2.3.1 Cell preparation for flow cytometry

Flow cytometry has been used in this work for different purposes: evaluate the presence of
specific markers via antibody staining (1), evaluate the expression of fluorescent proteins (2)
and sort cells expressing a specific fluorescent protein (3). To perform any of the flow

cytometry analysis listed, cells were detached using trypsin as described in the section 2.1.2,
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collected and centrifuged at 400 g for 3 minutes. Then, the supernatant was discarded, the
cells were washed with 5 mL of PBS without Ca2* and Mg2* and centrifuged again at 400 g

for 5 minutes. Then a specific protocol was used to prepare the cells for each analysis:

1. Staining with fluorescence antibodies to detect the expression of specific markers of

interest: cells were resuspended into a final volume of 100 pL of PEB (PBS, 5mM EDTA
and 0.5% w/v bovine serum albumin) buffer for each marker. Then the cells were
divided into an appropriate number of tubes (100 pL/tube) and each antibody was
added following the supplier instructions. A maximum of 10° cells was used for each
tube. Table 2.1 summarises the details (clone, dilution factor, code, fluorochrome)
about the antibodies used for the analysis of the mesenchymal stromal cell markers.
The cells were vortexed for 2 seconds and incubated with the antibody for 10
minutes in the dark in the fridge (around 4°C). At the end of the incubation step the
cells were washed by adding 1 mL of PEB buffer and centrifuged at 300g for 10
minutes. After the supernatant removal the cells were suspended into a proper
amount of PEB buffer, transferred into a 5 mL polystyrene round bottom FACS tube
(Falcon®, 352054) and analysed using a FACS Calibur (BD Biosciences). This protocol
has been used frequently among the thesis to evaluate some common positive
(CD44, CD73, CD90, CD105) and negative (CD11b, CD19, CD34, CD45, HLA-DR) MSC
markers (Table 2.1). A variation of this protocol was also used in chapter X to stain
some defined mouse immune system cells and the samples were analysed using a
FACS Canto Il (BD Bioscences).

2. Evaluate the expression of a fluorescent protein in transduced cells: cells were

suspended into sterile PBS, transferred into a 12 mL FACS tube, and analysed using a
FACS Calibur (BD Bioscences). The analysis was based on the excitation-emission
spectrum of the expressed fluorescent protein.

3. Sorting of transduced mesenchymal stromal cells: cells were suspended into a

solution of PBS and 0.8% FBS and stored in ice. The cells were then moved to the
Sorting Facility of the university of Liverpool where the cells were sorted using a FACS
Aria (BD Bioscences) based on the expression of a green fluorescent protein. The
sorted cells were collected into a sterile tube containing fresh MEMa supplemented

with 10 % of FBS and moved back to the sterile Cabinet to be plated and expanded.
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Table 2.1: details of the antibodies used to investigate the expression of MSC markers.

Antibody Fluorochrome Supplier Clone Dilution Factor
CD11b APC Miltenyi M1/70.15.11.5 1:50
CD19 APC Miltenyi LT19 1:50
CD34 APC Miltenyi AC136 1:50
CD44 APC Miltenyi DB105 1:50
CD45 APC Miltenyi 5B1 1:50
CD73 APC Miltenyi AD2 1:50
CD90 APC Miltenyi DG3 1:50
CD105 APC Miltenyi 43M4E1 1:50
HLA-DR APC Miltenyi AC122 1:50

2.3.2 Bioluminescence imaging

The In Vivo Imaging System (IVIS) system (Perkin Elmer) was used to perform the
bioluminescence imaging acquisition and analysis. To compare the signal coming from
different acquisitions and experimental designs, the data was always normalised to radiance
(p/s/cm?/sr), the number of photons (p) per second (s) that leave a square centimetre of

tissue (cm?) and radiate into a solid angle of one steradian (sr).

The dark imaging chamber inside the IVIS allows the housing of plates and small living
animals. A heated shelf located at the bottom of the imaging chamber is used to maintain
stable the body temperature of the animals and an anaesthesia manifold is directly
connected to the isoflurane supplier and can be used to maintain up to 5 animals
anaesthetised. The animals can be imaged both in ventral and dorsal position. The
instrument allows 3 different types of imaging: fluorescence, bioluminescence, and
Cherenkov luminescence. The signal is detected by a CCD camera located at the top of the
chamber. In this work the IVIS system was used to investigate both in vitro and in vivo

bioluminescent signals.
2.3.2.1 Invitro BLI experiments

The IVIS system was used to investigate the saturation kinetics and the amount of photon
emitted per cell in vitro in several chapters of this thesis. Regardless the purpose of the
imaging, the in vitro imaging was performed immediately after the administration of the
substrate to cells expressing a luminescent reporter gene. To test the saturation kinetics,
transduced cells were plated into several wells of optical bottom 96-well plate with black
walls (#165305, ThermoFisher) at the same density, allowed to attach for around 3-4 hours

and treated with rising concentrations of a specific substrate. To evaluate the amount of
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photon emitted per cells, rising concentration of transduced cells were treated with the same
concentration of the related substrate. All the in vitro BLI imaging was performed using a 13.3
field of view, a f-stop of 1, a binning of 8 and a 10 seconds exposure time, unless specified in
the specific chapter. The f number refers to the aperture of the hole that regulate the amount
of light that hits the CCD camera (from 1, wide open, to 8) and the binning improves the
signal-to-noise ratio (8 is a medium setting). Generally, the standard scale was set between
2.0x10* and 5.0x10° p/s/cm?/sr. Signal was quantified by drawing a region of interest (ROI)

around each well or using the 8x12 grid tool specifically designed for 96-well plate.
2.3.2.2 Invivo BLI experiments

The IVIS system was used to perform the saturation kinetics in vivo and to evaluate the
biodistribution and the long-term persistence of cells following intravenous administration
in mice (CHAPTER 4 and CHAPTER 5). Following the administration of the substrate mice were
transferred inside the black chamber and located close to the nose cones connected to the
anaesthesia manifold. Then, to perform the saturation kinetics of the enzyme-substrate in
vivo the animals were imaged every minute for 30 minutes using a 22.8 field of view, a
binning of 8 and a f-stop of 1. Within each minute of acquisition, the maximum exposure time
was set to 45 seconds. To evaluate the biodistribution of the signal and the survival of the
cells over different days, the mice were imaged around 18-20 minutes following the
administration of the substrate (this was optimised in CHAPTER 4) using a 22.8 field of view,
a binning of 8, a f-stop of 1, and 60 to 180 seconds exposure, depending on the day of
acquisition (clarified in each specific chapter). The standard scale was set between
specifically for each experiment and adjusted to weaker signal to make them more visible.
Signal was quantified by drawing a ROl around each animal or around a specific region of the

body.
2.4 ANIMAL EXPERIMENTS

Different mouse strains were used to perform the animal experiments described in this
thesis. C57 Black-6 (C57BL/6J.Tyr®%, from JAX) albino is the strain used for most of the animal
experiments. C57BL/6J albino male and female animals were obtained from a colony
managed by the Biomedical Service Unit of the University of Liverpool. Severe combined
immunodeficient (SCID; CB17/lcr-Prkdc®“®/IcricoCrl), Non-obese diabetic SCID (NOD SCID;
NOD.CB17-Prkdc®“®/NCrCrl) and Balb/c female mice were purchased from Charles River. All
the animals were housed in individually ventilated cages (IVCs) under a 12-hours light/dark

cycle and were provided with standard food and water ad libitum. Animal purchased from
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Charles River were allowed to acclimate for 10 days before performing the actual
experiments. All animal procedures were performed under a licence (PP3076489) granted
under the Animals (Scientific Procedures) Act 1986 and were approved by the University of
Liverpool Animal Ethics Committee. At the end of each experiment the mice were culled
following a schedule 1 method, either by a rising concentration of CO, or by cervical
dislocation, unless a different schedule 1 terminal procedure was applied (specified in the

chapter).

2.4.1 Cell preparation and in vivo administration

Human UC, BM and A-MSCs were cultured at their optimal seeding density to around 60-90%
before being prepared for the in vivo administration. When ready, the cells were detached
as previously described (2.1.2) and suspended in ice cold PBS at a density of 2.5x10° cells/mL.
For each animal a specific tube containing from 130 to 150 uL of the cell suspension was
prepared and the tube was kept in ice until injection. Right before the administration, the
cells were gently resuspended by pipetting and warmed up to room temperature. 100 pl of
the cell suspension (equals to 2.5x10° cells) were loaded into a 0.3 mL syringe with a 30G

needle and injected intravenously (IV) through the tail vein of the animal.
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CHAPTER 3 OPTIMISATION AND CHARACTERISATION OF A LENTIVIRAL

TRANSDUCTION PROTOCOL FOR THE GENERATION OF MESENCHYMAL

STROMAL CELLS EXPRESSING REPORTER GENES

3.1 INTRODUCTION

As mentioned in the introduction to this thesis (1.4.1), several sources of MSCs have already
shown considerable therapeutic potential in different preclinical models [233-235] and are
currently employed in several clinical trials. Although MSCs isolated from bone marrow are
the most commonly used MSCs [236], adipose and umbilical cord derived MSCs are becoming
quite attractive sources as they can be collected using less invasive procedures compared to
bone marrow harvesting [237-239]. UC, BM and A-MSCs are indeed being used in this thesis
to compare their biodistribution and survival in vivo in small rodents. To compare the
biodistribution, the cells are going to be genetically modified to express a reporter gene for
bioluminescence imaging. To make sure that this procedure is not going to impair the
properties of the 3 types of cells, it is important to define their properties, in terms of
doubling time and expression of different MSC markers. The characterisation of such features
and their comparison in UC, BM and A-MSCs can help to identify any difference between the
cell sources and to easily assess any change in the properties of the cells following the

transduction.

Lentiviral vectors (LV) have been extensively used as gene delivery tools over the last 25 years
because of their ability to infect both dividing and non-dividing cells [240]. The interaction
between the lentiviral particle and the cell of interest is receptor independent [241] and can
be reduced or prevented by the presence of strong electrostatic repulsion between the

negatively charged cell and the envelope of the virus [242, 243].

The addition of polycations, positively charged molecules, can reduce the charge of cell
membranes, and increase the chance of an interaction between the lentivirus and the cell
surface [243]. Polybrene (Pb) is the most commonly used polycation in lentiviral transduction
and is associated with a very high transduction efficiency [244, 245]. Nevertheless, it has also
been reported to have negative effects on some cell lines [246-248]. In particular, its use
during transduction of human endometrium-derived mesenchymal stromal cells has been
described to negatively affect their proliferation, migration ability and differentiation

potential [248]. Other polycations, such as Diethylaminoethyl-dextran (DEAE-dextran) and
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protamine sulphate (Ps) have been successfully used to transduce different cell lines [243,

249].

Another method reported to increase the binding of retroviruses to the surface of the cells
is spinoculation [250-252]. Although various mechanisms have been proposed [250, 251], it
is still unclear what process is responsible for this enhancement. During spinoculation, the
cells are centrifuged at low speed (below 2000g) in the presence of the virus. Importantly, it
has been reported that the spinoculation together with the right polycation can further

increase the transduction efficiency [249].

In this chapter, the optimisation of a transduction protocol is carried out with the goal of
obtaining genetically engineered umbilical cord, bone marrow and adipose-derived MSCs
that share the same properties as the unmodified (naive) cells. The work is divided in broadly
three parts (i) characterising MSCs from different tissues and donors, to confirm their stromal
cell nature and assess any differences between the tissue of origin (ii) optimising a lentiviral
production protocol to efficiently infect these MSCs without affecting their viability and
(iii) establishing and characterising MSC populations expressing a bicistronic
luminescence/fluorescence reporter gene. The transduced MSC populations are then used

in subsequent chapters to determine their biodistribution and fate in mice.
3.2 MATERIALS AND METHODS

3.2.1 MSCs characterisation

Mesenchymal stromal cells from umbilical cord, bone marrow and adipose tissue were
analysed in terms of cumulative doublings, doubling time and expression of common MSC

markers to assess any differences associated with the tissue of origin.
3.2.1.1 Proliferation and doubling time

The cells coming from the three tissue sources were plated at their optimal seeding density
(3x102 cells/cm? for adipose cells and 3x10° cells/cm? for umbilical cord and bone marrow
cells) and expanded until 60-90% confluence. The cells were then counted and plated again

at each new passage, and the doubling time calculated using equation in 2.1.4.
3.2.1.2 MSC markers

The cells were seeded at their optimal seeding density into a 10 cm diameter dishes and
grown to around 60-90% confluence. Then, they were detached and the expression level of

different MSC markers was assessed via flow cytometry as described in 2.3.1. Specifically, the
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cells were stained with anti-CD11b (APC, #130-113-793, Miltenyi Biotec), anti-CD19 (APC,
#130-113-727, Miltenyi Biotec), anti-CD34 (APC, #130-113-738, Miltenyi Biotec), anti-CD44
(APC, #130-113-893, Miltenyi Biotec), anti-CD45 (APC, #130-113-676, Miltenyi Biotec),
anti-CD73 (APC, #130-097-945, Miltenyi Biotec), anti-CD90 (APC, #130-117-534, Miltenyi
Biotec), anti-CD105 (APC, #130-099-125, Miltenyi Biotec), anti-HLA-DR (APC, #130-113-960,
Miltenyi Biotec), IgG1 mouse isotype (APC, #130-113-758, Miltenyi Biotec), or 1gG2 mouse
isotype (APC, #130-113-831, Miltenyi Biotec) according to the manufacturer’s instructions.
An extra vial of each cell population was used as unstained control. The data were acquired
with a FACScalibur (BD Biosciences) flow cytometer and a minimum of 10* events was

analysed for each marker.

3.2.2 Optimisation of a lentiviral transduction protocol

Lentiviral particles produced by HEK cells (CHAPTER 2) were used to transduce MSCs and
generate luciferase expressing cells. To find the optimal protocol, a LV encoding for the
bicistronic expression of firefly luciferase and a green fluorescence protein, ZsGreen

(pHIV-Luc2-ZsGreen plasmid, Figure 3.1a) was used.
3.2.2.1 Transduction efficiency

MSCs (UC-, BM- and A-) were seeded at a density of 5x10° cells/cm?. The seeding and the
transduction were performed on the same day, with an interval of 4-5 hours between these
steps, to allow the cells to attach. The cells were transduced with pHIV-Luc2-ZsGreen
lentiviral particles (the plasmid was a gift from Bryan Welm, Addgene plasmid #3919, Figure
3.1a) with a MOl of 5 in the presence of three different polycations: Pb, Ps or DEAE-dextran.
MSCs transduced without any compound served as control of the basal transduction
efficiency. To evaluate a possible effect of the polycation themselves on the cells, they were
also incubated with either Pb, Ps or DEAE-dextran alone. Finally, MSCs alone were used as

control. Summarising, in each plate there were the following conditions:

= Cells alone +/- the viral particles

= Cells with Pb [8 pug/mL] +/- the viral particles

= Cells with Ps [20 pg/mL] +/- the viral particles

=  Cells with DEAE-dextran [6 pug/mL] +/- the viral particles

One of the plates was incubated overnight at 37°C in the incubator (from now on, this will be
referred to as “static” condition), and the day after, the medium was replaced with medium

that did not contain any polycation or lentiviral particle. The other plate was centrifuged for
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1 hour at 750 g, incubated for 1 hour at 37°C, following which the medium was replaced and

the plate returned to the incubator (this will be referred to as “spinoculation” condition).

Transduction efficiency was assessed with flow cytometry by evaluating the proportion of

cells expressing the ZsGreen protein after 7 days of culture (see section 3.2.2.3).
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Figure 3.1]| Lentiviral vector backbones. (a-b) Schematic representation of the lentiviral vectors used
to generate FLuc_ZsGreen cells (a) and to perform the validation of the DEAE-Dextran protocol (b).

3.2.2.2 ATP assay

A CellTiter-Glo® Luminescent Cell Viability Assay (Promega, #G7571) was used to evaluate
the effect of the transduction method on the viability and the metabolic activity of the cells.
Briefly, cells seeded at the same density can grow differently after being exposed to different
treatments. A metabolic assay performed post-transduction can give a measure of viable
cells. The CellTiter-Glo® Luminescent Cell Viability Assay is based on the oxidation of beetle
luciferin catalysed by luciferase in the presence of ATP produced by the cells. Note that this
process is intrinsic to the assay and independent of firefly luciferase expression by the cells

of interest.
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Cells were seeded in 96-well plates at a concentration of 1.5x10° cells/well. The transduction
protocol was carried out as described in the previous paragraph. A negative control, where
cells were incubated with complete medium with 0.1% Triton X-100, was added. This was
used to make sure the ATP assay did not give any false positivity. Each condition was analysed
in triplicate to reduce technical errors. At the end of the culture phase the medium was
removed from the cells and replaced with 50 uL of fresh medium, and 50 pL of medium were
placed in three empty wells to be used as blank. 25 uL of CellTiter-Glo® reagent were then
added to each well and the plates were mixed for 2 minutes with a shaker. The plates were
then incubated at room temperature for 10 minutes to stabilize the luminescent signal. After
that, 70 uL were moved from each well to a corresponding well of a white bottom 96 well
plate and the luminescence was recorded with a luminometer. The blank was used to

normalise the signal.
3.2.2.3 Flow cytometry based on the ZsGreen expression

MSCs were trypsinised, centrifuged, and resuspended in PBS to remove any residual medium
as described in 2.3.1. To evaluate the percentage of MSCs expressing the transgene(s), the
cells were suspended into 400 uL of PBS, transferred into a properly labelled FACS tube and
analysed with a FACSCalibur cytometer. The green fluorescence was used to evaluate the

percentage of the transduced cells.
3.2.2.4 \Validation of the optimised transduction protocol

Once the optimal transduction protocol was identified using the Luc_ZsGreen vector, the
same protocol was applied for the transduction with 4 other different lentiviral particles.
MSCs were seeded at a density of 5x10° cells/cm? into 12-well plates. Again, the seeding and
the transduction were performed on the same day, with an interval of 4-5 hours between
these steps. The cells were then transduced with four different lentiviral particles, listed

below and show in Figure 3.1b.:

=  pHIV-eGFP (carrying a green fluorescent protein, eGFP; 7686 base pairs)

= pHIV-dTomato (carrying a red fluorescent protein, dTomato; 7680 bp)

= pCDH-EFla-Luc2-P2A-tdTomato (carrying a red fluorescent protein, tdTomato;
10289 bp)

= pLV-mCherry (carrying a red fluorescent protein, mCherry; 7413 bp)

All transductions were carried out using an MOI of 5 in the presence or absence of optimal

polycation, DEAE-dextran [6 pg/mL]. The cells were then incubated overnight at 37°C and the
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day after, the medium was replaced with fresh medium that did not contain any polycation
or lentiviral particle. Transduction efficiency was assessed via flow cytometry after 7 days of
culture as explained above (3.2.2.3). pHIV-EGFP was a gift from Bryan Welm & Zena Werb
(Addgene plasmid #21373), pHIV-dTomato was a gift from Bryan Welm (Addgene plasmid
#21374), pCDH-EF1-Luc2-P2A-tdTomato was a gift from Kazuhiro Oka (Addgene plasmid
#72486) and pLV-mCherry was a gift from Pantelis Tsoulfas (Addgene plasmid #36084).

3.2.3 Establishing and characterising MSCs expressing the reporter gene FLuc ZsGreen

The MSCs were transduced with the pHIV-Luc2-ZsGreen construct in the presence of 6 ug/mL
of DEAE-dextran applying the static protocol. The different donor samples were transduced
at the earliest available passage (Table 3.1). Cells were seeded into 10 cm diameter dishes at
a density of 3x10° cell/cm? and transduced with an MOI of 5 as previously described (3.2.2.1).
Following transduction, the cells were cultured up to 60-90% confluence, harvested and
sorted via flow activated cell sorting (FACS) to obtain a homogenous population of cells
expressing the transgene. For that, they were resuspended in PBS with 0.8% FBS and kept on
ice until sorted. The sorting was performed using a FACSAria and was based on the expression
of ZsGreen. The transduced cells were then expanded for one passage and frozen down until
further use. UC and BM cells were expanded using a density of 3x10° cells/cm?, while A-MSCs
were expanded at 3x10? cells/cm?.

Table 3.1: UC, BM and A-MSCs samples and the respective passages at which they were
transduced, sorted, cryopreserved and used in animal experiments.

Cell type Donor  Transduction Sorting Passage Cryopreservation ' Pa'ssage fqr
ID Passage Passage in vivo studies
UC-MSCs 733S P5 P6 P7 P8
7350 P5 P6 P7 P8
727R P5 P6 P7 P8
BM-MSCs BMO04 P3 P4 P5 P6
BM21 P5 P6 P7 P8
BM42 P3 P4 P5 P6
A-MSCs LA31 P5 P6 P7 P8
LA87 P5 P6 P7 P8
LA96 P5 P6 P7 P8

3.2.3.1 Assessing the effects of lentiviral transduction on the properties of MSCs

The transduced MSCs were compared with untransduced ones in terms of doubling time,
expression of common MSC markers and morphology (area, perimeter, and circularity), to

ensure that lentiviral transduction did not affect them.
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To evaluate the doubling time, the cells were cultured for at least 2 passages. UC and BM
MSCs were plated at 3x10° cells/cm?, while A-MSCs were seeded at 3x10? cells/cm?. the

doubling time calculated using the same equation described in section 3.2.1.1.

Expression of CD44, CD73, CD90 and CD105 and lack of expression of CD45 were evaluated

via flow cytometry (3.2.1.2) to assess any difference in the level of common MSC markers.

To assess possible changes in the morphology, the cells were characterised in terms of area,
perimeter, and circularity. Transduced and untransduced UC and BM cells were plated at
3x103 cells/cm?, while A-MSCs were seeded at 3x10? cells/cm?. The cells were cultured with
complete medium overnight. After 16 hours the cells were then fixed with paraformaldehyde
(4% w/v in PBS, pH 7) for 20 minutes at room temperature (RT), washed with PBS,
permeabilised with 0.1% (v/v) Triton X-100 in PBS and incubated with Alexa Fluor 594
Phalloidin (#A12381, ThermoFisher) [165nM] in PBS with 1% (w/v) bovine serum albumin
(BSA) for 1 hour at RT. 4,6 diamidino-2-phenylindole (DAPI) [143 nM] was used as a counter
staining for the nuclei. The fluorescence images were acquired with a Leica DM2500
microscope coupled to a DFC350 FX camera. Finally, Image) was used to perform the data
analysis: the shape of the cells was delineated manually, based on the Phalloidin staining,

from which the software was used to calculate the cells’ area, perimeter, and circularity.
3.2.3.2 Determining bioluminescence properties in vitro

The VIS Spectrum system was used to characterise the cells transduced with the
FLuc_ZsGreen. The cells were plated at different densities, from 156 to 2x10* cells/well, in
optical bottom 96-well plates with black walls (ThermoFisher, #165305) with a technical
triplicate. Untransduced cells were used as negative control. The cells were allowed to
adhere for 3 hours and then, D-Luciferin was added at a final concentration of 5.12 mM with
a final volume of 100 pL per well. The data were obtained with IVIS immediately after the
addition of the substrate, acquiring the signal generated using the open filter. The acquired
signal was always normalised to radiance (photons/second/centimeter?/steradian) and
analysed using the region of interest (ROI) tool of the IVIS software (Living Image v 4.5.2) to
obtain the total number of photons emitted in that specific area, also known as total flux
(photons/s). The data were then plotted using GraphPad to generate the final graphs

displaying the total flux/cell (photons/s/cell).
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3.2.4 Statistical analysis

All values in graphs are represented as mean t standard deviation, unless specified
differently in the figure legend. The statistical analysis was performed using the GraphPad
Prism software. The type of statistical test and the number of replicates included in the

analyses are indicated in the figure legends.
3.3 RESULTS

3.3.1 Characterisation of MSCs from different sources

Umbilical cord, bone marrow and adipose derived MSCs were seeded at their optimal
seeding density for comparison of the proliferation and the morphology over time.
Representative phase contrast images taken 3 days after the seeding and right before
splitting the cells, at different magnifications, are shown in Figure 3.2a. The morphology of
the different cell types is fibroblastic and comparable among the cells from different tissue
sources. The cumulative doubling analysis performed for the three cell types showed that all
the three A-MSC donor samples display similar doublings over the passages (Figure 3.2b). On
the other hand, UC- and BM-MSCs revealed a minor variability among the donor samples in
terms of cumulative doublings (Figure 3.2b). In parallel, an analysis of the doubling time was
carried out to compare each donor sample of the same cell type (Figure 3.2c) and to compare
the doubling times of the different cell types (Figure 3.2d). BM-MSCs showed a longer
doubling time (95.7 + 28.0 h) when compared to UC (46.1 £ 9.5 h) and A-MSCs (51.1 £+ 1.3 h),
while no statistically significant difference was observed between these last two (Figure

3.2d).
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Figure 3.2] UC, BM and A-MSCs display similar morphology but different proliferation rates.

(a) Representative phase contrast images of UC, BM and A-MSCs 3 days post seeding and right before

being passaged at 2 different magnifications. Scale bar = 200 um. (b) Cumulative doubling analysis of

at least 3 passages of UC, BM and A-MSCs. Cumulative doublings are calculated at each passage
summing the total doublings performed from up to that point. (c) Doubling time analysis of at least 3
passages of UC, BM and A-MSCs sorted by donor sample. Data are displayed as mean + SD, n > 3.
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One-way ANOVA with Tukey’s multiple comparison post-hoc test. * p < 0.05. (d) The average of the
doubling times of the different of UC, BM and A-MSCs donor samples. Data are displayed as mean +
SD, n = 3. One-way ANOVA with Tukey’s multiple comparison post-hoc test. * p < 0.05.

The analysis of the level of expression of positive (CD44, CD73, CD90, CD105) and negative
(CD11b, CD19, CD34, CD45, HLA-DR) MSC markers was carried out via flow cytometry. While
it was possible to confirm the phenotype of the UC-MSCs samples, with all three showing
> 98% positivity to MSC positive markers and < 1% positivity to MSC negative markers (Figure
3.3, Table 3.2), BM- and A-MSCs displayed a small degree of heterogeneity (Figure 3.3).
Specifically, all the BM-MSC donor samples displayed a fraction of cells (7.4 +6.5%)
expressing the major histocompatibility complex class Il molecule HLA-DR (Figure 3.3b, Table
3.2), while the A-MSCs (Figure 3.3b, Table 3.2) showed a small percentage of cells positive
for CD34 (18.4 + 11.7%) and CD45 (10.8 + 7.8%).
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Figure 3.3| Flow cytometry analysis of MSC markers in UC, BM and A-MSCs. (a-b) percentage of cells

positive for CD11b, CD19, CD34, CD45 and HLA-DR (a) and for CD44, CD73, CD90 and CD103 (b). Data
are displayed as mean +SD, n = 3.
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Table 3.2: Percentage of cells positive for negative (CD11b, CD19, CD34, CD45 and HLA-DR)
and positive (CD44, CD73, CD90 and CD105) MSC markers listed by donor ID. All data in %.

Do”r;or CD11b  CD19 CD34 CD45 HLA-DR  CD44  CD73 CD90  CD105
727R 0.47 0.39 0.34 0.93 0.62 99.83  99.98 100 99.98
733S 0.28 0.21 0.61 0.24 0.33 98.78  99.98 99.92 99.56
7350 0.49 0.61 0.79 0.68 1.05 99.46  99.92 99.98 99.92
BMO4 0.66 13 0.79 4.45 1.24 99.79 99.34 99.93 99.82
BM21 0.84 1.22 1.53 3.61 14.2 99.58  99.85 99.97 99.87
BM42 1.54 1.65 2.32 3.82 6.57 99.95 99.96 99.95 99.97
LA31 0.09 0.01 28.13 18.56 0.13 99.7 100 99.97 99.05
LA87 0.12 0.05 5.43 10.85 0.23 99.72  99.78 99.97 98.97
LAS6 0.08 0.15 21.63 3.02 0.26 99.93 99.92 99.99 98.8

3.3.2 Optimisation of a lentiviral transduction protocol

In order to optimise the transduction protocol, the effect of different polycations, alone or
in combination with a spinoculation step, was tested on UC-MSCs, BM-MSCs and A-MSCs.
Cells were infected with a lentiviral particle encoding for firefly luciferase and a green
fluorescent protein, ZsGreen, whose expression was used to discriminate between
transduced and untransduced cells via flow cytometry. In parallel, an ATP assay was used to
investigate the effect of the different protocols on the viability of the cells. Specifically,
following the transduction, the cells were cultured for 7-10 days and the level of ATP was

measured and compared with the untransduced cells (controls).
3.3.2.1 Umbilical cord-derived mesenchymal stromal cells

Representative phase contrast images of UC-MSCs taken 7 days post-transduction and the
respective fluorescence images (green channel) are displayed in Figure 3.4. The images show
that cells transduced in the presence of Pb display the highest level of transduction efficiency
and a strong level of green fluorescence (Figure 3.4a-b). It is interesting to notice that when
the static protocol is applied these cells show a different morphology and a possible
reduction in proliferation, as they do not reach the same degree of confluence as the cells in
the other conditions do (Figure 3.4a). On the other hand, this effect seems to be reduced
following the introduction of a spinoculation step (Figure 3.4b). All the other conditions are
associated with cells displaying a normal morphology and confluence levels, although with
differences in the degree of transduction efficacy (green fluorescence, Figure 3.4a-b). In

particular, cells transduced in the presence of DEAE-dextran, regardless of the incubation
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protocol (Figure 3.4a-b), and cells transduced in the presence of Ps following the application

of the spinoculation step (Figure 3.4b), display a relatively strong level of green fluorescence.

UC-MSCs cultured following the application of the static protocol

No polycation Ps DEAE-Dextran

Untransduced

Transduced

UC-MSCs cultured following the application of the spinoculation protocol

No polycation Ps DEAE-Dextran Pb

Untransduced

Transduced

. \ \
R ¥

Figure 3.4| Effect of polycations and spinoculation on UC-MSC transduction. (a) Representative
phase contrast images of untransduced and transduced UC-MSCs in static condition. The images of
the transduced cells are coupled with the green fluorescence channel to show the expression of the
ZsGreen protein. Scale bar 200 um. (b) Representative phase contrast images of untransduced and
transduced UC-MSCs following the application of the spinoculation protocol. The images of the
transduced cells are coupled with the green fluorescence channel to show the expression of the
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ZsGreen protein. Scale bar 200 um. All fluorescence images acquired under the same acquisition
conditions.
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Figure 3.5| Static DEAE-dextran and spinoculation Ps are valid alternatives to Pb for the transduction
of umbilical cord mesenchymal stromal cells. The two graphs display the data from transduced cells
only. (a) Percentage of transduced UC cells expressing the ZsGreen as evaluated via flow cytometry.
Data are displayed as mean * SD, n = 3. (b) Levels of ATP produced by transduced UC-MSCs after 7
days of culture following the application of the different protocols. Data are normalised to the control
group in static condition and are displayed as mean * SD, n = 3. Statistical analysis performed on
Supplementary Figure 3.1a: Three-way ANOVA with Dunnett post-hoc comparison test against
untransduced static control; * p <0.05, ** p < 0.01, S p < 0.0001.

Flow cytometry and the ATP assay data (Figure 3.5) supported what was observed via
microscopy. UC-MSC transduction efficiency in the presence of Pb was high regardless of the
application of the static (93.8 £ 4.4%) or the spinoculation (90.4 + 4.5%) protocol. However,
the ATP assay of transduced cells in the presence of Pb revealed a strong reduction in the
viability of the transduced cells, which was only 32.3% (+ 8.6%) and 44.1% (+ 12.5%) of the
control in static and spinoculation conditions, respectively (data of untransduced UC-MSCs
are shown in Supplementary Figure 3.1a). Cells transduced in the presence of DEAE-dextran
resulted in 74.4% (+ 3.1%) and 53.8% (+ 19.4%) of positive cells (Figure 3.5a) in static and
spinoculation conditions and were respectively associated with a viability reduced to 79.3%
(£17.8%) and 74.1% (£ 12.2%) (Figure 3.5b). Finally, in the presence of Ps (Figure 3.5a), 28.2%
(£ 11.9%) and 70.7% (* 16.3%) of the cells were positive for ZsGreen in static and
spinoculation conditions, respectively. These conditions were associated with a reduction in

viability t0 96.9% (+ 10.1%) and to 74.0% (£ 11.4%) (Figure 3.5b). A three-way ANOVA analysis
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was performed on the data displayed in the Supplementary Figure 3.1a to assess the effect
of the polycations, the spinoculation and the transduction and the combination of those
factors on the viability of the cells. The results reveal that all these conditions and
combination had an impact on the viability of UC-MSCs, except for the combination of

spinoculation and transduction (Table 3.3).

Table 3.3: Impact of the polycations (poly.), the spinoculation (spin.), the transduction (tran.)
and their combinations on the ATP production of MSCs. Results based on three-way ANOVA
analysis of Supplementary Figure 3.1.

Poly.
Poly. Poly. Spin. X
Cell . .
Poly. Spin. Tran. X X X Spin.
Type .
Spin. Tran. Tran. X
Tran.
Yes Yes Yes Yes Yes No Yes
UC-MSCs
(p=0.0007) (p=0.09) (p=0.04) (p=0.002) (p=0.005) (p=0.23) (p=0.04)
Yes No No Yes No No No
BM-MSCs
(p<0.0001) (p=0.90) (p=0.24) (p=0.0009) (p=0.40) (p=0.63) (p=0.51)
Yes No No Yes No No No
A-MSCs

(p=0.001) (p=0.13) (p=0.32) (p=0.006) (p=0.08) (p=0.29) (p=0.84)

3.3.2.2 Bone marrow-derived mesenchymal stromal cells

Representative phase contrast images of transduced BM-MSCs and the respective
fluorescence images (green channel) are displayed in Figure 3.6. As observed for the
UC-MSCs, the cells transduced with the polybrene display the highest level of transduction
efficiency and a strong level of green fluorescence (Figure 3.6a-b). Again, the morphology of
these cells and their confluence level looks different from the control (Figure 3.6a), even if
the effect was more noticeable for the UC-MSCs (Figure 3.4a-b). All the other conditions are
associated with cells displaying a normal morphology and confluence, although with
differences in the level of transduction (green fluorescence, Figure 3.6a-b). Similarly to what
was observed for the UC-MSCs, the BM cells transduced in the presence of DEAE-dextran,
regardless of whether the static or spinoculation protocols were used (Figure 3.6a-b), and
the BM cells transduced in the presence of Ps following the application of the spinoculation

step (Figure 3.6b), display a relative strong level of green fluorescence.
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BM-MSCs cultured following the application of the static protocol

No polycation Ps DEAE-Dextran Pb

BM-MSCs cultured following the application of the spinoculation protocol

Untransduced

Transduced

No polycation DEAE-Dextran

Figure 3.6| Effect of polycations and spinoculation on BM-MSCs transduction. (a) Representative
phase contrast images of untransduced and transduced bone marrow MSCs in static condition. The
images of the transduced cells are coupled with the green fluorescence channel to show the
expression of the ZsGreen protein. Scale bar 200 um. (b) Representative phase contrast images of
untransduced and transduced bone marrow derived MSCs following the application of the
spinoculation protocol. The images of the transduced cells are coupled with the green fluorescence
channel to show the expression of the ZsGreen protein. Scale bar 200 um.

Untransduced

Transduced
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These results were confirmed by flow cytometry and the ATP assay (Figure 3.7). The
transduction in the presence of Pb was associated with 92.3 £ 5.3% and 94.1 + 3.0% of the
cells expressing the ZsGreen protein following the application of the static and the
spinoculation protocols, respectively (Figure 3.7a). Again, the presence of Pb resulted in a
reduction in the viability of the transduced cells to 72.3 £ 6.0% of the control in static
condition but did not really affect the growth of the cells when the Pb was coupled with the
spinoculation (94.0 £ 9.5%, Figure 3.7b). Cells transduced in the presence of DEAE-dextran
resulted in 80.2% (£ 5.1%) and 76.0% (+ 11.5%) of positive cells (Figure 3.7a) in static and
spinoculation conditions, respectively. Surprisingly, the presence of the DEAE-dextran seems
to have increased the viability of the transduced cells to 116.3% (+ 10.5%) and to 109.7%
(£ 2.9%), in static and spinoculation conditions, respectively (Figure 3.7b). This increase in the
viability was also observed when the cells were incubated without the lentiviral particles and
with the DEAE-dextran only (120.7 £ 10.8% in static and 106.0 £ 3.0% in spinoculation
condition, Supplementary Figure 3.1b). Finally, in the presence of Ps (Figure 3.7a), 22.5%
(£ 10.0%) and 75.8% (+ 6.7%) of the cells were positive for ZsGreen in static and spinoculation
conditions, respectively. The presence of the Ps was also associated with an increase in
viability of transduced cells both in static (128 £ 8.9%) and spinoculation conditions
(119.7 £ 3.5%) (Figure 3.7b). The analysis of the impact of spinoculation, transduction and
polycations on the viability of the cells revealed that the polycations and their combination
with spinoculation had an impact on the viability of the cells (p < 0.0001 and p = 0.0009

respectively, Table 3.3).
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Figure 3.7 | DEAE-dextran following the application of either the static or spinoculation protocol and
spinoculation Ps are valid alternatives to the Pb for the transduction of bone marrow MSCs. The two
graphs display the data from transduced cells only. (a) Percentage of transduced BM cells expressing
ZsGreen as evaluated via flow cytometry. Data are displayed as mean + SD, n = 3. (b) Levels of ATP
produced by transduced BM-MSCs after 10 days of culture following the application of the different
protocols. Data are normalised to the control group in static condition and are displayed as mean *
SD, n = 3. Statistical analysis performed on Supplementary Figure 3.1b: Three-way ANOVA with
Dunnett post-hoc comparison test against untransduced static control; ** p < 0.01.

3.3.2.3 Adipose derived mesenchymal stromal cells

Representative phase contrast images of A-MSCs taken 7 days post-transduction and the
respective fluorescence images (green channel) are displayed in Figure 3.8a. Unlike UC- and
BM-MSCs, the average transduction efficiency of adipose derived cells appears reduced, even
when polybrene is used as the polycation (Figure 3.8). The morphology of the cells look
comparable among all the conditions (Figure 3.8), with the only exception being the cells
incubated with Pb in static condition, where the cells look more sparse and less confluent

(Figure 3.8a).
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A-MSCs cultured following the application of the static protocol

No polycation Ps DEAE-Dextran Pb

A-MSCs cultured following the application of the spinoculation protocol

Untransduced

Transduced

No polycation DEAE-Dextran Pb

Untransduced

Transduced

Figure 3.8| Effect of polycations and spinoculation on A-MSCs transduction. (a) Representative phase
contrast images of untransduced and transduced adipose derived MSCs in static condition. The images
of the transduced cells are coupled with the green fluorescence channel to show the expression of the
ZsGreen protein. Scale bar 200 um. (b) Representative phase contrast images of untransduced and
transduced adipose derived MSCs following the application of the spinoculation protocol. The images
of the transduced cells are coupled with the green fluorescence channel to show the expression of the

ZsGreen protein. Scale bar 200 um.
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The flow cytometry analysis revealed that transduction in the presence of Pb in static and
spinoculation conditions was associated with only 48.6 +7.5% and 19.2 £ 3.8% of cells
effectively transduced, respectively (Figure 3.9a). Cells transduced in the presence of DEAE-
dextran resulted in 50.0% (+ 9.9%) and 12.3% (+ 2.8%) of positive cells (Figure 3.9a) in static
and spinoculation conditions, respectively. The transduction with Ps resulted in only 8.3%
(£ 2.3%) and 6.3% (x 1.3%) of positive cells (Figure 3.9a). The ATP assay revealed that the
presence of Pb affected the viability of the transduced cells following the application of the
static protocol (74.4 £ 6.8%, p < 0.0001), while none of the other conditions had an effect on
ATP levels (Figure 3.9b, Supplementary Figure 3.1c). The analysis of the impact of
spinoculation, transduction and polycations on the viability of the adipose cells revealed that,
as for the BM-MSCs, only the polycations and their combination with spinoculation had an

impact on the viability of the cells (p = 0.001 and p = 0.006 respectively, Table 3.3).
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Figure 3.9| DEAE-dextran following the application of the static protocol is a valid alternative to the
Pb for the transduction of adipose derived MSCs. The two graphs display the data from transduced
cells only. (a) Percentage of transduced A-MSCs expressing the ZsGreen as evaluated via flow
cytometry. Data are displayed as mean * SD, n = 3. (b) Levels of ATP produced by transduced A-MSCs
cells after 7 days of culture following the application of the different protocols. Data are normalised
to the control group in static condition and are displayed as mean + SD, n = 3. Statistical analysis
performed on Supplementary Figure 3.1c: Three-way ANOVA with Dunnett post-hoc comparison test
against untransduced static control; $ p < 0.0001.
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3.3.3 Validation of the selected protocol: DEAE-dextran in static condition

The protocol involving DEAE-dextran as the polycation, with an overnight incubation in static
conditions was selected as the optimal transduction procedure. This is because it resulted in
a good transduction efficiency for all the MSCs tested (74.4% for UC-MSCs, 80.2% for BM-
MSCs and 50.0% for A-MSCs) without overtly affecting the viability of the cells. This protocol
was then applied to transduce the three types of MSCs with different lentiviral particles to

assess how the transduction efficiency could be influenced by the lentiviral construct itself.

Representative fluorescence images of all three MSCs transduced with the four lentiviral
particles in the absence or presence of DEAE-dextran are displayed in Figure 3.10. Regardless
of the lentiviral particle, all the cell types display a low transduction efficiency when
transduced without DEAE-dextran. In contrast, for all four lentiviral particles, the presence of
polycation leads to an increase in the number of transduced cells and in the intensity of signal
in all three MSCs (Figure 3.10a-c). This increase is particularly remarkable for the pLV-
mCherry and for the pHIV-dTomato, while less evident for the pHIV-eGFP and for the
pCDH-EFla-Luc2-P2A-tdTomato (especially for the BM-MSCs, Figure 3.10b).

The fraction of successfully transduced cells for each lentiviral construct was assessed via
flow cytometry (Figure 3.11). UC-MSCs displayed a statistically significant increase in the
fraction of transduced cells when infected in the presence of the DEAE-dextran for all the
lentiviral particles (Figure 3.11a). Specifically, the proportion of cells positive for the
transgene increased from 0.3 + 0.2% to 11.7 £ 4.4% for the pCDH-EFla-Luc2-P2A-tdTomato
(p = 0.0005), from 9.4 +2.8% to 61.8 £11.6% for the pHIV-dTomato (p < 0.0001), from
10.5 + 2.7% to 58.7 + 8.9% for the pHIV-eGFP (p < 0.0001) and from 5.5 + 2.2% t0 72.9 £ 9.2%
for the pLV-mCherry (p < 0.0001, Figure 3.11a). A two-way ANOVA analysis also revealed that
both the presence of DEAE-dextran and the specific lentiviral construct used have a
statistically significant impact on the transduction efficiency (p < 0.01 and p < 0.0001

respectively).

Similar results were obtained with the BM-MSCs (Figure 3.11b), where the proportion of
transduced  cells  increased from 049+x05% to 6.3+x13% for the
pCDH-EFla-Luc2-P2A-tdTomato (no statistically significant difference), from 13.7 £ 0.9% to
57.8 £9.4% for the pHIV-dTomato (p < 0.0005), from 13.2 + 0.7% to 54.8 £ 17.6% for the
pHIV-eGFP (p=0.0005) and from 11.7+1.1% to 73.2+11.2% for the pLV-mCherry

(p <0.0001, Figure 3.11a). A two-way ANOVA analysis confirmed the statistically significant
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effect of the DEAE-dextran and of the lentiviral construct on the transduction efficiency

(p <0.05 and p = 0.0001 respectively).

Lastly, the adipose derived cells showed a transduction behaviour comparable to the other
two MSCs (Figure 3.11c), with an increase in the percentage of transduced cells from
0.8 £0.5% to 5.9+ 2.1% for the pCDH-EFla-Luc2-P2A-tdTomato (no statistically significant
difference), from 6.7 £2.6% to 54.0 £ 10.6% for the pHIV-dTomato (p <0.0001), from
5.6+2.4% to 38.1+10.0% for the pHIV-eGFP (p < 0.0001) and from 3.2+1.2% to
54.2 £+ 13.4% for the pLV-mCherry (p < 0.0001, Figure 3.11a). Again, the two-way ANOVA
analysis identified a statistically significant impact of the DEAE-dextran and of the type of

lentiviral particle on the transduction efficiency (p < 0.05 and p < 0.0001 respectively).
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UC-MSCs transduced with the DEAE-Dextran static protocol

Luc2-tdTomato dTomato eGFP mCherry

No Polycation

DEAE-Dextran

BM-MSCs transduced with the DEAE-Dextran static protocol

Luc2-tdTomato dTomato eGFP mCherry

No Polycation

DEAE-Dextran

A-MSCs transduced with the DEAE-Dextran static protocol

Luc2-tdTomato dTomato eGFP mCherry

No Polycation

DEAE-Dextran

Figure 3.10| The application of the DEAE-dextran static protocol increases the transduction
efficiency of all types of MSCs with all the lentiviral particles tested. (a-c) representative fluorescence
images of UC- (a), BM- (b) and A- (c) MSCs transduced with four different lentiviral particles with and
without the use of DEAE-dextran as a polycation. Scale bar 200 um.
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Figure 3.11| Application of the DEAE-dextran protocol to transduce MSCs with four different
lentiviral particles. Percentage of transduced and control UC- (a), BM- (b) and A-MSCs (c) expressing
either the tdTomato, the dTomato, the eGFP or the mCherry protein evaluated via flow cytometry.
Data are displayed as mean £ SD, n = 3. Two-way ANOVA analysis with Sidak’s multiple comparison
post-hoc test; S p < 0.0001 and # p < 0.0005.

3.3.4 Characterisation of the MSCs transduced with the DEAE-dextran static protocol

To determine whether the transduction procedure had an impact on the properties of the
different MSCs, transduced and untransduced cells were compared in terms of doubling
time, expression levels of MSC markers and morphology (area and circularity of the cells).
For this study, all MSCs were transduced with the pHIV-Luc2-ZsGreen construct (Figure 3.1a,
encoding for ZsGreen and Firefly Luciferase) and sorted to obtain a population 100% positive

for the transgenes.
3.3.4.1 Umbilical Cord Mesenchymal Stromal Cells

Representative phase contrast images of control and FLuc_ZsGreen UC cells and the
respective green fluorescence images (ZsGreen) after 7 days of culture are shown in Figure
3.12a. The morphology of the different transduced UC cells looks comparable to controls
(Figure 3.12a). The analysis of the cumulative doublings from p7 to at least p10 revealed that
the transduced cells behaved similarly to the untransduced ones (Figure 3.12b) and no
statistically significant difference in the doubling time was observed between transduced and

untransduced cells (Figure 3.12c and d).

The flow cytometry analysis of the expression of ZsGreen was performed at P8 (Figure 3.12e)

to evaluate any loss of the reporter gene following the expansion after sorting, which was
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undertaken at P6. Specifically, 98.62%, 99.08% and 99.36% of 727R, 733S and 7350 samples,
respectively, are still positive (Table 3.4). Furthermore, the flow cytometry analysis of surface
markers revealed a similar level of expression of positive markers (CD44, CD73. CD90 and
CD105) and the lack of CD45 negative marker (Table 3.4) in both transduced and

untransduced cells.
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Figure 3.12| FLuc_ZsGreen UC-MSCs display similar proliferation to untransduced cells.
(a) Representative phase contrast and green fluorescence images of the 3 UC-MSCs samples after
sorting. Scale bar = 200um. (b) Cumulative doubling from p7 to p10-11 for the 3 UC-MSC samples
transduced or untransduced. (c-d) Average doubling time of transduced and untransduced cells
displayed by sample (c) and by population (d). Data are displayed as mean * SD, n > 3. (e) ZsGreen
expression of transduced cells measured via flow cytometry at p8. FLuc = FLuc_ZsGreen cells.
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To perform the morphological analysis, samples were stained with phalloidin to get
fluorescent images of the actin filaments and with DAPI to identify the nuclei. Fluorescence
images of transduced and untransduced cells at 100x suggested a comparable morphology
between the 2 cell populations (Figure 3.13a). Those images were used to perform a
guantitative evaluation of the area, the perimeter (used to calculate the circularity), and the
circularity of the cells. Only isolated cells, those not in contact with neighbouring cells, were
measured to avoid possible errors in detecting their perimeter. The quantitative analysis
revealed that for only one of the UC-MSC donor samples was there a statistically significant
increase in the area of the cells (Figure 3.13b), with no impact on the circularity (Figure 3.13c).
Overall, the average cell area and circularity of transduced and untransduced cells among the

three donor samples looked comparable (Figure 3.13d).
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Figure 3.13| Morphological characterisation of transduced UC-MSCs. (a) Fluorescence images of cells
16h after seeding stained with phalloidin (f-actin, red) and DAPI (nuclei, blue) acquired at 100x. Scale
bar =200um. (b-c) Violin plot of the area (b) and the circularity (c) of the transduced and untransduced
cell populations (at least 55 cells from each sample were analysed). The data were plotted into a
grouped graph and cleaned from the outliers using the automated GraphPad tool “remove outliers”.
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A two-way ANOVA was performed on the cleaned data with a Dunn’s multiple comparison post-hoc
test; p < 0.0001. (d) Average cell area and circularity of UC-MSCs produced using the data from the 3
donor samples. FLuc = FLuc_ZsGreen cells. Abbreviations: CU = circular unit (1 = perfect circle,
0 = elongated polygon).

Table 3.4: Percentage of FLuc_ZsGreen cells expressing the ZsGreen protein and percentage
of untransduced controls and transduced cells positive to CD44, CD45, CD73, CD90 and
CD105. FLuc = FLuc_ZsGreen.

Donor Positive cells

CD45 CD44 CD73 CD90 CD105
ID (ZsGreen)
727R Ctr N/A 1.75% 99.20% 99.88% 99.95% 99.83%
727R FLuc 98.62% 2.68% 99.75% 99.94% 99.95% 99.79%
733S Ctr N/A 2.96% 99.20% 99.77% 100.00% 99.57%
733S FLuc 99.08% 4.59% 99.65% 99.80% 99.95% 99.49%
7350 Ctr N/A 1.84% 97.37% 99.80% 99.96% 99.95%
7350 FLuc 99.36% 5.01% 95.30% 99.74% 99.93% 99.81%
BMO4 Ctr N/A 6.23% 99.85% 96.84% 100.00% 98.49%
BMO04 FLuc 99.84% 6.96% 99.97% 99.72% 99.99% 99.64%
BM21 Ctr N/A 2.17% 99.91% 99.74% 99.83% 97.64%
BM21 FLuc 99.49% 1.98% 99.96% 98.99% 99.86% 93.58%
BM42 Ctr N/A 1.50% 99.91% 99.90% 99.84% 99.04%
BM42 FLuc 99.86% 1.34% 100.00% 99.88% 99.70% 98.63%
LA31 Ctr N/A 9.11% 99.81% 99.89% 99.98% 98.82%
LA31 FLuc 99.04% 4.07% 100.00% 99.50% 99.99% 93.79%
LA87 Ctr N/A 9.28% 99.61% 99.53% 99.99% 98.61%
LA87 FLuc 99.45% 75.52% 99.98% 99.39% 99.98% 99.87%
LA96 Ctr N/A 12.96% 99.94% 99.84% 100.00% 99.96%
LA96 FLuc 99.40% 11.20% 99.88% 99.65% 99.97% 99.75%

3.3.4.2 Bone marrow mesenchymal stromal cells

Representative phase contrast images of untransduced and transduced BM-MSCs and the
respective green fluorescence images (ZsGreen) right before being passaged are shown in
Figure 3.14a. The morphology of the transduced and the untransduced cells is similar (Figure
3.14a). The analysis of the cumulative doublings revealed that the FLuc_ZsGreen cells behave
similarly to the controls (untransduced) for at least 2 passages (Figure 3.14b). Furthermore,
no difference was observed in the doubling time of transduced cells when compared to

untransduced controls (Figure 3.14c and d).

The flow cytometry analysis of the expression of ZsGreen was performed 2 passages after
the sorting of the cells (Figure 3.14e). Similarly to what was observed for the UC-MSCs, almost
all the FLuc_ZsGreen BM-MSCs are positive for the expression of the ZsGreen, with 99.84%,
99.49% and 99.86% of ZsGreen® cells for BM04, BM21 and BM42 respectively (Table 3.4). The
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flow cytometry analysis for the expression of CD44, CD45, CD73, CD90 and CD105 revealed

similar levels of expression between transduced and untransduced cells (Table 3.4).
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Figure 3.14| FLuc_ZsGreen BM-MSCs display similar proliferation potential to untransduced cells.
(a) Representative phase contrast and green fluorescence images of the 3 BM-MSCs samples after the
sorting. Scale bar = 200um. (b) Cumulative doubling from p5 to p7 (BM04 and BM42) and from p7 to
p10 (BM21) of the 3 BM-MSC samples transduced and untransduced. (c-d) Average doubling time of
transduced and untransduced cells displayed by donor sample (c) and by population (d). Data are
displayed as mean £ SD, n > 2. (e) ZsGreen expression of transduced cells measured via flow cytometry
at p6 (BM04 and BM42) and p8 (BM21). FLuc = FLuc_ZsGreen cells.

Representative fluorescent images of transduced and untransduced cells stained with
phalloidin and DAPI are shown in Figure 3.15a. The quantitative analysis performed for each

donor sample revealed no statistically significant difference between the FLuc_ZsGreen cells
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and controls in terms of area and circularity (Figure 3.15b and c). Finally, the average cell area
and circularity of transduced and untransduced cells among the three donor samples is

comparable without any statistically significant differences (Figure 3.15d).
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Figure 3.15| Morphological characterisation of transduced BM-MSCs. (a) Fluorescence images of
cells 16h after seeding stained with phalloidin (f-actin, red) and DAPI (nuclei, blue) acquired at 100x.
Scale bar = 200um. (b-c) Violin plot of the area (b) and the circularity (c) of the transduced and
untransduced cell populations (at least 60 cells for each sample were analysed). The data were plotted
into a grouped graph and cleaned by the outliers using the automated GraphPad tool “remove
outliers”. A two-way ANOVA was performed on the cleaned data with a Dunn’s multiple comparison
post-hoc test. (d) Average cell area and circularity of BM-MSCs produced using the data from the 3
donor samples. FLuc = FLuc_ZsGreen cells. Abbreviations: CU = circular unit (1 = perfect circle,

0 = elongated polygon).

3.3.4.3 Adipose derived mesenchymal stromal cells

Phase contrast images of transduced and untransduced A-MSCs are displayed in Figure 3.16a.
From these images, the morphology of the FLuc_ZsGreen adipose cells is comparable to

controls (untransduced cells) (Figure 3.16a). The analysis of the cumulative doublings from
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p7 to at least p9 revealed that the transduced cells behaved similarly to the untransduced
ones (Figure 3.16b) and no difference in the doubling time was observed between the two

cell populations (Figure 3.16c and d).
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Figure 3.16| FLuc_ZsGreen A-MSCs display similar proliferation potential to untransduced cells.
(a) Representative phase contrast and green fluorescence images of the 3 A-MSCs samples after the
sorting. Scale bar = 200um. (b) Cumulative doubling from p7 to p9 (LA87) and p10 (LA31 and LA96) of
the 3 A-MSC samples transduced and untransduced. (c-d) Average doubling time of transduced and
untransduced cells displayed by sample (c) and by population (d). Data are displayed as mean * SD,
n>2. (e) ZsGreen expression of FLuc_ZsGreen measured via flow cytometry at p8.
FLuc = FLuc_ZsGreen cells.

The flow cytometry analysis of the expression of ZsGreen was performed at p8 (Figure 3.16e)

to evaluate any loss of expression during the expansion. 99.04%, 99.45% and 99.40% of LA31,
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LA87 and LA96 samples are still positive for ZsGreen at this passage (Table 3.4). The levels of
expression of positive (CD44, CD73. CD90 and CD105) and negative (CD45) markers is
comparable between the transduced and controls populations of LA31 and LA96 (Table 3.4).
Surprisingly, for the LA87 sample, transduction resulted in an increase in the percentage of

cells positive for CD45, from 9.28% to 75.52% (Table 3.4).

Representative fluorescence images of transduced and untransduced A-MSCs, where the
morphology is comparable are shown in Figure 3.17a. The quantitative analysis revealed that
only one of the donor samples exhibited a statistically significant increase in circularity
(Figure 3.17c), with no impact on the cell area (Figure 3.17b). Overall, the average cell area
and circularity of transduced and untransduced cells among the three donor samples is

comparable and does not show any statistically significant differences (Figure 3.17d).
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Figure 3.17| Morphological characterisation of transduced A-MSCs. (a) Fluorescence images of cells
16h after seeding stained with phalloidin (f-actin, red) and DAPI (nuclei, blue) acquired at 100x. Scale
bar =200um. (b-c) Violin plot of the area (b) and the circularity (c) of the transduced and untransduced
cell populations (at least 64 cells for each sample were analysed). The data were plotted into a grouped
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graph and cleaned by the outliers using the automated GraphPad tool “remove outliers”. A two-way
ANOVA was performed on the cleaned data with a Dunn’s multiple comparison post-hoc test; p < 0.05
(d) Average cell area and circularity of A-MSCs produced using the data from the 3 donor samples.
FLuc = FLuc_ZsGreen cells. Abbreviations: CU = circular unit (1 = perfect circle, 0 = elongated polygon).

3.3.4.4 BLl characterisation in vitro

The total flux emitted by each donor sample was measured to evaluate the quality of the
transduction and to identify any difference between the 3 cell types. Cells were plated at
various densities from 156 to 2x10* cells/well and subsequently imaged in the presence of
the D-Luciferin substrate, at a final concentration of 5.12 mM. The quantification of the flux
coming from the wells of each sample was used to build a linear regression curve (Figure
3.18), where the slope corresponds to the flux/cell. The output from the three UC-MSC donor
samples was similar (17.0x103 p/s/cell, 18.7x103 p/s/cell and 19.5x103 p/s/cell for 727R, 733S
and 7350, respectively, Figure 3.18a) as it was for the BM-MSCs (18.6x103 p/s/cell,
15.5x103 p/s/cell and 18.7x103 p/s/cell for BM04, BM21 and BM42, respectively, Figure
3.18b). The output from the A-MSCs revealed one sample displaying higher signal when
compared to the other two (20.8x103% p/s/cell, 30.7x10° p/s/cell and 22.3x103 p/s/cell for
LA31, LA87 and LA96, respectively, Figure 3.18c). These values have been averaged and
plotted by cell type to evaluate the average flux/cell of the 3 different MSCs (Figure 3.18d).
On average, UC and BM-MSCs displayed very similar signal outputs
(18.4x10%+ 1.3x10% p/s/cell and 17.6x10%% 1.8x10° p/s/cell and  18.7x10% p/s/cell,
respectively), while A-MSCs resulted in a stronger signal (24.6x10%+ 5.3x10° p/s/cell),
although no statistically significant difference was observed between MSCs from different

tissue sources.
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Figure 3.18]| Light output as a function of cell density. FLuc_ZsGreen expressing MSCs were seeded
at a density of 156 to 2x10* cells/well and treated with saturating concentration of D-Luciferin (5.12
mM D-Luciferin. (a-c) Light output (flux) as a function of cell concentration, with linear regression
curves of UC (a), BM (b) and A (c) MSCs. The slope of each curve represents the flux/cell and is shown
in the legend of the respective graph. Data are displayed as mean + SD from n = 3. Missing values are
due to saturation of the signal (LA87) or unexpected dropping with 2x10* cells (BM21). (d) Average of
the toral amount of photon/second emitted by each cell type following transduction. Data obtained
by averaging the samples of each cell type. Data are displayed as mean + SD from n = 3.
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3.4 DISCUSSION

The aim of this chapter was to identify a transduction protocol suitable to infect umbilical
cord, bone marrow and adipose MSCs to subsequently generate transduced populations

suitable for investigating the biodistribution and the safety of these cells in vivo.

Before investigating the actual transduction, the MSCs were compared in terms of doubling
time and expression of MSC markers to characterise the cells and identify any difference
between the cell sources. The analysis of the proliferation and doubling time revealed some
differences between the 3 cell types. While the 3 samples of A-MSCs displayed a very similar
and comparable doubling time and the 3 samples of UC-MSCs displayed a small variability
between 2 out of the 3 samples, the BM-MSCs showed the greatest variability. In detail, 2
samples resulted in a doubling time that was almost twice the doubling time of the third
donor sample. The analysis of the average doubling time of the 3 cell sources also revealed
that, while UC and A-MSCs show a comparable growth, the BM-MSCs are significantly slower
than the other two sources of cells. The characterisation of doubling time can help to design
the actual transduction process, as it is important to know how naive cells behave and not to
grow the cells over confluence. This has been reported to be associated with changes in the
proteome of BM-MSCs when compared to cells grown without reaching 100% confluence
[253]. In the same way, monitoring the expression of MSC markers is an important indicator
of changes in the phenotype of the cells. Positivity to CD44, CD73, CD90 and CD105 and
negativity to CD11b, CD19, CD34, CD45 and HLA-DR are widely recognised criteria to validate
MSCs. Whilst all the samples showed a positivity of at least 98.7% for all the positive markers,
some variability was observed for the negative ones. In particular, A-MSCs showed some
positivity to CD34 (18.4 +11.7%) and CD45 (10.8 + 7.8%). This is not unexpected as some
previous studies have reported CD34 positivity of A-MSCs [254, 255] and the negativity to
that marker is now suggested to be an artifact of cell culture conditions [256]. An atypical
expression of CD45 was also already observed in BM-MSCs [257], although the positivity to
that marker disappeared by further expanding the cells in vitro [257]. Similarly, BM-MSCs
showed a small variability in the positivity to HLA-DR (7.4 + 6.5%). Again, this has also been
previously reported by Marta Grau-Vorster [258] who analysed 130 batches of BM-MSCs
produced for clinical applications, revealing variability among all those samples and
concluding that the absence or presence of HLA-DR do not have an impact on the overall
properties of the cells [258]. All these data gave some insight into the proliferation potential
of each donor sample and the expression of surface markers before moving to the actual

transduction optimisation. Lentiviral transduction can be used to generate stable cell lines
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for the expression of a specific gene of interest [259]. However, the transduction with the LV
alone is associated with a low transduction efficiency as show in the literature [246, 260] and
in this chapter. There are reports showing that several polycations, like Pb [244, 245], Ps [249,
260] and DEAE-dextran [243], and the coupling of those with a spinoculation step [250-252],
can be successfully applied to increase the transduction efficiency of different cells. Here a
transduction protocol suitable to generating stable Firefly Luciferase expressing MSCs from

umbilical cord, bone marrow and adipose tissue was identified.

To optimise the transduction protocol, the impact of different polycations (Pb, Ps and
DEAE-dextran) on transduction efficiency and on viability was tested alone or in combination
with a spinoculation step. The transduction efficiency in the presence of Pb (8 pg/mL) was
high for all the MSCs, with more than 90% of UC and BM cells transduces in both static and
spinoculation conditions and with around 50% of adipose cells transduced in static condition.
However, viability of cells incubated with the Pb in static condition was significantly reduced
in comparison to control cells. This effect was observed not only on the cells incubated with
the lentiviral particles (32%, 72% and 74% for UC, BM and A-MSCs respectively), but also on
the cells incubated just with the Pb overnight (56%, 69% and 78% for UC, BM and A-MSCs
respectively). These results are in line with previous studies [246-248, 260] that reported an
association between the presence of polybrene and a reduction in the viability of different
cell types. In particular, Lin et al reported, already in 2011, a significant reduction in viability
of human bone marrow MSCs with a polybrene concentration of 4 ug/mL, which is half of

what was used here [247].

Although it was possible to reduce the negative effect of the Pb on the viability of the BM
and A-MSCs following the introduction of the spinoculation protocol, which reduced the
exposure to the lentiviral particles to only 2 hours, the impact on UC-MSCs was still
substantial. Furthermore, the number of A-MSCs transduced with Pb following the
introduction of the spinoculation step dropped from 48.6% to only 19.2%. For these reasons,

the Pb protocols were not considered suitable for the transduction of UC, BM and A-MSCs.

As a possible alternative protocol, the DEAE-dextran overnight incubation in static conditions
was identified, as it was associated with a good transduction efficiency for all the cell types
tested (74.4% for UC, 80.2% for BM and 50.0% for A-MSCs) without overtly impacting the
viability of the cells (77% for UC, 116% for BM and 107% for A-MSCs). The superiority of the
DEAE-dextran to Pb has been previously shown by Denning et al [243], but their work was
focused on the 293FT and the HT-1080 cell lines and not primary MSCs.
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A similar analysis where different transduction protocols were tested to optimise the
transduction of natural killer (NK) cells was carried out by Malarkannan S. et al [261]. They
investigated the transduction efficiency and the impact on cell viability following the lentiviral
transduction of primary human and murine NK cells in presence of either Pb (8 ug/mL), Ps
(8 ug/mL) or DEAE-dextran (8 pg/mL) [261]. In this study, they combined a 1h spinoculation
step at 1000g and an overnight incubation at 37°C [261]. Interestingly they obtained a strong
increase in the transduction efficiency by incubating the cells with the DEAE-dextran and

almost no transduction with the two other polycations [261].

The data from Denning et al [243] and Malarkannan and co-workers [261] suggest that the
type of cells and the lentiviral particle itself might influence the outcome of the transduction
and one single protocol might not be suitable for all the cell types and LV constructs. Because
of this, the selected protocol was investigated for its ability to transduce the MSCs with four
different lentiviruses, characterised by differences in the backbone and in the size of the
insert. Regardless of the lentiviral construct used, the DEAE-dextran protocol enabled an
increase in the transduction efficiency, when compared to the cells incubated with the LVs
alone. However, a difference was identified in the transduction efficiency of the different
cells that was directly related to the type of lentiviral vector use. This is something expected,
as several factors can influence the transduction efficiency with a specific lentiviral vector. It
has been previously shown that efficiency of transduction decreases with an increase in the
size of the construct [262]. The results obtained in the present study are in line with those
findings, as the longest plasmid, the pCDH-EFla-Luc2-P2A-tdTomato (10289 bp) was
associated with a much lower transduction efficiency than the 3 other plasmids tested, which
displayed similar length (7686 bp, 7680 bp and 7413 bp for the pHIV-eGFP, the pHIV-dTomato
and the pLV-mCherry, respectively). Furthermore, it was also previously reported that the
sequence of the plasmid can affect the lentiviral infection [263] and this can further explain

what was observed while applying the DEAE-dextran protocol with 4 different LVs.

Furthermore, the percentage of transduced cells for each lentiviral particle was significantly
associated with the origin of the cells, confirming that the type of cell has also a role in the
outcome of the transduction. As an example, the percentage of A-MSCs transduced with the

pHIV-Luc2-ZsGreen was much lower than the percentage of transduced UC or BM-MSCs.

Finally, a critical aspect of this part of the study was the production of transduced FLuc
expressing MSCs that can be used to track their biodistribution in vivo. FLuc* cells should be

as similar as possible to the naive, non-genetically modified MSCs in order to replicate their
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biodistribution. This was investigated by assessing their proliferation, expression of MSC
markers and morphology. A total of 9 donor samples (3 per cell type) were transduced using
6 pug/mL DEAE-dextran and a pHIV_Luc2_ZsGreen LV with an MOI of 5 and sorted following
the transduction to obtain pure FLuc expressing populations. It was shown that all the
transduced cells display similar properties to their untransduced counterparts in terms of
doubling time, proliferation and expression of common MSC markers at the passage they will
be used to perform the in vivo biodistribution analysis shown in subsequent chapters.
Additionally, those 9 donor samples, when genetically modified, exhibited comparable
emission of light in the presence of D-Luciferin, underlining the replicability of the
methodology. The average flux/cell emitted ranged from 15,531 p/s/cell for one of the BM
samples to 30,723 p/s/cell for one of the adipose samples. Such values are quite good, as it
has been previously reported that transduction of mouse derived MSCs with the
pHIV-Luc2-ZsGreen plasmid in the presence of polybrene resulted in 1508 p/s/cell [264],

which is around 10 times lower than the values obtained here.

In summary an overnight incubation with 6 pug/mL DEAE-dextran and a LV with an MOI of 5
can be used to enhance the transduction of umbilical cord, bone marrow and adipose derived
MSCs with several lentiviral particles. The characterisation of the transduced cells expressing
Luc2_ZsGreen displayed no major effects of the transduction on the properties of the cells.
Still, as mentioned previously, the efficiency of transduction is strongly correlated with the
LV and with the cell type used. Because of this, it is suggested that several polycations should

be tested when optimising a transduction process for a specific cell type.
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3.5 APPENDIX TO CHAPTER 3 — SUPPLEMENTARY INFORMATION

UC-MSCs ATP Assay

BM-MSCs ATP Assay
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Supplementary Figure 3.1| ATP assay of transduced and untransduced MSCs. (a-c) Data from UC (a),

BM (b) and A-MSCs (c) organised in static and spinoculation protocols. Data are displayed as mean +

SD from n = 3. Statistical analysis performed: three-way ANOVA with Dunnett post-hoc comparison

test against untransduced static control; * p < 0.05; ** p < 0.01; # p < 0.0005; $ p < 0.0001.
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CHAPTER 4 OPTIMISATION OF TRANSDUCTION PrROTOCOL FOR

MESENCHYMAL STROMAL CELLS AND CHARACTERISATION OF TRANSDUCED

UC-MSCs BOTH IN VITRO AND IN ViIvoO.

4.1 INTRODUCTION

As described in 1.5.1, bioluminescence imaging (BLI) is widely used in preclinical research
studies with the aim to track the biodistribution of cells in living animals. Since photons with
a wavelength shorter than 600 nm interact strongly with mammalian tissues, it is usually
preferred to use a BLI system with a light output close to the near infrared spectrum
(> 650 nm). The light emitted during the oxidation of D-Luciferin catalysed by firefly luciferase
(FLuc) peaks at 560 nm, with a significant portion of emission longer than 600 nm [265].
Because of this, the FLuc/D-Luciferin system is still one of the top choices for deep-tissue BLI
[214, 265]. Nevertheless, to improve the tissue penetration of the emitted light, many studies
have focused on engineering the luciferase enzyme and/or the substrate(s) in order to shift
the emission peak to the near infrared section of the spectrum and reduce the amount of
light absorbed by tissues [204, 265-269]. Unfortunately, most of the mutated luciferases
generated are not able to increase the total output of red light when compared to
FLuc/D-Luciferin [266]. In the same way, many of the engineered substrates for FLuc
associated with a red shift have not resulted in an increase of light emission when compared
to D-Luciferin [265, 267-270]. This is because the shift toward a red wavelength is usually
associated with a reduction in the light intensity [265], which means that any gains obtained

by less tissue absorption are lost due to poorer emission

Recently, a group from Japan has developed a novel BLI system, composed of a D-Luciferin
analogue, the Akalumine-HCI, and a mutated form of the FLuc, the AkaLuc [205, 223]. This
BLI system has a light emission peak around 650 nm and has been claimed to provide a light
output that is 52-fold stronger than that generated by FLuc when used in vivo [205].
Furthermore, they were able to detect light signal from the lungs of mice following
intravenous injection of single cell, suggesting a very high sensitivity of the system [205]. All
these characteristics make the AkaLuc/Akalumine-HCI (AkaBLI) system very promising for cell
tracking. However, to date, this system has not been validated for applications in

regenerative medicine.
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In this chapter, the use of one of the transduction protocols identified as suitable for the
transduction of UC-MSCs following the analysis performed in CHAPTER 3 is applied to
generate two UC-MSC populations, each expressing a different luciferase: the FLuc or the
Akaluc. These two populations are then characterised both in vitro and in vivo to identify the

best BLI system among the two to track the biodistribution of UC-MSCs in vivo.
4.2 MATERIALS AND METHODS

4.2.1 MSC transduction protocol

Passage 5 (P5) UC-MSCs were transduced with pHIV-Luc2-ZsGreen or pHIV-AkalLuc-ZsGreen
in the presence of 20 ug/mL of Ps applying the spinoculation protocol. 3.42x10° cells were
seeded into 12 wells of two 6-well plates (2.85x10* cells per well to be consistent with
3x103 cells/cm?). Cells in one of the two 6-well plate were transduced with pHIV-Luc2-
ZsGreen, while the cells in the other 6-well plate with pHIV-AkalLuc-ZsGreen. Following
transduction, the cells were cultured up to confluence, detached and sorted via flow
activated cell sorting (FACS) to obtain a homogenous population of cells (P6) expressing the
transgene. To separate the transduced cells from the untransduced ones, the cells were
harvested, resuspended in PBS with 0.8% FBS and kept in ice until sorted. The sorting was
performed using a FACSAria and was based on the expression of the ZsGreen protein.
Approximately 5.6x10° FLuc and 6.5x10° AkaLuc expressing cells were obtained following the

sorting step. These cells were then expanded up to P7 and frozen down until further use.

4.2.2 MSC marker expression determined by flow cytometry

UC-MSCs were detached, centrifuged, and resuspended in PBS to remove any residual
medium, as described in 2.3.1. To evaluate the common MSC markers, the cells were divided
into different 1.5 mL vials, with a minimum of 10° cells per vial. The cells were then
centrifuged for 10 minutes at 300 g and, following surfactant removal, each pellet was
suspended with 98uL of PBS with 0.5% of bovine serum albumin (BSA) and 2 uL of anti-CD44
(APC, #130-113-893, Miltenyi Biotec), anti-CD45 (APC, #130-113-676, Miltenyi Biotec),
anti-CD73 (APC, #130-097-945, Miltenyi Biotec), anti-CD90 (APC, #130-117-534, Miltenyi
Biotec), anti-CD105 (APC, #130-099-125, Miltenyi Biotec), IgG1 mouse isotype (APC, #130-
113-758, Miltenyi Biotec), or 1gG2 mouse isotype (APC, #130-113-831, Miltenyi Biotec).
Following a gentle shaking, the vials were incubated in the dark for 10 minutes at 4°C. An
extra vial of cells was used as unstained blank. 500 puL of PBS with 0.5% BSA were added to

each vial and they were centrifuged again for 10 minutes at 300 g. Finally, each pellet was
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suspended into 400uL of PBS with 0.5% BSA, transferred into a properly labelled FACS tube

and analysed with a FACSCalibur. A minimum of 10* events was analysed for each marker.

4.2.3 Reporter cell line characterisation

The AkalLuc and FLuc expressing cells have been compared and characterised with
untransduced control cells in terms of doubling time and expression of common MSC
markers (3.2.1.1). The two sorted populations and the untransduced cells were cultured from
P7 to P12 to evaluate the doubling time. The cells were plated at 3x10° cells/cm?, and the
doubling time calculated using equation described in 2.1.4. Furthermore, the level of ZsGreen

at P7 and P12 was compared to evaluate the loss of the transduced genes over time.

In order to assess possible morphological changes of the cells due to the transduction and/or
the sorting step, the cells were also characterised in terms of area, perimeter and circularity,
in the same way performed in CHAPTER 3. Summarising, the cells were plated at 3x103
cells/cm? into 8-wells Chamber Slide systems (Nunc Lab-Tek) with complete medium and
incubated for 16 hours in the incubator. Then, the cells were washed and fixed with a PFA
solution (4% w/v in PBS, pH 7) for 20 minutes at room temperature (RT). After fixation, the
cells were washed with PBS and permeabilized with 0.1% (v/v) Triton X-100 in PBS for 15
minutes at RT. Then, the cells were incubated with 100 pL/well of Alexa Fluor 594 Phalloidin
(ThermoFisher, #A12381) [165nM] in PBS with 1% (w/v) bovine serum albumin (BSA) for 1
hour at RT. Then, the cells were washed twice with PBS and counterstained with DAPI
[143 nM]. Fluorescence images were taken using a Leica DM2500 microscope coupled to a
DFC350 FX camera. Imagel) was used to draw and determine the area, the perimeter and the

circularity of the cells using the phalloidin channels.

After the morphological and proliferation analysis, the IVIS Spectrum system was used to
characterise the two BLI systems, both in vitro and in vivo. The acquired signal from the
different analysis was always normalised to radiance
(photons/second/centimeter?/steradian) and analysed using the Region of Interest (ROI) tool
of the IVIS software to obtain the total number of photons emitted in that specific area, also
known as total flux (photons/s). The data were then plotted using GraphPad to generate the

final graphs.
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4.2.3.1 Invitro BLI characterisation
Spectra analysis

The spectra of the light emitted during the oxidation of D-Luciferin by the FLuc cells and
during the oxidation of Akalumine-HCI either in the presence of AkalLuc cells or FLuc cells

were analysed to check for any shifts in the peak of emitted light.

AkaLuc and FLuc cells were harvested and suspended at a concentration of 5x10° cells into
50 ulL inside 0.2 mL vials. The substrates were added to the vials immediately before the
acquisition at a final concentration of 160 uM for Akalumine-HCI (Bio-Techne®, #6555) and
640 uM for D-Luciferin (Promega, E1605). Akalumine-HCl was used for both cell populations
while D-Luciferin was only used for FLuc cells. To analyse the emission spectra, the IVIS was

set -up to acquire the emitted signal every 20 nm from 500 nm to 840 nm.
AkaLuc and FLuc BLI systems kinetics — saturation

A fixed number of AkaLuc and FLuc cells was treated with a rising concentration of the two
different substrates to find out the saturating concentrations. The experiment was repeated
3 times, with a technical triplicate each. 1.5x10° cells/well were seeded into an optical
bottom 96-well plate with black walls (ThermoFisher, #165305). Untransduced cells were
used as negative controls. The cells were allowed to adhere for 3 hours. Then, each
compound was tested in triplicate at a final concentration ranging from 2.5uM to 5.12mM,
doubling the concentration each time. The final volume per well was 100 pL (50 pL of medium
when seeded plus 50 pL of medium with the substrate, which was added just before
measurement). The data were acquired with an VIS Spectrum system immediately after the
addition of the substrates using the open filter, to acquire all the signal coming from the cells,
and the 660 nm, the 680 nm and the 700 nm filters applied in sequence, to analyse the signal
close to peak generated by AkalLuc with Akalumine-HCI. All the possible combinations of

substrate-enzyme were tested:

= FLuc cells with D-Luciferin
= FLuc cells with Akalumine-HClI
= AkaLuc cells with D-Luciferin

= AkaLuc cells with Akalumine-HClI
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Akaluc and FLuc BLI systems kinetics — emitted photons per cell

The saturating concentration of each substrate determined in the previous paragraph was
used to assess the total flux emitted by each of the cell populations. The cells were plated at
different densities, from 156 to 2x10* cells/well. In this way it is possible to build a regression
curve where the slope represents the amount of signal emitted per cell. The experiment was
repeated 3 times, with a technical triplicate each time. The cells were plated into an optical
bottom 96-well plate with black walls (ThermoFisher, #165305). Untransduced cells were
used as negative control. The cells were allowed to adhere for 3 hours. Then, Akalumine-HClI
and D-Luciferin were added at a final concentration of 160 UM and 5.12 mM, respectively.
The final volume per well was 100 pL (50 pL of medium when seeded plus 50 pL of medium
with the substrate, which was added just before measurement. The data were obtained with
IVIS immediately after the addition of the substrates, acquiring the signal generated using
the open filter and the 660 nm, 680 nm and the 700 nm filters applied in sequence. AkalLuc
cells were tested only with Akalumine-HCI, while FLuc cells with both substrates. The
combination of AkaLuc cells with D-Luciferin was not tested as D-Luciferin is not a substrate

for Akaluc, and this was also confirmed in the previous section.
4.2.3.2 Invivo BLI characterisation

7-9 week old female C57 Black-6 (C57BL/6J.Tyr"%, from JAX) albino mice were used for in vivo

characterisation of the two BLI systems.
In vivo kinetics

The aim of this experiment was to find the best data acquisition window of the BLI systems
after the administration of the substrate. This is important because acquiring the data when

the signal peaks, it improves the sensitivity of the acquisition.

AkalLuc and FLuc cells were harvested using trypsin/EDTA, centrifuged, suspended in ice-cold
PBS at a concentration of 2.5x10° cells/100 uL and kept on ice until being administered in
vivo. 8-week old female C57BL/6 mice were anaesthetised with isoflurane and intravenously
(IV) injected with 100 pL of cell suspension through the tail vein, followed by subcutaneous

administration (SC) of the substrate (Table 4.1).
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Table 4.1: Experimental set up to evaluate the kinetics of the two BLI systems.

Cells N° Substrate used | Substrates | Volume of | Sites of SC | N° of
Injected of cells conc. (mM) | substrate used | administration | animals
IV SC (uL/g of

body weight)
AkalLuc 2.5x10° | Akalumine-HCl | 30 Always 100 uL | 1 3
FLuc 2.5x10° | D-Luciferin 47 10 1 3
FLuc 2.5x10° | D-Luciferin 144.5 20 2 3

Mice injected with FLuc cells and D-Luciferin 47 mM also received a second SC injection of
PBS with a volume equal to the D-Luciferin. This was used to normalise the total volume
injected in mice with both high (144.5 mM) and low (47 mM) dose of D-Luciferin.
Immediately after the SC injection, the mice were imaged inside the IVIS, with the BLI signal
acquired every minute for 30 minutes. The signal was acquired using an open filter, a binning
of 8, a f-stop of 1, and 45 seconds exposure. The f number refers to the aperture of the hole
that regulate the amount of light that hits the CCD camera (from 1, wide open, to 8) and the
binning improves the signal-to-noise ratio (8 is a medium setting). At the end of the
acquisition, the mice were allowed to recover and moved back to the cages. The imaging
procedure (substrate administration and data acquisition) was repeated the day after the

administration of the cells.

Akaluc and FLuc signal intensity comparison following IV infusion of cells and SC

administration of substrates

The aim of this set of experiments was to compare the FLuc and AkaLuc systems and identify
the one most suitable for in vivo biodistribution experiments. The detachment and the
infusion of the cells and the administration of the substrates were carried out as described
in the previous section. The experimental details are summarised in Table 4.2. The
administration of the substrate and the imaging were performed the day of the injection of
the cells and after 1, 3 and 7 days. Furthermore, based on the results from the kinetics
experiments, the substrates were administered 20 minutes before imaging the mice in the
dorsal position inside the IVIS with the open filter, a binning of 8, a f-stop of 1, and using 15,

30, and 180 seconds exposure time in sequence.
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Table 4.2: Experimental set up to evaluate the signal following SC administration of the
substrates.

Cells N° Substrate used | Substrate Volume of | Sites of SC | N° of
Injected of cells conc. (mM) | substrate used | administration | animals
IV SC (uL/g of

body weight)
AkalLuc 2.5x10° | Akalumine-HCl | 30 Always 100 uL | 1 7
FLuc 2.5x10° | D-Luciferin 47 10 1 3
FLuc 2.5x10° | D-Luciferin 144.5 20 2 7

As described in the previous paragraph, mice injected with FLuc cells and the low dose of D-
Luciferin also received a second SC injection of PBS with a volume equal to the D-Luciferin

solution.

Akaluc and FLuc signal intensity comparison following IV infusion of cells and IP

administration of substrates

The aim of this set of experiments was to compare the FLuc and AkaLuc systems using the
same conditions applied by lIwano S. et al [205], where following IV administration of reporter
cells, the mice received the substrate intraperitoneally (IP) [205]. Here, the signal generated
by AkalLuc and FLuc cells were also evaluated following IP administration of Akalumine-HClI
and D-Luciferin. The detachment and administration IV of the cells was carried out as
described in the previous sections. The experimental details are summarised in Table 4.3.
Again, the administration of the substrate and the imaging were performed on the day of the
injection of the cells and 1, 3 and 7 days post administration. Furthermore, on the cell
administration day, a kinetic analysis was carried out to identify the signal peaks following IP
administration. Immediately after the IP injection, the mice were imaged inside the IVIS, with
the BLI signal acquired every minute for 30 minutes. The signal was acquired using an open
filter, a binning of 8, a f-stop of 1, with an automatic exposure time set to not exceed the 15
seconds exposure. Based on the results from the administration day, on day 1, day 3 and day
7 the mice were imaged 3, 8, 12, 16, and 20 minutes post IP injection of the substrates using
15, 30, and 180 seconds exposure time in sequence. The mice were imaged in the dorsal
position using the open filter. At the end of the sequence of acquisition, the mice were

imaged in ventral position as well.
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Table 4.3: Experimental set up to evaluate the signal following IP administration of the

substrates.
Cells N° Substrate used | Substrate Volume of | Sites of IP | N° of
Injected of cells conc. (mM) | substrate used | administration | animals
IV IP (uL/g of body
weight)

AkalLuc 2.5x10° | Akalumine-HCl | 30 Always 100 uL | 1 4

FLuc 2.5x10° | D-Luciferin 47 10 1 4

FLuc 2.5x10° | D-Luciferin 144.5 20 1 4

In the previous two paragraphs, the mice injected with FLuc cells and with the low dose of D-
Luciferin received also a second SC injection of PBS with a volume equal to the D-Luciferin
solution. To keep the volumes consistent with those analysis, in this experiment, the low dose

of D-Luciferin was mixed with an equal volume of PBS before being injected IP.

Evaluation of background signal produced following the administration of D-Luciferin and

Akalumine-HCI

The aim of this set of experiments was to evaluate the presence or absence of a background
signal following the administration of D-Luciferin and Akalumine-HCl alone. The experimental
details are summarised in Table 4.4. The mice were imaged in ventral and dorsal position 20
and 24 minutes post administration of the substrates, respectively. Then the mice were
culled, and the organs harvested and imaged again. The signal was acquired using an open

filter, a binning of 8, a f-stop of 1, and 180 seconds exposure time.

Table 4.4: Experimental set up to evaluate the background signal of D-Luciferin and

Akalumine-HCI.
Substrate used | Concentration (mM) | Volume administered | Sites of N° of animals
(uL/g of body weight) | administration
Akalumine-HCI | 30 Always 100 pL IP (1 site) 3
D-Luciferin 144.5 20 IP (1 site) 3
D-Luciferin 144.5 20 SC (2 sites) 3

In subsequent sections, the 47 mM and the 144.5 mM doses of D-Luciferin will be referred
as low and high doses, respectively. Akalumine-HClI 30 mM will simply be referred to as

Akalumine-HCl.

90



4.2.4 Statistical analysis

All values in graphs are represented as mean * standard deviation. The statistical analysis
was performed using the GraphPad software. The type of statistical test and the number of

replicates included in the analyses are indicated in the figure legends.
4.3 RESULTS

4.3.1 Characterisation of the transduced cells

To determine whether the transduction process affected the properties of the UC-MSCs,
transduced cells were compared to untransduced ones in terms of the expression levels of
MSC markers, doubling time and morphology. The lentiviral vector backbones used to
produce the two transduced population are summarised in Figure 4.1a. The structure is the
same, only the gene encoding for the Luciferase is different (encoding either for FLuc or for
Akaluc). An example of phase contrast images of confluent control, AkaLuc and FLuc cells
and the respective green fluorescence images, showing the expression of the ZsGreen
protein, is shown in Figure 4.1b. The morphology of the different cell populations looks very
similar and the fluorescence images confirm the expression of the transgene by all cells in
the field of view. A cumulative doubling analysis from P7 to P12 (Figure 4.1c), showed that
the population doubling time for all three cell populations was almost identical up to P10.
After this passage, all populations appear to display a slight decrease in doublings, which is
more pronounced for the transduced cells (Figure 4.1c). Flow cytometry analysis of the level
of expression of ZsGreen was performed at P7 and P12 to monitor the possible loss of
expression of the reporter gene. At P12 the FLuc cells are still all positive for ZsGreen protein,
while there was a little reduction in the level of expression of the reporter protein in P12
AkalLuc cells (Figure 4.1d). Furthermore, the flow cytometry analysis of transduced and
untransduced cells for the expression of common mesenchymal markers shows a good
overlapping of the curves (Figure 4.1e), revealing that the marker expression is not altered,
with cells negative for CD45 and positive for the other markers (CD44, CD73. CD90 and
CD105) at a similar level (Figure 4.1e).
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Figure 4.1] AkaLuc and FLuc transduced cells retain characteristics of untransduced UC-MSCs.
(a) Schematic of the lentiviral vector used the generate FLuc and AkalLuc transduced cell population.
The vector was the same, but the gene encoding for the luciferase. (b) Representative phase contrast
and fluorescence images of untransduced, AkalLuc and FLuc expressing MSCs when fully confluent.
ZsGreen expression can be observed in the green channel for the transduced cells. Scale bar = 200 um.
(c) Cumulative doubling measured from passages 7 to 12 shows that cells grow at the same rate up to
pll. Cumulative doublings are calculated at each passage summing the total doublings performed
from the first passage considered (here is p7) to that one. (d) ZsGreen expression was measured via
flow cytometry at p7 and p12 and untransduced MSCs were used as negative control. The levels of
ZsGreen remain largely unchanged, with a slight reduction for AkaLuc cells. The mean fluorescence
intensity (MFI) of FLuc population shifted from 1023 AU at p7 to 708 AU at p12, while the MFI of
AkaLuc population shifted from 746 AU at p7 to 388 AU at p12. (e) Flow cytometry analysis of markers
that identify MSCs shows that all populations are positive for CD44, CD73, CD90 and CD105, and
negative for CD45. (f) Fluorescence images of cells shortly after seeding stained with phalloidin (f-actin,
red) and DAPI (nuclei, blue) acquired at 100x and 200x magnification. Scale bar = 200 um. (g) Area and
circularity, as measured based on the phalloidin staining of at least 54 cells per replicate, show that
MSCs retain their morphology after transduction with either of the reporters. Data are displayed as
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mean * SD from n = 3. One-way ANOVA revealed no statistically significant difference between the
three cell populations. Abbreviations: CU = circular unit (1 = perfect circle, 0 = elongated polygon).

To carry out the morphological analysis, AkaLuc, FLuc and untransduced UC-MSCs were
stained with 594-phalloidin to get fluorescent images of the actin filaments. Those images
were used to draw the shape of the cells on Imagel to obtain the measures of area, perimeter
(data not shown), and circularity of the different cell populations (Figure 4.1f and g; Dapi was
used to counterstain the nuclei). An example of fluorescent images of untransduced, AkalLuc
and FLuc cells with different magnifications (10x and 20x) is shown in Figure 4.1f. The
morphology of the different cell populations looks very similar. To do the quantitative
analysis, at least 54 cells were analysed for every condition, and this was repeated 3 times
(n=3). Only isolated cells were measured, to avoid possible errors in detecting the perimeter
of the cells. The quantitative analysis (Figure 4.1g) confirms that there is no statistically

significant difference among area, perimeter, or circularity between all the cell populations.

4.3.2 BLl characterisation of AkaLuc and FLuc cells in vitro

The light emission spectra of the two transduced populations are displayed in Figure 4.2.
AkaLuc cells displayed a peak at 650 nm following Akalumine-HCI oxidation. This enzyme is
unable to catalyse the oxidation of D-Luciferin and no light is emitted with this substrate.
Conversely, Firefly luciferase can oxidise both substrates. The oxidation of Akalumine-HCI
generates a light peak at 670 nm and the oxidation of D-Luciferin, a peak at 600 nm (Figure
4.2). Emitted light from each source was normalised to the maximum value detected for it,
which is 600 nm for FLuc/D-Luciferin, 680 nm for FLuc/Akalumine-HCl and 640 nm for
AkaLuc/Akalumine-HCI. The grey area is the absorption of Haemoglobin (Hb) calculated by
mediating the absorption of oxy-Hb and deoxy-Hb. Much of the light emitted by the oxidation
of D-Luciferin catalysed by FLuc overlaps with the absorption of Hb, which can lead to a loss
of sensitivity in in vivo imaging. On the other hand, almost all the light emitted by the
AkaLuc/Akalumine-HCl system is far from the absorption wavelengths of Haemoglobin

(Figure 4.2).
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Emission Spectra

Normalised Emitted Light

Molar extinction coefficient [cm-1/M]
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Figure 4.2| Emission spectra of AkaLuc and FLuc systems with Akalumine-HCl and D-Luciferin.
Emission spectrum for each enzyme/substrate pair, as measured by acquiring the signal emitted from
500 to 840 nm at 20 nm steps. Data is normalised to the peak value of each condition. The
AkalLuc/Akalumine-HCl system displays a peak at 650 nm, whereas FLuc cells display a peak at 600 nm
in the presence of D-Luciferin and at 670 nm in the presence of Akalumine-HCl. Haemoglobin (Hb)
absorption curve (average of values of oxy-Hb and deoxy-Hb) is plotted in grey (unit of measure: molar
extinction coefficient as shown on the right axis).

In order to evaluate the saturating properties of the two BLI systems, the two cell populations
were plated at a density of 1.5x10° cells/well and treated with increasing concentrations
(from 2.5 uM to 5.12mM) of Akalumine-HCI and D-Luciferin. The two BLI systems revealed
different substrate saturation properties (Figure 4.3). Representative BLI images of AkalLuc
and FLuc cells incubated with Akalumine-HCl are displayed in Figure 4.3a. As expected,
Akaluc cells incubated with D-Luciferin resulted in signal not distinguishable from the
background. Both AkaLuc and FLuc cells in presence of Akalumine-HCl display a peak in signal
at very low substrate concentrations, while FLuc cells incubated with D-Luciferin display a
slow increase in the signal up to the maximal concentration used. Furthermore, at low
concentrations (up to 320 uM), the signal generated by Akaluc cells with Akalumine-HCI
seems to be higher than FLuc cells with either of substrates. However, at higher
concentration of the substrates, FLuc cells in presence of D-Luciferin results in a signal
intensity stronger than Akaluc cells with Akalumine-HCI (Figure 4.3a). These results were
confirmed by a quantitative analysis of the signal (Figure 4.3b and c). Both FLuc cells and
Akaluc cells get saturated and plateau at a relatively low dose of Akalumine-HCl of
approximately 20 uM (Figure 4.3c). At this concentration, the light emitted by AkaLuc cells

was 11.8 and 6 times greater than the signal coming from FLuc cells with D-Luciferin or
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Akalumine-HCI (Figure 4.3c), respectively. By increasing the dose of the substrates up to
5.12 mM (Figure 4.3b), however, the signal generated by FLuc cells in presence of D-Luciferin
keeps rising and is not saturated even at 5.12mM, even if the slope of the curve starts to
decrease. Interestingly, the signal from AkaLuc and FLuc cells in presence of Akalumine-HCI
5.12 mM starts to drop (Figure 4.3b). Importantly, the signal produced by FLuc cells with
D-Luciferin 5.12mM is 4 times stronger than the signal generated by AkalLuc cells saturated

with Akalumine-HCI (Figure 4.3b).
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Figure 4.3| The AkaLuc and FLuc reporters saturate at different substrate concentrations in vitro.
AkaLuc and FLuc expressing MSCs were seeded at a density of 1.5x103 cells/well and treated with rising
concentrations of Akalumine-HCl or D-Luciferin (2.5 uM to 5.12 mM). (a) Representative BLI images of
a well plate immediately after the substrate addition to the cells. (b-c) Light output (flux) as a function
of substrate concentration, where (b) shows the signal obtained from 2.5 uM to 5.12 mM and (c) from
2.5 uM to 640 uM. Data are displayed as mean + SD from n = 3. The data were acquired using an open
emission filter, a 13.3 field of view (FOV), a f-stop of 1, a binning of 8 and 10 seconds of exposure.
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To further compare the in vitro behaviour of the signal emitted by the two BLI systems, the
saturation curves were also analysed applying the 660 nm (19.57 nm bandwidth), the 680 nm
(19.42 bandwidth) and the 700 nm (20.08 bandwidth) filters (Figure 4.4). These wavelengths
are outside the Hb absorption spectra (see Figure 4.2) and should give a preliminary idea on
the behaviour of the signal generated by the two BLI systems in vivo. The signal generated
by the two systems was greatest at 660 mm and FLuc is associated with a better performance,
where a flux of up to 1.37x10° p/s was obtained with D-Luciferin 5.12 mM, whereas the
maximum AkaLuc flux was of 1.08x10° p/s with Akalumine-HCl 640 uM (Figure 4.4a). At
longer wavelengths the signal is reduced for all systems (Figure 4.4b/c) and at 700 nm the
signal generated by AkalLuc becomes higher than the signal generated by FLuc (Figure 4.4),
with a peak of 5.9x10° at 640 uM of Akalumine-HCl and a peak of 4.5x10° at 5.12 mM of D-
Luciferin, respectively. Nonetheless, by increasing the acquisition wavelength from 660 nm
to 700 nm, the signal generated by the AkalLuc cells have dropped from 1.08x10° p/s (Figure
4.43) to 5.9x10° (Figure 4.4c).
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Figure 4.4| AkaLuc and FLuc systems in vitro saturation curves applying the 660, the 680 and the
700 nm filters. AkaLuc and FLuc cells seeded with a density of 1.5x103 cells/well and treated with rising
concentration of Akalumine-HCl and D-Luciferin, from 2.5 uM to 5.12mM using different acquisition
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filters. AkaLuc cells treated with D-Luciferin did not show any signal above background and are not
shown. The graphs display the light output (flux) as a function of substrate concentration using the
660 nm (a), the 680 nm (b) and the 700 nm (c) filters of acquisition. Data are displayed as mean + SD
from n = 3. The signal was acquired using 10 seconds of exposure.

In order to identify the total flux emitted by the two cell populations, cells were plated at
various densities from 156 to 2x10* cells/well and subsequently imaged (IVIS) in the presence
of Akalumine-HCl and D-Luciferin at a final concentration of 160 uM and 5.12 mM,
respectively. To compare the two reporter systems, the light output of the cells was
measured with an open filter and with the 660 nm filter (19.57 nm bandwidth), because this
includes the emission peak of the AkaLuc-Akalumine-HCI system (650 nm), which is outside
the absorption of Hb and should give a preliminary idea of the results in vivo. Representative
BLI images of AkaLuc cells incubated with Akalumine-HCI 160 uM and FLuc cells incubated
with Akalumine-HCl 160 uM and D-Luciferin 5.12 mM are displayed in Figure 4.5a. The
quantification of the flux in each well (Figure 4.5b) was used to build a linear regression curve,
whose slope indicates the flux/cell. The output of AkalLuc cells (1346 p/s/cell) was nearly
6-fold higher than FLuc cells with Akalumine-HCI (218.5 p/s/cell), but only slightly stronger
than FLuc cells with D-Luciferin (1139 p/s/cell, Figure 4.5b).
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Figure 4.5| Light output as a function of cell density for the AkaLuc and FLuc reporter systems.
AkaLuc and FLuc expressing MSCs were seeded at density of 156 to 2x10* cells/well and treated with
saturating concentration of the substrates (160 uM Akalumine-HCl or 5.12 mM D-Luciferin). AkaLuc
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expressing cells were treated with Akalumine-HCI only, whereas FLuc expressing cells were treated
with AkaLuc-HCl or D-Luciferin. The signal was acquired using a 660 nm filter, which is close to the
emission peak of the AkaLuc system and outside the Hb absorption spectrum. (a) Representative BLI
images of a well plate immediately after the substrate addition. (b) Light output (flux) as a function of
cell concentration, with linear regression curves. The slope of each curve represents the flux/cell and
is shown in the legend of the graph. Data are displayed as mean = SD from n = 3. Acquisition
parameters: 13.3 cm FOV, f-stop of 1, binning of 8 and 10 seconds of exposure.

4.3.3 BLI characterisation of AkaLuc and FLuc cells in vivo

4.3.3.1 Invivo kinetics following SC administration of Akalumine-HCl and D-Luciferin

Mice administered intravenously with cells expressing either of the reporters were imaged
every minute for 30 minutes after the subcutaneous injection of the substrates to measure
the kinetics of signal generation in vivo and to identify the best time window for data
acquisition. The analysis was also repeated 24 h post cell administration (Figure 4.6). In both
systems and in both measurement days the signal reaches a maximum approximately 18
minutes after the administration of the substrate (Figure 4.6, b and d). Then, the signal
coming from FLuc cells stays stable for about 7 minutes and then it starts to decrease. On the
contrary, the light output from AkaLuc cells remains stable for a longer period after reaching

its maximum (Figure 4.6).
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Figure 4.6| FLuc and AkaLuc BLI system kinetics in vivo following SC administration of D-Luciferin
and Akalumine-HCl. MSCs (2.5x10°) expressing either AkaLuc or FLuc were administered via the tail
vein. The mice then received the substrates subcutaneously, under the same anaesthesia session, after
which they were imaged every minute for 30 minutes (kinetic analysis). This kinetics analysis was
repeated the day after the administration of the cells, repeating the injection of the substrates. Low
dose D-Luciferin = 0.47 mmol/kg; High dose D-Luciferin = 2.89 mmol/kg; Akalumine-HCl = 100 uL of 30
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mM solution. (a) Representative BLI images of the mice 5, 18 and 30 minutes post SC administration
of the substrates on the day of cells injection (radiance scale from 1x10° to 2x10° p/s/cm2/sr). (b) Light
output (flux) as a function of time, from minute 4 to minute 31. Data are displayed as mean + SD from
n = 3. (c) Representative BLI images of the mice 8, 20, and 31 minutes post SC substrate administration
the day after cells injection (radiance scale from 2x10% to 1x10° p/s/cm?/sr). (d) Light output (flux) as
a function of time, from minute 8 to minute 31, the day after the administration of the cells. Data are
displayed as mean + SD from n = 3. Acquisition parameters: open emission filter, 22.8 cm FQOV, f-stop
of 1, binning of 8 and maximum exposure of 45 seconds for each point of the curves.

4.3.3.2 Akaluc and FLuc system comparison in vivo following SC administration of

substrates

Based on the results obtained following the kinetics analysis, BLI images of the mice at day 3
and day 7 were acquired 20 minutes post SC administration of the substrates.
Bioluminescence imaging showed that IV delivery of UC-MSCs expressing FLuc or AkalLuc
resulted in signals exclusively in the lungs (Figure 4.7a). The images were acquired the day of
administration of the cells and 1, 3 and 7 days post-administration, imaging the mice 20
minutes after the subcutaneous (SC) administration of the substrates. By looking at the
images in panel a, it seems that the cells have disappeared by day 3 and it is only with the
quantification of the flux that it is possible to detect a weak signal at day 3 (Figure 4.7b and
d). The average signal dropped at least 9-fold from day O to day 1 in all conditions (18-fold
for Akalumine-HCI). Quantification of the data shows that mice injected with FLuc cells and
the high dose of D-Luciferin displayed the highest signal output, with the average light
emission being 4.5-fold higher than the signal obtained with FLuc cells with low dose of
D-Luciferin, and 3.2-fold higher than the signal acquired with AkalLuc cells (Figure 4.7b).
Furthermore, the only condition in which a signal on day 3 can be quantified is the high dose
of D-Luciferin (Figure 4.7c), suggesting that some cells are still there but are not detectable
using the Akalumine-HCIl nor the low dose of D-Luciferin. The quantification (Figure 4.7b and
d) revealed that the signal detected was statistically significantly higher than the signal
measured in low dose D-Luciferin and Akalumine-HCl mice. These data suggest that the
FLuc/D-Luciferin system is more sensitive than the AkaLuc/Akalumine-HCl system following

SC administration of the substrates.
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Figure 4.7| Evaluation of FLuc and AkaLuc cells overtime distribution in vivo following SC injection
of D-Luciferin and Akalumine-HCl. UC-MSCs (2.5x10°) expressing either the FLuc or the AkalLuc
transgene were administered via the tail vein and the mice were imaged using D-Luciferin (low and

high dose) or Akalumine-HCI as substrates. (a) Representative BLI images of the mice the day of cell
injection (day 0), and 1, 3 and 7 days after the injection of the cells, acquired 20 minutes post SC
substrate administration (radiance scale from 1x10° to 2x10° p/s/cm?/sr). (b) Light output (flux) as a
function of time (days). Data are displayed as mean = SD from n = 3 (D-Luciferin low dose), n=7
(D-Luciferin high dose and Akalumine-HCI). Statistical analysis performed using a Two-way ANOVA
with Tukey’s multiple comparison post hoc test. * p<0.05; **p<0.01; *** p < 0.001. (c)
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Representative BLI images of the mice the from day 1 to day 7 using a lower radiance (from 0.2x10° to
1x10° p/s/cm?/sr). (d) Magnification of the graph in panel a to show the quantification from day 1 to
day 7. Data are displayed as mean * SD from n = 3 (D-Luciferin low dose), n = 7 (D-Luciferin high dose
and Akalumine-HCI). Statistical analysis performed using a Two-way Anova with Tukey’s multiple
comparison post hoc test. * p < 0.05; *** p < 0.001. Acquisition parameters: open emission filter,
22.8 cm FOV, f-stop of 1 and binning of 8. Exposure time: 45 s for day 0 and day 1, and 180 s for day 3
and day 7.

4.3.3.3 In vivo kinetics following IP administration of Akalumine-HCl and D-Luciferin

Mice administered IV with cells expressing either of the reporters were imaged every minute
for 30 minutes after the intraperitoneal injection of the substrates to measure the kinetics of
signal generation in vivo and to identify the best time window for data acquisition (Figure
4.8). The two BLI systems behaved differently. The FLuc system is similar to SC administration,
with a rapid increase in the signal followed by a slightly constant increase up to minute 30
(Figure 4.8b). On the contrary, the AkalLuc system resulted in a peak immediately after the
injection of the substrate (min 5, Figure 4.8b) followed by a rapid drop in the signal. Kinetic
analysis on day 1, day 3 and day 7 (Figure 4.8c), with data acquisition at min 3, 8, 12, 16 and
20 shows that while FLuc system displayed the same kinetics, the AkaLuc system changed by

day 3, with a low signal associated at minute 3 and an increase in flux over time.
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Figure 4.8| FLuc and AkaLuc BLI system kinetics in vivo following IP administration of D-Luciferin and
Akalumine-HCl. UC-MSCs (2.5x10° cells) expressing either the AkaLuc or the FLuc transgene were
administered via the tail vein and the mice were imaged every minute for 30 minutes using
Akalumine-HCl or D-Luciferin (low and high doses) as substrates. (a) Representative BLI images of the
mice 5, 18 and 30 minutes post IP substrate administration on the day of cells injection (radiance scale
from 1x10° to 2x10° p/s/cm?/sr). (b) Light output (flux) as a function of time, from minute 5 to minute
31, on the day of cell administration. Data are displayed as mean + SD from n = 4. (c) Light output (flux)
as a function of time following imaging of mice 3, 8, 12, 16, and 20 minutes post IP administration of
the substrate with 180s exposure time 1, 3 and 7 days after the injection of the cells. Data are displayed
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as mean * SD from n = 4. Acquisition parameters: open emission filter, 22.8 cm FOV, f-stop of 1 and
binning of 8. Exposure time: 45 s for day 0 and day 1, and 180 s for day 3 and day 7.

4.3.3.4 AkalLuc and FLuc system comparison in vivo following IP administration of substrates

Based on these results, the BLI analysis was performed using the peak signal of each
condition. This means that for both low and high dose use D-Luciferin images acquired 20
minutes post IP injection of the substrate were used for all the time points (Figure 4.9a). For
AkaLuc cells, images obtained at minute 5 were used for day 0 and minute 3 for days 1, 3 and
7 (Figure 4.9a). On the day of administration of the cells, BLI showed that IV delivery of
UC-MSCs expressing FLuc or AkalLuc cells resulted in signals exclusively in the lungs (Figure
4.9a). AkalLuc cells displayed the strongest detectable signal, which was two- and seven-fold
stronger than high and low dose of D-Luciferin, respectively (Figure 4.9b). From day Oto day 1
the signal dropped at least 12-fold in all conditions and almost disappeared by day 3 (Figure
4.9b). Interestingly, the signal coming from the AkalLuc cells moved from the lungs to the liver.
This can be clearly observed from the images of the mice in ventral position acquired 3 and
7 days post cell administration and 25 minutes after the administration of the substrates IP

(Figure 4.9c).

It is also worth noting that the peak signal produced on the day of cell administration by
AkaLuc cells following IP administration of Akalumine-HCl and the one produced by FLuc cells
following SC administration of the high dose of D-Luciferin are comparable, with a total flux

of 2.0x108 + 6.6x10” and 1.6x108 + 4.4x107 (unpaired t-test, p = 0.23).
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Figure 4.9| Evaluation of FLuc and AkaLuc cells overtime distribution in vivo following IP injection of
D-Luciferin and Akalumine-HCI. UC-MSCs (2.5x10°) expressing either the FLuc or the AkaLuc transgene
were administered via the tail vein and the mice were imaged using D-Luciferin (low and high doses)
or Akalumine-HCl as substrates. (a) Representative images of the mice acquired at peak signal of each
condition (20 min for D-Luciferin and 5 min (for day 0) or 4 min (for day 1, 3, and 7) for Akalumine-HClI)
following IP administration of the substrates (radiance scale from 2x10* to 1x10° p/s/cm?/sr). (b) Light
output (flux) as a function of time (days). Data are displayed as mean + SD from n = 4. Statistical
analysis performed using a Two-way ANOVA with Tukey’s multiple comparison post hoc test. *p <
0.05; **p < 0.01. (c) Representative BLI images of the mice 3 and 7 days after cell injection, acquired
25 minutes post IP substrate administration (radiance scale from 1x10* to 1x10° p/s/cm?/sr).
Acquisition parameters open emission filter, 22.8 cm FOV, f-stop of 1 and a binning of 8. Exposure
time: 45 s for day 0 and 180 s for day 1, 3, and 7.

4.3.3.5 Akaluc and FLuc system unspecific signal in vivo

To investigate the origin of the signal detected 3 days post AkalLuc cells, which appeared to

have moved from the lungs to liver during the time course of the experiment, naive mice that
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did not receive any cells were injected with the substrates IP (and also SC in the case of
D-Luciferin high dose). Representative images of the mice both in ventral and dorsal position,
approximately 20 minutes post IP substrate administration are shown in Figure 4.10a.
Akalumine-HCl resulted in a background signal detectable in both positions (Figure 4.10a).
The quantitative comparison revealed a statistically significant increase in the total flux
emitted by Akalumine-HCl alone compared to the signal detected when injecting D-Luciferin
(Figure 4.10b). The signal detected in dorsal position following IP administration of
Akalumine-HC| was then compared to the signal obtained in dorsal position 3 days post
administration of the AkalLuc cells (1.3.3.4), revealing no differences in flux between these

conditions (Figure 4.10c).
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Figure 4.10| In the absence of cells Akalumine-HCl generates a non-specific signal from the liver
region when administered IP. High-dose D-Luciferin or Akalumine-HCl was injected IP in vivo. The mice
were then imaged in dorsal (23 min post substrate administration) and ventral (20 min post
administration) positions, with no emission filter, a 22.8 FOV, a f-stop of 1, a binning of 8 and an
exposure time of 180 s. (a) Representative images of the mice following substrate administration
(radiance scale from 1x10*to 1x 10° p/s/cm? /sr). (b) Quantification of the non-specific sighal detected
in the liver region of the mice injected with Akalumine-HCl IP, analysed both in ventral and dorsal
position, compared with the signal coming from the liver region of mice injected with high dose
D-Luciferin IP. Data are displayed as mean + SD from n = 3. Statistical analysis performed using a
ordinary one-way ANOVA with Tukey’s multiple comparison post hoc test; **** p < 0.0001 and
*** p =0.0002. (c) Comparison of the signal detected in the liver of mice injected with Akalumine-HClI,
three days post administration of 2.5x10> AkalLuc expressing cells IV (n = 4) vs. the non-specific
luminescence from naive mice that received Akalumine-HCl alone (n = 3), 20 min. There is no
statistically significant difference between the two groups (unpaired t-test). Data are displayed as
mean * SD.
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4.3.4 Akalumine-HCl in vivo reabsorption in the site of injection

To identify which of the BLI system is most adequate for tracking the biodistribution of MSCs,
it was also important to consider any possible side-effects. At the end of the 7 days
experiment, the mice were culled following schedule 1 procedures (2.4), shaved and the skin
was checked for any possible effects of the substrates in the sites of SC injection. Mice
administered with Akalumine-HCl displayed scars in the sites of the SC injections with
different grades of severity (Figure 4.11). The origin of the scars was not further investigated
but could be due to a reaction of the mice to the substrate or to a reduced absorption of
Akalumine-HCl, leading to its accumulation onsite. Figure 4.11a shows the pictures of two
different mice displaying Akalumine-HCl injection sites with lesions of different severity. The
upper panel displays a mouse with a recent injection site, associated with a hard swelling,
whereas the lower panel shows a mouse where the scar seems partially recovered and less
evident (Figure 4.11a). In contrast, there was no changes to the appearance of the skin of
mice treated with D-Luciferin, even when using the high dose (Figure 4.11b). No
abnormalities were identified in the peritoneum of mice that received Akalumine-HCl IP.
Whether the accumulation of Akalumine-HCl could have a negative effect on the health of
the mice is something that should be clarified. Nevertheless, this is another reason that

encourages the use of D-Luciferin.

Akalumine-HCl SCinjection D-Luciferin SCinjection

Figure 4.11| Macro analysis performed at day 10 of the substrate injection sites. (a) Images of mice
that received SC administration of Akalumine-HCI 30 mM. The pictures on the left show the injection
sites of two different mice, each displaying scars of different severities. High magnification images of
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the scar, shown on the right, were taken using a stereomicroscope. (b) Representative image of a
mouse that received SC injections of D-Luciferin high dose. No scars were observed.

4.4 DISCUSSION

The aim of this chapter was to compare two possible BLI systems, the FLuc and the Akaluc,

for the imaging of UC-MSCs in vivo.

The AkalLuc-Akalumine-HCI BLI system has a light emission peak around 650 nm, which is an
advantage for tissue penetration of the signal. Moreover, lwano and colleagues [205],
recently reported that, after administration of Hela cells in mice, signal generated from an
Akalumine-HCl/AkaLuc system yielded a 52-fold stronger signal than with D-Luciferin/FLuc
[205]. These data were promising, so UC-MSC populations expressing either AkaLuc or FLuc
were generated using the Ps spinoculation methods, one of the protocols identified as
suitable for UC MSCs transduction in CHAPTER 3. Then, the two populations were compared
to verify whether the Akalumine-HCI/AkalLuc system was superior also with this type of cells.
Before doing that, the two population were analysed and compared to untransduced cells in
terms of level of common MSC markers expression, proliferation, and morphology. The flow
cytometry analysis of the common MSC markers (CD44, CD73, CD90 and CD105) showed
similar levels of expression between the reporter UC-MSCs and untransduced cells.
Moreover, the doubling time was not affected by the transduction, although at around P10
the engineered cells started to slow down faster than the control cells. Nevertheless, all
experiments described in this thesis use cells up to P8. Furthermore, transduced and
untransduced cells displayed similar morphological properties, revealing no statistically
significant difference in terms of perimeter, area, and circularity. These data suggested that
the two reporter cell populations were representative of the untransduced UC-MSCs and can

be used for biodistribution analysis.

To compare and characterise the two luciferase systems, transduced cells expressing FLuc
and Akaluc were initially tested in vitro. As expected, the Akalumine-HCI/AkalLuc
combination resulted in a light emission peak close to 650 nm, while the D-Luciferin/FLuc
resulted in a peak close to 600 nm. The wavelengths of light in the visible spectrum are prone
to absorption by overlying tissues, with red-shifted wavelengths performing better than
those associated with green [271]. Because of this, signal generated by
Akalumine-HCl/AkaLuc is expected to penetrate the tissues better than the one produced by

D-Luciferin/FLuc.
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The in vitro BLI analysis revealed that in the AkalLuc system, light emission saturates at
relatively low substrate concentrations (40 uM Akalumine-HCI). FLuc, on the other hand,
requires higher substrate concentrations to saturate the signal (5.12 mM D-Luciferin). This
analysis gave some results that were consistent with the study of Kuchimaru and colleagues
[223]. In detail, for substrate concentrations lower than 40 uM, the signal obtained with
Akalumine-HCl is greater than that obtained with D-Luciferin, irrespective of the enzyme.
Furthermore, the AkaLuc/Akalumine-HCl signal is greater than FLuc/D-Luciferin for substrate
concentrations up to 320 uM. The quicker saturation of the AkalLuc and FLuc enzymes
mediated by Akalumine-HCl is probably due to a higher affinity of the substrate for the
enzymes, associated with a low Michaelis constant (Km) [223]. Although Kuchimaru already
reported in his study [223] that the signal of FLuc/D-Luciferin was superior to
FLuc/Akalumine-HCl using 250 uM substrates concentration, neither he nor Iwano [205]
compared the signal generated by FLuc using a saturating concentration of D-Luciferin to
AkalLuc or FLuc signal using saturating concentration of Akalumine-HCl. Here, by further
elucidating the saturating properties of the two systems, we reported that the total signal
generated by the FLuc/D-Luciferin system at saturation is much stronger than the one
produced by AkaLuc cells. In fact, under saturating conditions, D-Luciferin/FLuc combination
yielded a signal that was four-fold more intense than the one generated by Akalumine-
HCI/AkaLuc. Furthermore, the light output of the cells at 660 nm, when using saturating
concentrations of the substrates was similar, with 1346 photons/s/cell and 1139

photons/s/cell for AkaLuc and FLuc cells, respectively.

A critical aspect of this study, however, was determine whether the in vitro data is replicated
in vivo. This is important because the light output is dependent on the bioavailability of the
substrate in the model organism. The standard dose of D-Luciferin used for in vivo BLI is
0.47 mmol/kg body weight (equivalent to 150 mg/kg) [204, 272-274]. Stock solutions of this
substrate are usually prepared in PBS at a concentration of 47 mM and for a typical 20 g
mouse, this corresponds to an injection of 200 pL. However, it is not clear if this standard
dose saturates FLuc in vivo. To test this hypothesis, the injected dose was increased to 2.89
mmol/kg body weight (~6-fold stronger than standard dose). This was achieved by preparing
stock solutions of the substrate at its solubility limit (144.5 mM) and by increasing the
injection volume to up to 20 mL/kg body weight, which is recognised as maximum when
animal welfare is considered [275]. This is equivalent to 400 pL for a 20 g mouse. Akalumine-
HCl was injected using the same dose that lwano and colleagues infused in 7 weeks old

C57/b6 albino mice [205]: 100 pL of Akalumine-HCI 30 mM. Following SC injection of the
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substrates, both systems were able to show that MSCs were delivered to the lungs after IV
administration. However, the signal intensity of cells expressing AkaLuc was not stronger
than FLuc when standard substrate doses were used (100 pL of 30 mM Akalumine-HCI and
0.47 mmol/kg body weight). By increasing the D-Luciferin dose to 2.89 mmol/kg body weight,
the light output obtained with the FLuc system increased as well, resulting in an average
signal 3.2-fold stronger than AkaLuc. However, the signal dropped 10-fold from day 0 to day
1in all conditions and almost disappeared by day 3. This result is consistent with cell death,
and widely reported in the literature [99, 276]. Similarly, following IP administration of the
substrates, both systems showed that MSCs were delivered to the lungs. However, this time,
the signal intensity of cells expressing AkaLuc was stronger than FLuc with either the high or
the low doses of D-Luciferin. Nonetheless, the AkaLuc cells displayed a completely different
kinetics of the signal, with a peak immediately following the IP administration of the
substrate. This means that for maximum signal intensity, data acquisition needs to proceed
quickly after the administration of the substrate. Moreover, due to the rapid decay in signal,
the experimental design needs to take into consideration a need for consistent timing
between injection of the substrate and data acquisition for each animal. Furthermore, it is
well known that IP administration of BLI substrates can lead to unreliable data due to
injection failure rate and irregular distribution of the substrate [277]. Also, even following IP
administration of the substrate the signal almost disappeared by day 3. At day 3 and day 7
only AkaLuc cells keep displaying some signal, which moved from the lungs of the mice to

their liver.

The detection of unspecific signal, following IP administration of Akalumine-HClI, in the liver
of mice that did not receive the cells, revealed that the signal observed in the liver of cell
treated mice at day 3 and day 7 was not related to the presence of AkaLuc cells. These results
are in line with a recent study that reported the presence of unspecific signal in the liver of
mice following IP administration of Akalumine-HCI [278]. In contrast, no unspecific signal was

reported following the administration of the high dose of D-Luciferin either IP or SC.

Summarising, there are no advantages in using the IP administration route, since
Akalumine-HCI peaks immediately after its administration and is not superior to FLuc system
SC, and because AkalLuc system is associated with an unspecific signal in the liver of the mice,
which can compromise the detection of a small number of cells. On the other hand, following
SC administration, not only the high dose of D-Luciferin was associated with the strongest
detectable signal, but also the standard dose of D-Luciferin resulted in a signal comparable

to the AkalLuc system. Finally, both system following SC and IP administration of the
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substrates were associated to a consistent drop in the signal over time, with almost no signal
by day 3. Although significant cell death is expected within the time frame of the experiments
described here, it is not clear at which time point all injected cells die. Here, some signal was
seen in the lungs of mice injected with FLuc cells 3 days post administration, when they were
imaged with the high dose of D-Luciferin SC. This indicates that at least some cells are still
alive at this time point. Importantly, this was not observed when imaging with the AkalLuc

system.

The data obtained in the present study are different from those reported by lwano and
colleagues [205]. Beside the type of cells used, one main difference between the two studies
is the number of cells injected. lwano administered 103 cells, while in the present work,
2.5x10° cells were injected. We do not know whether the administration of the high dose of
D-Luciferin saturated the enzyme produced by 2.5x10° cells since no in vivo saturation study
was performed here. Nonetheless, in the presence of the same amount of substrate, using a
lower number of cells is expected to lead to a quicker saturation of the signal than using a
higher number of cells. After the IV administration of AkaLuc- and FLuc-expressing Hela cells
in mice, Iwano registered that an Akalumine-HCl/AkaLuc combination yielded a 52-fold
stronger signal than D-Luciferin/FLuc [205]. Interestingly, the dose of D-Luciferin used by
Iwano and co-workers (100 pl of 100 mM D-Luciferin, equal to 0.50 mmol/kg in a 20g mouse)
is close to the standard dose that is commonly used. So, it is even more unexpected that in
the present study, even though the number of cells was higher, D-Luciferin 47 mM resulted

in a similar signal output of Akalumine-HCl in vivo.

Akalumine-HCl has been reported to induce cell cytotoxicity when administered in a
significant amount to cell culture media [214, 279]. Although toxicity has not been observed
in animal experiments by Iwano and colleagues [205], we observed the formation of lesions
under the sites of SC injection of Akalumine-HCl with different degrees of severity. To what

extent this affects the health of the mice still has to be clarified and investigated.

Concluding, the data in this chapter suggest that the AkaLuc/Akalumine-HCl reporter system
is not superior to the FLuc/D-Luciferin system to track the biodistribution of MSCs.
Considering also the negative aspects observed (background liver signal and lesions under
the skin), FLuc/D-Luciferin combination will be used in the next chapter to track the

biodistribution of MSCs.
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CHAPTER 5 INVESTIGATING THE FATE, THE SAFETY AND THE INTERACTION

OF MSCs WITH THE HOST IMMUNE SYSTEM

5.1 INTRODUCTION

As described in 1.4 mesenchymal stromal cells (MSCs) are multipotent cells identified for the
first time in the bone marrow in the 1970s. Since then, several other populations of MSCs
have been identified in many other human tissues (e.g. umbilical cord, Warton'’s jelly, adipose
tissue, synovial membrane, tooth pulp, etc) and several of those are currently being
investigated in many clinical trials because of the promising properties that these cells have
shown in pre-clinical studies [154-156]. MSCs exert several direct and indirect
immunomodulatory mechanisms [280] and also display regenerative potential through the
secretion of paracrine factors [281]. However, despite that MSCs have been extensively
studied, the mechanisms underlying their therapeutic effect have not been fully elucidated.
Also, limited data on potential undesired effects associated with the administration of living
cells (e.g. tumour formation [169], embolism [173], undesired differentiation [167]). It is also
worth noting that MSCs are used in several clinical trials involving patients with an impaired
immune system (e.g. people affected by graft versus host disease/GVHD, or patients affected
by HIV [clinicaltrials.gov]), further enforcing the need to ensure that these cells do not pose

a threat to the health of the patients.

Preclinical models can be used to assess the safety and the biodistribution of injected MSCs
by monitoring the fate of the cells following administration. As previously mentioned,
intravenous injection of MSCs is one of the most common routes of administration of cells
[69], despite being often associate with lung entrapment [103] in animal models. Moreover,
while MSCs have reported short survival in the lungs of immunocompetent animals [99, 103],
they have also displayed a longer survival in severe combined immunodeficient (SCID) mice

[99].

In this part of the thesis, the firefly luciferase expressing UC, BM and A-MSCs produced and
characterised in the other chapters of this work will be used to investigate their
biodistribution and safety following administration in vivo via, BLI techniques. Furthermore,
the presence of an ischemia reperfusion injury induced in both kidneys will be used to
evaluate whether this affects the biodistribution and the survival of the cells. Finally, any
possible influence of the administered UC-MSCs on the hosts’ immune cell populations and

plasma analytes will be explored. Specifically, this chapter has the following goals:
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1. Explore and compare the biodistribution of UC, BM and A-MSCs.

2. Evaluate the biodistribution and the survival of the different MSCs in mice with an
ischemia reperfusion injury.

3. Assess the role of the immune system in the clearance of administered UC-MSCs and
investigate the safety of the cells, by using immunocompromised animals.

4. Investigate any possible fluctuation in the number of different innate and adaptive
immune cells in several organs and tissue following the administration of UC-MSCs
in vivo.

5. Examine the concentration of different cytokines, chemokines, soluble receptors,
and growth factors directly associated with the immune system in the plasma of mice

that had received UC-MSCs IV.
5.2 MATERIALS AND METHODS

UC, BM and A-MSCs were transduced and characterised in CHAPTER 3. These cells are used
here for the in vivo characterisation of their biodistribution, safety and their impact on the

mobilisation of the host immune cells.

5.2.1 Invivo short term biodistribution analysis

7-9 week old female C57 Black-6 (C57BL/6J.Tyr“?, from JAX) albino mice were used to
evaluate the biodistribution of the different transduced cells from their administration into

the animal (day 0) up to 7 days later.

FLuc* UC-, BM-, and A-MSCs expanded at their optimal seeding density were harvested using
trypsin/EDTA, centrifuged, suspended in ice-cold PBS at a concentration of
2.5x10° cells/100 pL and kept on ice until being administered in vivo. 4 mice per donor per
cell type were anaesthetised with isoflurane and IV injected with 100 uL of cell suspension
through the tail vein, followed by SC administration of 200 uL of 47 mM D-Luciferin as
identified in CHAPTER 4. The administration of the substrate and the imaging were
performed the day of the injection of the cells (day 0) and after 1, 3 and 7 days. Furthermore,
based on the results from the kinetics experiments (4.3.3.1), the substrate was administered
20 minutes before imaging the mice in both dorsal and ventral positions with an IVIS
Spectrum. Each imaging session was performed using the open filter, a binning of 8, a f-stop
of 1, and 60 seconds exposure time at day 0 and 180 seconds exposure time at day 1, 3 and

7.
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5.2.2 Biodistribution of MSCs from different sources in an in vivo model of ischemia

reperfusion injury (IRI)

9-10 week old male C57BL/6J albino mice were used to assess whether the presence of an
ischemia reperfusion injury (IRI) induced in the kidney could affect either the biodistribution
or the survival of administered MSCs from different sources (1 donor per type of MSC). The
IRl model displays strong variability depending on several factors including sex [282]. Here |
used male mice because this was the gender in which the model was established at the

University of Liverpool.

IRl was induced by Ms. Katherine Trivino, another PhD student from our group. All
experimentation was performed under a Project Licence (PPL 7008741) granted by the Home
Office under the Animals (Scientific Procedures) Act 1986. In summary, following isoflurane
anaesthesia, the mouse kidneys were exposed by two small incisions on the back of the
animals. Then both left and right renal vascular pedicles were clamped for 27.5 minutes. At
the end of the ischemia induction, the clamps were removed, and the wounds sutured. An
intravenous injection of 100 uL of PBS containing either 2.5x10° FLuc* UC, BM or A-MSCs was
then given to each animal via the tail vein immediately after the surgery, under the same

anaesthesia session

Because combining the IRl surgery and the BLI on the same day would have been too

demanding for the animals, two experimental groups were used:

1. Inthe first, mice that underwent IRl were imaged immediately after the surgery and
culled after the BLI session (n = 3 per cell type).
2. In the second, mice that underwent IRl were allowed to recover after the surgery

and then imaged at day 1, day 3 and day 7 (n = 4 per cell type).

A third group of mice (n = 3 per cell type) that did not undergo the IRl procedure but did
receive the cells was also included as a control group. The animals used in sections 5.2.1 and
5.2.3 were all females, so this male control group was required in the analysis to exclude any
possible difference associated with the sex of the animals. Furthermore, as the back of the
IRl animals was shaved due to the procedure, the back of the control animals was shaved as
well, to account for the effect of any light attenuation during the imaging due to the presence

of the fur.

The BLI sessions were performed as previously explained. All the mice received a SC

administration of 200 uL of 47 mM D-Luciferin and were imaged with an IVIS Spectrum in
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both ventral and dorsal positions 20 minutes later. An exception was made for the IRl group
1 mice. As those animals underwent a very long anaesthesia, to investigate whether this
could have affected the biodistribution of the D-Luciferin following SC administration and to
pick the best acquisition time, those animals were imaged every minute for 25 minutes in
dorsal position. Each imaging session was performed using the open filter, a binning of 8, a f-
stop of 1, and 60 seconds exposure time at day 0 and 180 seconds exposure time from day 1

onwards.

5.2.3 Invivo long term biodistribution in immunocompromised mice

7-9 weeks old severe combined immunodeficient (SCID; CB17/lcr-Prkdc®®®/lcrlcoCrl) and
Non-obese diabetic SCID (NOD SCID; NOD.CB17-Prkdc®“'°/NCrCrl) female mice from Charles
River were used to evaluate the biodistribution, the persistence over time and the safety of
transduced UC-MSCs up to 31 days from administration. BALB/c immune-competent mice

were used as a control group.

FLuc* UC-MSCs (n = 3 different donors) were harvested and administered as described above.
Again, 2.5x10° cells/100 pL were administered IV to each strain (n = 5 mice per strain per
donor), followed by SC of 200 pL of 47 mM D-Luciferin. During the first week of experiment,
the administration of the substrate and the imaging were performed the day of the injection
of the cells (day 0) and after 1, 3, 5 and 7 days. From the second week until the end of the
experiment, the mice were imaged twice a week. As in the previous chapter, the substrate
was administered 20 minutes before imaging the mice in both dorsal and ventral positions
with an IVIS Spectrum. Each imaging session was performed using the open filter, a binning
of 8, a f-stop of 1, and 60 seconds exposure time at day 0 and 180 seconds exposure time

from day 1 onwards.

5.2.4 Analysis of the BLI signal

All the in vivo analysis were performed using Living Image (v 4.5.2). The acquired signal was
always normalised to radiance (photons/second/centimeter?/steradian) and analysed using
the Region of Interest (ROI) tool of the IVIS software to obtain the total number of photons
emitted in that specific area, also known as total flux (photons/s). The data were then plotted

using GraphPad to generate the final graphs.
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5.2.5 Flow cytometry analysis of immune cells from different tissues following MSC

administration

7-9 weeks old female C57BL/6J albino mice were used to assess whether the administration
of MSCs can have an impact on different immune system cell populations in different

organs/tissues. The animals (n = 18) were divided into 3 groups:

= group 1: control naive mice that did not receive cells,
= group 2: mice culled 2h after the administration of the cells,

= group 3: mice culled 24h after the administration of the cells.

Untransduced UC-MSCs (1 donor) were prepared as previously described.
2.5x10° cells/100 pL were IV injected into anaesthetised 8 weeks old female C57BL/6 mice
(n=12; groups 2 and 3). Either 2 (group 2) or 24 (group 3) hours after the administration of
the MSCs, the mice were culled by cardiac exsanguination and 4 different organs/tissues

were collected:

I the whole blood, where both the MSCs and the immune cells are circulating,
II.  thelungs, where the administered MSCs are stuck and die in the first 24 hours,
II. the bone marrow, one of the primary lymphoid organs (with the Thymus), where
different immune cells are produced, and

IV.  the spleen, a secondary lymphoid organ, which contains several immune cells.
5.2.5.1 Whole blood collection and preparation for staining

The whole blood was collected via cardiac puncture under terminal anaesthesia. Immediately
after the collection, the blood was incubated with 10 mL of Red Blood Cell (RBC) lysis buffer
(eBioscience, #00-4333-57) per 1.0 mL of mice blood for 10 minutes at room temperature,
with occasional shaking. After stopping the reaction with 30 mL of PBS, the cells were
centrifuged at 400 g for 1 minute at 4°C. The pellet was finally suspended in PEB (PBS, 5mM

EDTA and 0.5% w/v bovine serum albumin) buffer.
5.2.5.2 Lungs harvesting and digestion to obtain single-cell suspensions

Lungs were collected and digested to obtain single-cell suspensions following the protocol
described by Jungblut M. et al [283]. Briefly, the harvested lung tissue was transferred into a
gentleMACS C Tube (Miltenyi Biotec, #130-096-334) containing 4.9 mL of HEPES buffer
(10 mM HEPES-NaOH pH 7.4, 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.8 mM CacCly). Then,
100 pL of Collagenase D (SigmaAldrich, #11088866001; 100 mg/mL stock solution in HEPES
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buffer) and 20 pL DNase | solution (SigmaAldrich, #11284932001; 20,000 U/mL stock
solution) was added. The C tube was loaded onto the gentleMACS Dissociator and
subsequently run with the gentleMACS standard programs "m_lung_01" and "m_lung_02",
with a 30 min incubation at 37°C with automated rotation in between. The dissociated tissue
was then filtered through a 70 um cell strainer, centrifuged at 300 g for 10 min and

suspended in PEB buffer.
5.2.5.3 Bone marrow harvesting and preparation for staining

Bone marrow was collected from the hind limbs following the protocol described by Amend
et al [284]. Briefly, the long bones (femurs and tibias) were carefully dissected from
euthanized mice. After the removal of any remaining muscle or connective tissue, the
metaphysis of the femurs and the tibias were exposed. An 18 G needle was pushed through
the bottom of a 0.5 mL microcentrifuge tube and the long bones were placed into it, with the
exposed metaphysis facing the bottom of the tube. The 0.5 mL tube was housed into a 1.5
mL one and centrifuged at 210000 g for 15 seconds. After discarding the 0.5 mL tube, the
pellet at the bottom of the 1.5 mL tube was incubated for 5 minutes with RBC lysis buffer to
remove red blood cells. Following another centrifugation step the cells were suspended into

PEB buffer, ready for staining.
5.2.5.4 Spleen harvesting and digestion

To obtain a single cell suspension of splenocytes the spleen was mechanically and
enzymatically digested. The freshly harvested spleen was transferred into a gentleMACS C
Tube (Miltenyi Biotec, #130-096-334) containing 2 mL of digestion solution, made of 1.8 mL
of sterile DMEM, 200 uL of Liberase solution (SigmaAldrich, #5401160001, 3 mg/mL stock
solution) and 10 pL DNase | solution (SigmaAldrich, #11284932001; 20,000 U/mL stock
solution). The C tube was loaded onto the gentleMACS Dissociator and subsequently run with
the gentleMACS standard programs "m_spleen_01" and "m_spleen_02", with a 30 min
incubation at 37°C with automated rotation in between. The dissociated tissue was then
filtered through a 70 um cell strainer, centrifuged at 300 g for 10 min and suspended RBC
lysis buffer for 5 minutes. At the end of the incubation, the cells were centrifuged again and

suspended in PEB for staining.
5.2.5.5 Staining for flow cytometry analysis
Cells isolated from the different organs were suspended in PEB buffer and incubated with Fc

blocking agent (#130-092-575, Miltenyi Biotec) at room temperature for 15 minutes. Then,
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the cells were divided into individual tubes for each of staining groups, suspended in 100 pL
of PEB buffer and stained. Table 5.1 summarises the immune cells investigated and the
respective markers, while Table 5.2 presents the antibodies used. All stainings have been
performed according to the manufacturer’s instructions. FoxP3 and CD68 are intracellular
markers so prior to staining with these markers the cells were fixed and permeabilised as
suggested by the manufacturer. The flow cytometry data were collected using a FACS Canto
Il and analysed using the Flowing Software from Perttu  Terho

[https://bioscience.fi/services/cell-imaging/flowing-software/]. Unstained control cells and

single colour stainings were used to set the different gates and to perform the initial
compensation for all the immune cells in all the tissue and organs. The gating strategy is

based on the study performed by Hensel A. J. et al [285], and is also summarised below:

= |Immature myeloid cells (iMCs): population 1 (P1) = singlets; P2 = CD11b VioBlue and
Gr-1 APC-Vio770 double positive gate; P3 = F4/80 APC negative and Ly6b FITC
negative, F4/80 APC positive and Ly6b FITC negative, F4/80 positive and Ly6b positive
gate.

= Neutrophils: P1 = singlets; P2 = CD11b VioBlue and Gr-1 APC-Vio770 double positive
gate; P3 = F4/80 APC negative and Ly6b FITC positive gate.

= Macrophages: P1 = singlets; P2 = CD11b VioBlue and F4/80 double-positive gate;
P3 = CD68 PE (intracellular staining) positive gate.

= Natural killer (NK) cells: P1 = singlets; P2 = CD3e APC-Vio770 negative and NKp46
positive gate.

=  Myeloid dendritic cells (mDC): P1 = singlets; P2 =CD11b VioBlue and CD11c PE double
positive gate.

=  Peripheral dendritic cells (pDC): P1 = singlets; P2 = CD11b VioBlue negative and
CD11c PE positive gate; P3 = B220 APC-Vio770 and Siglec H FITC double positive gate.

=  CDAT cells: P1 = singlets; P2 = CD3e APC-Vio770 and CD4 VioBlue double positive
gate.

= (D4 T regulatory (Tregs) cells: P1 = singlets; P2 = CD3g APC-Vio770 and CD4 VioBlue
double positive gate; P3 = CD25 and FoxP3 APC (intracellular staining) double positive
gate.

=  CD8T cells: P1 = singlets; P2 = CD3& APC-Vio770 and CD8 FITC double positive gate.

= B cells: P1 = singlets; P2 = B220 APC-Vio770 and CD19 PE double positive gate
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Table 5.1: Cell markers used to identify different immune cell populations.

Cell type Markers

iMCs CD11b VioBlue Gr-1 APC-Vio770  Ly6B FITC F4/807* APC
Ly6B* FITC F4/80" APC

Neutrophils CD11b VioBlue Gr-1 APC-Vio770  Ly6B FITC F4/80 APC?

Macrophages CD11b VioBlue F4/80 APC CD68 PE

NK cells CD3e APC-Vio770° NKp46 FITC

mDC CD11b VioBlue CD11c PE

pDC CD11b VioBlue CD11c PE B220 APC-Vio770 Siglec H FITC

CDA T cells CD3e APC-Vio770 CDA4 VioBlue

CD4 Tregs CD3€ APC-Vio770 CD4 VioBlue CD25 PE FoxP3 APC

CD8 T cells CD3e APC-Vio770 CD8 FITC

B cells B220 APC-Vio770 CD19 PE

2indicates the absence of a marker

Table 5.2: The antibodies employed for the analysis.

Antibody Fluorochrome Supplier Clone Dilution Factor

B220 APC-Vio770 Miltenyi RA3-6B2 1:10

CD3e APC-Vio770 Miltenyi 145-2C1 1:50

CDh4 VioBlue Miltenyi REA604 1:50

CD8 FITC Miltenyi 53-6.7 1:50

CD11b VioBlue Miltenyi M1/70.15.11.5 1:50

CD11c PE Miltenyi N418 1:50

CD19 PE Miltenyi 6D5 1:50

CD25 PE eBioscence PC61.5 1:200

CD68 PE Miltenyi FA-11 1:10

F4/80 APC Miltenyi REA126 1:50

FoxP3 APC Miltenyi REA788 1:50

Gr-1 APC-Vio770 Miltenyi REA810 1:50

Ly6b FITC Miltenyi REA115 1:10

NKp46 FITC Miltenyi 29A1.4.9 1:50

Siglec H FITC Miltenyi 551.3D3 1:10
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5.2.6 Evaluation of circulating cytokines in the blood of mice administered with UC-MSCs

The experimental design of this set of experiment is the same as 5.2.5. Briefly, 7-9 week old
female C57BL/6 albino mice were used to evaluate with a Luminex multiplex analysis the
levels of several analytes (Table 5.3) in the blood of animals receiving UC-MSCs. The animals

(n = 24) were divided into the same 3 groups as above:

= group 1: control naive mice that did not receive cells,
= group 2: mice culled 2h after the administration of the cells,

= group 3: mice culled 24h after the administration of the cells.

Untransduced UC-MSCs were prepared and administered as previously described (5.2.5).
Blood collection was performed during terminal anaesthesia via cardiac exsanguination. The
blood was then collected into tubes containing lithium heparin (BD microtainer tubes,
#365966) for plasma separation. Each tube was immediately inverted 10 times and
centrifuged at 2000 g for 5 minutes. The plasma was then collected, snap frozen with dry ice

(-80 °C) and stored at this temperature until being used for the multiplex assay.

An Immune Monitoring 48-Plex Mouse ProcartaPlex™ Panel (Invitrogen™, EPX480-20834-
901) was used to evaluate the presence of 48 different analytes (cytokines, chemokines,
soluble receptors, and growth factors) in the plasma of the animals. The multiplexing
capabilities of this type of assay are based on the use of magnetic beads internally dyed with
red and infrared fluorophores of differing intensities. Each of these beads is associated with
a specific number, called bead region, that can be used to differentiate between them. The
list of the 48 analytes and the relative bead region are summarised in Table 5.3. The
ProcartaPlex 96 well plate and the plasma samples were prepared following the
manufacturer’s instructions. Each sample was analysed in duplicate as suggested by the
manufacturer and a Bio-Plex® Multiplex Immunoassay System (Bio-Rad™) was used to
perform the detection and the quantification of multiple analytes. To perform the
guantification, a standard curve provided in the kit was used by the instrument as a reference
for the calculation of the concentration of each analyte in each sample. When the signal was
below the limit of detection and displayed as “OOR< =" (out of range below) it was considered
non-available (N/A) and excluded from the dataset. Values below the lower limit of the
standard curve but still above the lower detection limit were automatically extrapolated by

the system and included in the analysis.
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Table 5.3: Details of the analytes. The relative bead regions are shown in brackets.

Analytes

BAFF [67]
G-CSF (CSF-3) [12]
IFN-y [38]
IL-2R [63]

IL-6 [28]
IL-10 [13]
IL-17A (CTLA-8) [52]
IL-23 [37]
IL-31 [76]
Leptin [65]
MCP-3 (CCL7) [48]

RANKL [46]

Betacellulin (BTC) [73]
GM-CSF [42]
IL-1o [56]

IL-3 [14]

IL-7 [74]
IL-12p70 [39]
IL-18 [66]
IL-25 (IL-17E) [29]
IL-33 [75]

LIF [18]
MIP-1a (CCL3) [47]

RANTES (CCL5) [44]

ENA-78 (CXCL5) [57]
Gro-a (CXCL1) [43]
IL-1B [19]

IL-4 [26]
IL-7Ra [53]
IL-13 [35]
IL-19 [61]
IL-27 [36]
IL-33R (ST2) [78]
M-CSF [21]
MIP-1B (CCL4) [72]

TNF o [45]

Eotaxin (CCL11) [62]
IFN-a [30]
IL-2 [20]
IL-5 [27]

IL-9 [34]
IL-15/IL-15R [54]
IL-22 [33]
IL-28 [64]
IP-10 (CXCL10) [22]
MCP-1 (CCL2) [51]
MIP-2 [55]

VEGF-A [25]

Abbreviations: BAFF = B cell activating factor; ENA = epithelial-derived neutrophil-activating
peptide; CXCL = chemokine (C-X-C motif) ligand; CCL = chemokine (C-C motif) ligand;
G-CSF = granulocyte colony stimulating factor; GM-CSF = granulocyte macrophage CSF;
IFN = interferon; IL= interleukin; R = receptor; IP = interferon gamma-induced protein;
LIF = leukaemia inhibitory factor; MCP = monocyte chemoattractant protein; MIP = macrophage
inflammatory protein; RANKL = Receptor activator of nuclear factor kappa-B ligand;
RANTES = regulated on activation, normal T cell expressed and secreted; TNF = tumour necrosis
factor; VEGF = vascular endothelial growth factor.

5.2.7 Statistical analysis

All values in graphs are represented as mean + standard deviation. The statistical analysis
was performed using the GraphPad software. The type of statistical test and the number of

replicates included in the analyses are indicated in the figure legends.
5.3 RESULTS

The MSCs used to produce the data presented in this chapter are those described in CHAPTER

3. As shown there, the transduction process did not change the properties of the cells and

their expansion was not associated with any major loss of the transduced genes or a

reduction in the percentage of transduced cells. The cells used here are at the same passage

used to evaluate the expression of ZsGreen in CHAPTER 3 and 98% of cells in the population

expressed the reporter (Table 3.4).
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5.3.1 Almost all the administered MSCs die in the first 24 hours in vivo

BL images of FLuc* UC-, BM- and A-MSCs following IV injection into C57BL/6 albino mice show
that regardless of the origin of the MSC, all the cells were entrapped in the lungs immediately
after the administration (Figure 5.1a). Furthermore, 24h following administration the signal
was strongly reduced and there was no sign of migration of the cells from the lung to other
body sites. In particular, the signal coming from the BM cells seemed weaker than the signal
coming from the two other cell types (Figure 5.1a). Three days after the administration of the
cells a weak signal was detectable from mice that receive UC and A-MSCs, while there
seemed to be no signal at all coming from the mice that received the BM cells. Finally, 7 days
following administration, there was no detectable signal from any of the mice, irrespective
of the type of MSC they were injected with (Figure 5.1a). These results are confirmed by the
guantitative analysis of the bioluminescent signal (Figure 5.1b). Interestingly, the signal
obtained at day 0 was comparable not only between the donors of the same cell type (Figure
5.1b), but also among the different sources of cells (5.1x107 + 1.7x107 p/s, 4.1x107 + 0.91x10’
p/s and 2.8x107 +0.99x10’ p/s for UC, BM and A-MSCs respectively; Figure 5.1c).
Furthermore, they all showed a similar reduction in the signal from day 0 to day 1 (3.6x10° +
2.5x10° p/s, 0.83x10° + 0.9x10° p/s and 3.4x10°+0.54x10° p/s for UC, BM and A cells
respectively, Figure 5.1c) and to day 3 (2.9x10° + 1.1x10° p/s, 1.6x10° + 076x10° p/s and
8.3x10° + 2.0x10° p/s, Figure 5.1c). By day 7 the detected signal (0.97x10° + 0.09x10° p/s,
1.07x10° + 0.26x10° p/s and 1.04x10°+ 0.11x10° p/s respectively, Figure 5.1c) was not
different from the baseline (1.1x10° + 0.07x10° p/s), measured on naive animals that did not
receive any cells or substrate. The analysis of the relative bioluminescence intensity
normalised to day O revealed that in the first 24 hours the signal dropped significantly to
6.3 + 3.6% for the UC cells, to 2.5 + 3.1% for the BM-MSCs and to 12.9 * 3.4% for the A-MSCs
(Figure 5.1d). Furthermore, by day 3, only 0.58 + 0.05%, 0.44 + 0.31% and 3.47 + 1.7% of the

original signal is detectable from UC, BM and A-MSCs respectively (Figure 5.1d).
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Figure 5.1| All MSCs are entrapped in the lungs and are short-lived following IV administration.
(a) Representative bioluminescence images of mice administered with FLuc* UC, BM and A-MSCs on
the day of administration of the cells (day 0), and 1, 3 or 7 days after (radiance scale from 0.2x10° to
1x108 p/s/cm?/sr). (b) Light output (flux) as a function of time (days) coming from three individual
donors (shown in legends) for each cell type. Data are displayed as mean + SD from n = 4 for each
donor sample. The red line (1.1x10° p/s) is the background BLI signal emitted by naive animals (n = 4)
that did not receive any cells. (c) Quantification of the signal originating from the different MSC
sources as obtained by averaging the signal from all donors. Data are displayed as mean + SD from n=3
donor samples. (d) Signal at day 1, day 3 and day 7 normalized to the signal at day 0. Data are displayed

123



as mean + SD from n=3. Two-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple
comparison post-hoc test, * p < 0.05.

5.3.2 The presence of an IRl does not affect the lung entrapment of MSCs

An jn vivo IRl model was used to investigate whether the presence of an ischemia-reperfusion

injury in the kidneys could have an impact on the biodistribution and the survival of the cells.

Representative BL images of healthy (CTR) and IRI-induced animals on the day of
administration of the cells and after 1, 3 and 7 days, in dorsal position are displayed in Figure
5.2a. This position was chosen for this experiment because the animals were shaven,
increasing imaging sensitivity. As previously observed, on the day of administration the cells
reach the lungs and get trapped there. After 24 h, the signal was still originating from the
lungs in both control and IRI animals for all 3 cell types tested (Figure 5.2a). Interestingly, the
signal from all the IRl animals appeared to be stronger than the signal coming from the
healthy animals. It is important to recall that the IRl animals imaged on day 0 were
terminated on the same day of the surgery and that the animals analysed on day 1, 3 and 7
were different ones. 3 days post administration, the signal from A-MSCs was still clearly
detectable and coming from the lungs, while the UC animals displayed a very weak signal and
the BM-MSC animals displayed no detectable signal (Figure 5.2a). On day 7 no signal was

detectable from any of the cells in any of the conditions (Figure 5.2a).

The quantification of the bioluminescence signal confirmed these qualitative observations
(Figure 5.2b). The signal obtained at day 0 was not statistically significant between healthy
and IRl animals for UC and A-MSCs (7.5x107 + 1.3x107 p/s and 7.3x107 + 1.3x107 p/s for UC-
MSCs, 3.3x107 + 1.4x107 p/s and 5.9x107 + 2.4x107 p/s for A-MSCs in healthy and IRl animals
respectively (Figure 5.2c), but was statistically different for BM-MSCs (4.8x107 + 1.0x107 p/s
and 8.5x107 + 0.5x107 p/s in healthy and IRl animals respectively, Figure 5.2c). Interestingly,
differences were observed 24h after the administration of the cells, particularly for A-MSCs
where, while the signal in the healthy animals followed the previously observed trend of a
strong decay (3.9x10° + 1.3x10° p/s, Figure 5.2c), the signal in the IRl animals was still
relatively strong (2.9x107 + 1.0x107 p/s, Figure 5.2c). A similar result was also observed in
animals administered with UC-MSCs (3.8x10° + 0.8x10° p/s and 1.4x107 + 0.5x107 p/s in
healthy and IRl animals respectively, Figure 5.2c) and, even if less pronounced, in mice that
received BM-MSCs (1.4x10° + 0.6x10° p/s and 6.5x10° + 3.2x10° p/s for BM cells in healthy
and IRl animals respectively, Figure 5.2c). At this time point, the difference in signal between

healthy and IRI-induced mice was statistically significant for all MSCs. After 3 days from the
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administration of the cells the signal coming from healthy and IRl animals was again similar
between conditions for all the three cell types (4.2x10°+1.0x10° p/s and
5.8x10° + 3.2x10° p/s for UC-MSCs, 2.0x10° + 0.2x10° p/s and 2.3x10° + 0.9x10° p/s for BM
cells, 1.1x10° + 0.6x10° p/s and 2.9x10° + 1.6x10° p/s for A-MSCs in healthy and IRl animals
respectively, Figure 5.2c). Finally, by day 7 the detected signal for all 3 cell types in both
healthy and IRI animals (1.3x10° +0.1x10° p/s and 1.6x10° +0.2x10° p/s for UC-MSCs,
1.1x10° £+ 0.1x10° p/s and 1.3x10° + 0.2x10° p/s for BM-MSCs, 1.2x10° +0.1x10° p/s and
1.8x10° + 0.5x10° p/s for A-MSCs in healthy and IRl animals respectively (Figure 5.2c) was
very close to the baseline measured in female healthy mice (1.1x10° + 0.1x10° p, Figure 5.1),

indicating that all injected cells had died.

125



UC-MSCs BM-MSCs
1.0
o
> i
a 0.8
G|l
Ng I
< 5 [ +0.6
& 0
(=) £
[ON
o
=
Q
o (0.4
o (1]
> he]
(14 (L8]
=) o
0.2
~
>
(14
Qa
0.02
b
Dorsal UC-MSCs Dorsal A-MSCs
*
108355 =« 108—§¥l} . 108—3%5 ﬁ
5 107+ 3 107441 [ 1075
= ] ] ]
E 106—E 106—§ 105—§
1 M e il
— ] . ]
104 —7—71— 104 ——— 7 104
0 1 3 7 0 1 3 7 0 1 3 7
Day Day Day

v Healthy animals v IRl animals

Figure 5.2| MSCs are entrapped in the lungs of healthy and IRI-induced animals and do not migrate
to the site of injury. (a) Representative bioluminescence images of control and IRl mice up to 7 days
post administration of FLuc* UC, BM and A-MSCs (radiance scale from 0.2x10° to 1x10°® p/s/cm?/sr).
(b) Light output (p/s) as a function of time of the healthy and ischemic animals, separated by cell type.
Data are displayed as mean + SD from n > 3. Day 0 data of the IRl animals comes from animals different
from the ones used to perform the day 1, 3 and 7 analysis. Because the IRI animals used at day 0 are
different from the ones used at day 1, 3 and 7, a transversal statistical analysis was not possible, and
this reduced the strength of the statistical comparison. Welch’s t-tests were used to compare the
signal from healthy and IRl animals at each time point; * p < 0.05.
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5.3.3 UC-MSCs are also short-lived in immuno-compromised animals

Two immunocompromised mouse strains (SCID and NOD/SCID) were used to investigate:
(a) if the reduction in the intensity of the signal observed in the C57BL/6J albino mice in the
first 24 h was associated with an involvement of the immune system and (b) the long-term
safety of MSCs in immunocompromised hosts. For this last purpose, the mice were
monitored until day 31 from administration, to detect any possible increase in the signal over
a long time frame. As no major difference was observed in the biodistribution or the
clearance of the signal between the 3 types of MSCs, performing the experiment using 3
different donors of the same cell type (UC-MSCs) was preferred to the testing of just 1 donor
from each MSC source. The immunocompetent BALB/c strain was used as a control because
both immunocompromised strains shared this genetic background and also to confirm the

results obtained in the previous sections with a different immunocompetent strain.

Representative BL images of the 3 strains of mice on the day of administration of the cells,
24h later and 3 days later are displayed in Figure 5.3a. As previously observed for the
C57BL/6J albino mice, in this experiment the cells also reached the lungs and got entrapped
there, regardless of the immune status of the animals (Figure 5.3a). The drop in signal in the
first 24 h was similar for all 3 mouse strains (Figure 5.3a). Then, 3 days post administration,
the signal was reduced further (Figure 5.3a). The quantification analysis confirmed that
regardless of the donor used, the signal intensity was comparable among the 3 groups of
animals. The analysis of the relative bioluminescence intensity normalised to day O revealed
that at day 1 the signal dropped to 16.3 + 2.8%, 14.1 + 4.6% and 8.9 + 2.1% for BALB/c, SCID
and NOD/SCID respectively (Figure 5.3c), showing that the immunocompromised NOD/SCID
group is actually the one that displayed the highest signal reduction. At day 3 the signal
dropped to 1.1+ 0.4, 1.3 £ 0.1% and 2.3 + 1.6%for BALB/c, SCID and NOD/SCID respectively
(Figure 5.3c). Interestingly, for 2 out of the 3 donors the signal in the NOD/SCID animals at
day 3 was 3.2% and 3.1% of the day 0 signal, while the third one was only 0.4%. On the other

hand, all BALB/c and SCID groups behaved similarly regardless of the donor.
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Figure 5.3| Administered UC-MSCs die similarly in immunocompetent and immunocompromised
mice. (a) Representative bioluminescence images of BALB/c, SCID and NOD/SCID mice up to 3 days
post administration of FLuc* UC-MSCs (radiance scale from 0.2x10° to 1x10° p/s/cm?/sr). (b) Light
output (flux) as a function of time (days) of each of the 3 UC-MSC donors in the 3 animal strains. Data
are displayed as mean = SD from n > 4 for each donor. (c) Day 1 and day 3 flux signal normalised to the
respective day 0 signal. Data are displayed as mean + SD from n = 3.

From day 5 to day 31, no signal originated from the BALB/c group (Figure 5.4a), while some
of the SCID and NOD/SCID animals still displayed a weak signal during this period (Figure
5.4a). The general behaviour of the MSCs over time looks comparable between the three
donors, with the only exception being the NOD/SCID group that received the donor 1 (727R,
Figure 5.4b). While there was no detectable signal from day 5 for donor 1, the NOD/SCID
animals that received MSC from the two other donors displayed a weak signal for longer
(Figure 5.4b). The details about the number of NOD and NOD/SCID mice displaying a signal

from day 5 to day 31 are summarised in Table 5.4 and Table 5.5. Of note, around 27% (4 out
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of 15) of the SCID animals that received the UC-MSCs still displayed a detectable signal at day
14, before the signal completely disappeared by day 17 (Table 5.4). Furthermore, while the
signal from the NOD/SCID animals of donor 727R disappeared by day 5, the 9 remaining
animals displayed a detectable signal until day 10, 7 until day 14 and 3 until day 17 (Table
5.5). Interestingly, one of the NOD/SCID animals administered with donor 2 (733S) displayed
a weak signal until the end of the experiment (Table 5.5, Figure 5.5). The signal coming from
this mouse seemed stronger than the other 4 until day 14. Then it stabilised around 2x10°

until day 31 (Figure 5.5b).
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Figure 5.4|SCID and NOD/SCID mice displayed a weak but detectable signal even from 5 days post
administration of UC-MSCs. (a) Representative bioluminescence images of BALB/c, SCID and
NOD/SCID mice from day 5 to 31 post administration of FLuc* UC-MSCs (radiance scale from 0.3x10*
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to 2x10* p/s/cm?/sr). (b) Light output (flux) as a function of time (days) for each of the 3 UC-MSC
donors in the 3 animal strains. Data are displayed as mean + SD from n > 4 for each donor.
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Figure 5.5| Images of the NOD/SCID animal administered with donor 2, which showed reduced cell
death after day 5. (a) Representative bioluminescence images of the NOD/SCID mouse from 5 to 31
days post administration of FLuc* UC-MSCs donor 2 (radiance scale from 0.3x10* to 2x10* p/s/cm?/sr).
(b) Light output (flux) as a function of time (days) of the donor 2 comparing the signal from the animal
that displayed signal until the end of the experiment with the average signal obtained from the other
4 NOD/SCID animals administered with the same donor. Data for the average signal are displayed as
mean + SD from n = 4.

Table 5.4: Number of SCID animals displaying detectable signal (n = 5 animals per donor).

Donor Day 5 Day 7 Day10 Day14 Dayl7 Day2l Day24 Day28 Day3l

1-727R 5 2 2 2 0 0 0 0 0
2-733S 4 3 3 2 0 0 0 0 0
3-7350 3 1 1 0 0 0 0 0 0

Table 5.5: Number of NOD/SCID animals displaying detectable signal (n = 5 animals per
donor)

Donor Day 5 Day 7 Day10 Day14 Dayl7 Day2l Day24 Day28 Day3l

727R 0 0 0 0 0 0 0 0 0

733S 5 5 5 5 3 1 1 1 1

7350* 4 4 4 2 0 0 0 0 0
*n=4
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5.3.4 Flow cytometry analysis reveals an upregulation of the circulating neutrophils

C57BL/6 albino mice were used to investigate the impact of UC-MSCs on different immune
cells, at 2h and 24h post administration. The percentage of innate (neutrophils, iMCs,
macrophages, NK cells, mDC and pDC) and adaptive (CD4 T cells, CD4 Tregs, CD8 T cells and
B cells) immune cells was investigated in the blood, the lungs, the spleen and the bone

marrow.

The most remarkable results obtained from the data related to the innate immunity concern
the neutrophils (Figure 5.6). Two hours after the administration of UC-MSCs increased levels
of neutrophils were detected in the blood (25.5 + 3.9% compared to 8.5 + 2.1% in naive mice),
in the lungs (6.98 + 2.74% compared to 1.39 + 0.37% in naive mice) and in the spleen
(3.9+2.1% compared to 0.72 + 0.36% in naive mice) (Figure 5.6a). 24 hours after the
administration of the cells, the number of neutrophils returned to normal levels in the blood

(7.8 £1.2%), the lungs (1.15 £ 0.42%) and the spleen (0.51 £ 0.17%, Figure 5.6a).

On what concerns iMCs, no statistical difference was detected 2 hours after the
administration of the cells in any of the tissues or organs (Figure 5.6b). Nonetheless, the
number of iMCs decreased significantly in the lungs and in the spleen in the next 22 hours,
even if the original increase at 2h was not statistically different to that of naive mice (Figure

5.6b)

No statistically significant differences were observed between groups for the macrophages
(Figure 5.6c), the NK cells (Figure 5.6d) and the pDCs (Figure 5.6f). There was only a difference
in the levels of the mDCs in the bone marrow, where the percentage of cells increased from
0.86 £ 0.18% in control mice to 1.50 + 0.61% 2 hours after the administration of the cells

(Figure 5.6e).
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Figure 5.6| Distribution of innate immune cells in the mouse blood, bone marrow, lungs and spleen,
2h and 24h after the administration of UC-MSCs. Evaluation of the levels of (a) neutrophils,
(b) immature myeloid cells, (c) macrophages, (d) natural killer cells, (e) myeloid dendritic and (f)
plasmacytoid dendritic cells. Data are displayed as mean + SD from n > 4. Statistical analysis performed
using the Kruskal-Wallis test and the Dunn’s multiple comparison post hoc test. * p <0.05, # p < 0.01
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Figure 5.7| Distribution of adaptive immune cells in the mouse blood, bone marrow, lungs and
spleen, 2h and 24h after the administration of UC-MSCs. Evaluation of the levels of (a) CD4 T cells,
(b) CD4 T regulatory cells, (c) CD8 T cells and (d) B cells. Data are displayed as mean * SD from n > 4.
Statistical analysis performed using the Kruskal-Wallis test and the Dunn’s multiple comparison post
hoc test. * p <0.05, # p < 0.01.

The data from the adaptive immunity cells are summarised in Figure 5.7. The administration
of the UC-MSCs did not affect the levels of CD4 T cells in any of the sites (Figure 5.7a),
although it contributed to a slight increase in the number of CD4 Tregs in the spleen 24 hours
after the administration of the cells from 0.27 + 0.23% in naive mice and 0.34 £ 0.19% in 2h

mice to 0.73 + 0.13% 24h post administration (Figure 5.7b).

Twenty-four hours post cell administration, the levels of CD8 T cells were statistically

significantly reduced in the bone marrow, where they decreased from 1.53 £ 0.31% in 2h
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mice to 0.84 + 0.24% in 24h animals, and in the lungs, where the CD8 T cells decreased from

13.8 £ 3.1% in naive mice to 9.0 + 2.3% after 24 hours (Figure 5.7c).

Finally, a reduction in the levels of B cells in the lungs 2 hours after the administration of the
cells (from 13.0 + 2.5% to 8.7 + 1.9%) was also identified. Their levels returned to basal

amounts (12.9 + 2.1%) after 24 hours (Figure 5.7d).

5.3.5 Multiplex analysis of the plasma of mice receiving UC-MSCs

To further explore the effect of UC-MSCs on the immune system of healthy animals, levels of
48 cytokines, chemokines, soluble receptors, and growth factors were measured in the
plasma 2h and 24h after the IV administration of the cells. The levels of the analytes that
were detectable in the samples are shown in Figure 5.8. Two hours after infusion, a
statistically significant increase in the concentrations of Gro-a (CXCL1) and MCP3 (CCL7) was
observed (Figure 5.8a-b). At the 24h time point, Gro-a levels were restored and MCP3 levels
dropped to levels below that of controls (Figure 5.8a-b). MCP1 (CCL2) and IP-10 (CXCL10),
which were undetectable in controls, increased to detectable levels at the 2h time point, but
were again undetectable after 24 hours (Figure 5.8c-d). The levels of the soluble receptors
IL-2R and IL-7Ra decreased after UC-MSC administration: IL-2R was significantly reduced
after 24 hours (Figure 5.8e), whereas IL-7Ra was only detectable in the control group (Figure
5.8f). The plasma levels of RANKL were significantly reduced 24 h after the administration
when compared to control and the 2h time point (Figure 5.8g). IL-18 was also significantly
reduced after 24 h when compared to controls (Figure 5.8h). IL-22 level was clearly
detectable only in control animals and significantly reduced after 2h (Figure 5.8i). After 24h,

the IL-22 signal was detectable in only three animals (Figure 5.8i).
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Figure 5.8| Plasma concentrations of cytokines and chemokines after IV infusion of UC-MSCs.
Concentrations are expressed as pg/mL. (a) Plasma level of Gro-a (CXCL1). Lower limit of quantification
(LLOQ) = 1.9 pg/mL. Data are presented as mean + SD from n = 8 for each group. Kruskal-Wallis test
with Dunn’s multiple comparison post-hoc test. ** p < 0.01. (b) Plasma level of MCP3 (CCL7).
LLOQ = 4.1 pg/mL. Data are presented as mean + SD from n = 8 for each group. Brown-Forsythe and
Welch ANOVA with Dunnett multiple comparison post-hoc test. * p <0.05, ** p < 0.01. (c) Plasma level
of MCP1 (CCL2). Data from control and 24h were displayed as out of range below (<=OOR, N/A in the
graph). Statistical analysis not possible. LLOQ = 11 pg/mL. (d) Plasma level of IP-10 (CXCL10). Data from
control and 24h N/A (<=OO0R). Statistical analysis not possible. LLOQ = 1.2 pg/mL. (e) Plasma level of
IL-2R. LLOQ = 3.8 pg/mL. Data are presented as mean + SD from n = 8. Kruskal-Wallis test with Dunn’s
multiple comparison post-hoc test. * p < 0.05. (f) Plasma level of IL-7Ra. Data from 2 and 24h N/A
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(<=0OO0R). Statistical analysis not possible. LLOQ = 7.6 pg/mL. (g) Plasma level of RANKL. LLOQ =1.3
pg/mL. Data are presented as mean = SD from n > 7. Data from one of the 24h not shown (<=OOR).
Brown-Forsythe and Welch ANOVA with Dunnett multiple comparison post-hoc test. * p < 0.05,
** p <0.01. (h) Plasma level of IL-18. LLOQ = 22.2 pg/mL. Data are presented as mean = SD fromn =7
(CTR and 2h) and n = 3 (24h); missing data points were N/A (<=OO0R). Brown-Forsythe and Welch
ANOVA with Dunnett multiple comparison post-hoc test. * p < 0.05. (i) Plasma level of IL-22.
LLOQ = 10.5 pg/mL. Data are presented as mean = SD from n = 6 (CTR), n = 7 (2h) and n = 3 (24h);
missing data points were N/A (<=00R). Kruskal-Wallis test with Dunn’s multiple comparison post-hoc
test. * p < 0.05. The LLOQ are represented in each graph by the dashed line.

No significant changes in plasma concentrations of BAFF, ENA-78 (CXCL5), Eotaxin (CCL11),
RANTES (CCL5) and IL-1 were observed (Figure 5.9). The signal from BTC, G-CSF (CSF-3), GM-
CSF, IFN-a, IFN-y, IL-1q, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15/IL-15R,
IL-17A (CTLA-8), IL-19, IL-23, IL-25 (IL-17E), IL-27, IL-28, IL-31, IL-33, IL-33R (ST2), leptin, LIF,
M-CSF, MIP-1a (CCL3), MIP-1B (CCL4), MIP-2, TNFa and VEGF-A was below the OOR for

almost all the animals (data not shown).
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Figure 5.9| Plasma concentrations of cytokines and chemokines after IV infusion of UC-MSCs.
Concentrations are expressed as pg/mL. (a) Plasma level of BAFF. LLOQ =8.6 pg/mL. Data are
presented as mean + SD from n = 8 for each group. (b) Plasma level of ENA78 (CXCL5).
LLOQ = 12.9 pg/mL. Data are presented as mean + SD from n = 4 (CTR), n = 7 (2h) and n = 4 (24h);
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missing data points were N/A (<=0OO0R) (c) Plasma level of Eotaxin (CCL11). LLOQ = 0.8 pg/mL. Data are
presented as mean £ SD from n = 8 for each group. The LLOQ are represented in each graph by the
dashed line. (d) Plasma level of RANTES (CCL5). LLOQ = 5.6 pg/mL. Data are presented as mean * SD
from n = 8 (CTR and 2h), and n = 7 (24h); missing data points were N/A (<=0OO0R). (e) Plasma level of IL-
1B. LLOQ = 1.5 pg/mL. Data are presented as mean + SD from n = 6 (CTR) and n = 3 (2h and 24h);
missing data points were N/A (<=OOR). The LLOQ are represented in each graph by the dashed line.

5.4 DISCUSSION

The main aim of this chapter was to characterise the fate and role of MSCs in vivo, in terms
of biodistribution, safety, survival over time and interaction with the host’s immune system.
The use of the major types of MSCs, all of which had been cultured, transduced and expanded
following the same protocol, enabled the identification of any differences associated with

the MSC source.
IV administered MSCs get entrapped in the lungs and are short-lived in healthy animals

Intravenous administration of MSCs is the most common delivery route used in clinical trials
[286]. However, the lung entrapment experienced by MSCs following intravenous
administration in small animals, also known as pulmonary first pass effect, is something well
known and documented in the literature [102, 103, 276, 287]. Here, | started by evaluating
the biodistribution of MSCs coming from different tissue sources, cultivated using the same
tissue culture conditions, to investigate any possible differences in the behaviour of the cells
after their administration in vivo. BLI performed immediately after the IV administration of
the different MSCs in healthy C57BL/6 albino mice confirmed their entrapment in the lungs,
irrespective of their tissue or origin. Also, none of the cells (umbilical cord, bone marrow or
adipose tissue) escaped the lungs, neither on the day of administration nor in any of the
following days. In fact, when administered to healthy animals, a major drop in the
bioluminescence signal coming from the lungs was observed in the first 24h post injection.
Furthermore, despite a very small fraction of the signal from A-MSCs being still detectable 3
days post administration, no signal from any of the MSCs was detected 7 days after injection.
This result is consistent with various reports in the literature [102, 103, 287] and confirms
that this effect is not associated with the origin of the infused MSCs. When cell therapies are
considered, the fact that most of the MSCs die in the first 24 hours is not necessarily a bad
result. Indeed, it has been proposed, that the apoptosis of IV administered MSCs in the lungs
and the subsequent phagocytosis of the cell debris by local macrophages is a mechanism of

MSC-mediated immunomodulation [102, 113, 116, 117, 288].
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IV administered MSCs do not migrate when administered to IRl mice

It has been claimed in some studies that the presence of an injury can lead to the migration
of a proportion of the intravenously administered MSC population toward the site of damage
or, at least, an increase in cell-associated signal was detected in the region of injury [289-
293]. Jin et al [290] suggested that intravenously infused BM derived MSCs can reach the liver
when a chemical injury is induced [290]. Similarly, Jackson et al [294] used MR imaging to
track the biodistribution of IV injected BM-MSCs in a model of rat brain lipopolysaccharide
(LPS)-induced inflammatory lesions and showed the homing of the cells toward the site of
injury [294]. A similar migratory capacity has also been observed in different models of kidney
injuries [289, 292, 293, 295]. Some of these studies [289, 290, 295] suffer from the limitation
of using lipophilic dyes (e.g. PKH26, CMFDA) to label the MSCs, which have been reported to
escape the labelled MSCs and can be internalised by the host cells, leading to false positive
results [296]. Due to the discrepancies in the published literature, it was important to
investigate if the presence of a kidney injury could induce the migration of any of the MSCs

tested in this work.

Here, we used a bilateral ischemia reperfusion injury model on male C57BL/6J albino mice to
assess any changes in the biodistribution and survival of the MSCs when compared to healthy
animals. Again, immediately after the administration, all the signal was originating from the
chest of the animals, in the lung region. No signal was detected from the kidneys neither on
the day of cell administration nor on any of the following days. Interestingly, 24 hours after
the administration all mice with an injury had a signal slightly higher than the corresponding
controls, irrespective of the type of MSCs. The reasons for that are unclear and we did not
investigate further, but it could be possible that the inflammatory state induced in the
animals by the presence of the injury could somehow help the MSCs to survive in the lungs
of the animals. Nonetheless, after seven days from the administration no signal was detected
in any of the conditions, confirming that the cells disappear even in the presence of a renal
injury. Our data did not reveal any migratory capacity of the different MSCs induced by the

presence of the injury, nor any major increase in the survival of the administered cells.
UC-MSCs survive longer in some immunocompromised animals

As previously mentioned, apoptosis of infused MSCs can be a mechanism of action by which
the administered cells can exert their immunomodulatory capacity [288]. Dazzi and co-
workers have recently identified in a mouse model of graft versus host disease (GVHD) that

the apoptosis of the MSCs was directly mediated by CD56" Natural Killer and CD8* T cytotoxic
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cells [113]. To detect apoptosis, Dazzi evaluated caspase activity in the MSCs following their
administration to either GVHD or healthy animals. For that, he applied a BLI strategy to
enable the quantification of caspase activity in vivo. Interestingly, only MSCs administrated
to GVHD mice presented high caspase activation, revealing that perhaps different

mechanisms are involved with cell death in healthy animals [113].

Despite Dazzi reporting very little caspase activation in healthy animals, it is important to
clarify whether the immune system can have a direct role in the clearance of the cells that is
observed in the first 24 hours post-administration and, indeed, in the long-term survival of
the MSCs. This is important not only to understand the mechanism that can lead to MSC
death after infusion, but also because such cells are currently used to treat patients with
impaired or compromised immune systems [297, 298] and the risk of tumorigenicity
associated with the use of MSCs has not yet been completely addressed [299]. For this
purpose, two different immunocompromised strains, severe combined immunodeficient
(SCID) and non-obese diabetic (NOD)/SCID were used here. SCID animals are characterised
by a mutation of the Prkdc gene that prevents the maturation of B and T cells, making this
strain ideal to investigate the role of the adaptive immunity. Also, the IV administration of
UC-MSCs in SCID mice has already been reported to be associated with an increased long-
term survival of the cells in around 25% of the animals tested [99]. NOD/SCID mice combine
the SCID defects with an impaired natural immunity, which is due to the NOD background,
characterised by defective NK-cells, a lack of circulating complement as well as impaired
macrophages and antigen presenting cells. Because | did not observe any difference in the
clearance of the different type of MSCs when | tested those in healthy BALB/c animals, and
the cost/complexity associated with such experiments, | decided to carry out this analysis

using 3 different UC-MSCs donors.

As expected, immediately after the administration of the UC-MSCs to SCID and NOD/SCID
animals, all the signal detected originated from the lungs, further confirming the pulmonary
entrapment. Also, in the first 24 hours post administration, the signal dropped not only in
the control immunocompetent BALB/c group, but also in the immunocompromised ones in
a comparable way. This trend also continued at day 3 and suggests no direct involvement of
either the natural or adaptive immunity in the initial clearance of the cells, indicating that if
the cells die due to apoptosis, this is probably not via a mechanism directly induced by the
host. On the other hand, while the BALB/c immunocompetent animals behaved like the
C57BL/6) albino, showing complete signal loss by day 7, the two immunocompromised

groups revealed some variability in MSC survival. It seems that the small fraction of MSCs
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that manage to survive the first 72h tend to persist for longer in immunocompromised
animals. 10 days post administration, 40% of the SCID animals still displayed some weak
detectable signal and on day 14, the last day the signal was detectable before disappearing
completely, 27% of them still displayed some cells. These results are in line with what is
previously reported in the literature [99], confirming the reproducibility and the consistency
of such data. Similar results were obtained with the NOD/SCID animals. Here, while the UC-
MSC from one of the donors displayed a decay comparable to that observed in the
immunocompetent animals, with no signal detectable by day 7, the MSCs from the two other
donors revealed a longer survival in the NOD/SCID animals. After 10 days from administration
100% of the animals that received cells from these 2 donors still displayed some detectable
signal. Also, while the signal disappeared after 17 days in most of the animals, some signal
was still detectable in 60% of the NOD/SCID animals administered with the MSC from one of
the donors, and one of these mice still had a weak signal detectable by the end of experiment,
at 31 days post cell administration. These results seem to suggest that the initial death of the
cells is unlikely to be associated with an involvement of either the adaptive or the natural
immunity. It is possible that the microenvironment of the capillaries of the lungs is not
suitable for MSC survival. This can also explain what was observed in the IRl animals. It is
indeed well known that acute renal injuries can affect the lungs [300, 301]. It could be
possible that the inflammation induced in the lungs by the IRl can increase the local
vasodilation, explaining the enhanced survival of the MSCs in the IRI animals. However, the
fact that a small percentage of cells can survive longer than 3 days in the two
immunocompromised strains tested seems to suggest that both immunological
compartments have arole, either direct or indirect, in the clearance of this fraction of infused
MSCs. Nonetheless, by the end of experiment only one of the NOD/SCID animals had a
detectable signal coming from the lung region and the signal never increased during the
study. These data suggest that even in an immunocompromised host, MSCs are safe and do
not undergo uncontrolled proliferation. These results are in line with a recent study that
revealed the lack of tumorigenesis and pro-tumorigenic potential of human UC-MSCs in

NOD/SCID mice [302].
UC-MSCs induce neutrophil migration

Although the death of MSCs is likely unrelated to a direct effect of the host immune system,
it is well recognised in the literature that MSCs do interact with the host’s immune system,
either directly or indirectly, to yield several immunomodulatory mechanisms [280]. In a

recent study, Heng and co-workers revealed that preventing the apoptosis of V-
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administered MSCs had a negative impact on their immunomodulatory capacity [288],
further reinforcing the hypothesis proposed by Dazzi [113]. Also, efferocytosis, the process
by which apoptotic cells are engulfed by local immune cells without triggering a pro-
inflammatory response, has been reported to be one of the main immunomodulatory
mechanisms exerted by infused MSCs [118, 119, 288]. One important aspect of this chapter
is to clarify the interactions between the administered MSCs and the host immune system.
Because in all the conditions tested (healthy, injured, immunocompromised) the greatest
signal reduction was observed in the first 24 hours post cell administration, | investigated
whether the administered MSCs triggered an immunological response in that time window.
To do that, the percentage of different immune cell populations was evaluated in several
body sites associated with the immune system (bone marrow as primary lymphoid organ,
spleen as secondary lymphoid organ) or related to where the cells, both the immune system
(1S) cells and the MSCs, are localised (the lungs, where the MSCs are trapped, and the blood,
where IS cells are circulating and where the MSCs are infused). 2 hours after the
administration of the MSCs, a huge mobilisation of neutrophils was observed in the blood, in
the lungs and in the spleen. Neutrophils, as part of the innate immune system, make up a
first line host defence. Also, they are major phagocytic cells, which have been reported to be
actively involved in the phagocytosis of apoptotic cells [303]. Similar results were recently
obtained by Pang et al, where they identified monocytes and neutrophils as the major cell
types responsible for the efferocytosis of IV administered BM-MSCs in mice [288]. The
increase in the percentage of neutrophils observed via flow cytometry was further
strengthened by the multiplex analysis of the plasma of the animals, as several neutrophil
chemoattractants (CCL2, CCL7, Gro-a and IP-10) were upregulated (CCL7 and Gro-a) or raised
above detectable levels (CCL2 and IP-10) 2 hours after the administration of the cells. The
involvement of CCL2 and CCL7 in the recruitment of neutrophils to the lungs has also been
reported by Mercer et al who showed this after the intranasal administration of recombinant
CCL2 and CCL7 into mice [304]. Gro-a, also known as CXCL1, not only plays an important role
in recruiting neutrophils, but also in their activation [305]. These results are in line with a
study performed by Hoogduijn et al [306], who also identified an upregulation of the serum
levels of MCP-1 (CCL2) and Gro-a (CXCL1) 2 h after the IV administration of mouse adipose
derived MSCs in 8—10 week old C57BL/6 mice [306]. Also, he reported that the level of such
cytokines went back to normal after 20 hours, in close agreement with my 24h

measurements [306].
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Although monocytes have also been reported to be responsible for MSC efferocytosis [118,
119, 288], | did not observe any statistically significant upregulation of these cells in the lungs
after two hours. This can be either because this time point was not optimal for detecting
these changes or because | used pan-monocytes markers, meaning that | couldn’t distinguish
between different pro- and anti-inflammatory populations. Piraghaj et al [119] revealed an
increase in the M2 anti-inflammatory and regulatory phenotype following incubation of
macrophages with apoptotic A-MSCs [119]. Similarly, Min et al [307] showed that the
efferocytosis of apoptotic cord tissue derived MSCs by macrophages enhanced their

immunosuppressive capacity [307].

It is interesting to notice that the presence of MSCs seemed to have an impact on the
adaptive immunity in the lungs of the animals. The percentage of B cells reduced after 2
hours, although it went back to the same levels as controls on the day after, and the number
of CD8 T cells decreased 24 hours post MSC administration. Despite the levels of B-cell
activation factor seems to reduce two hours after the administration of the MSCs, such levels
are not statistically different from the control group and from 24h after the administration
of the cells. However, it is unclear whether this is directly mediated by the presence of the

MSCs, by paracrine mechanisms or by other cells recruited to the lungs.

Among the other analytes investigated, interesting results were observed for IL-18, IL-22,

RANKL, sIL-2R and sIL-7Ra.

IL-18 is a pro-inflammatory cytokine of the IL-1 family produced by antigen presenting cells
that influences both the innate and adaptive immunity as it can enhance T cell and NK cell
maturation [308, 309]. Interestingly, MSCs were reported to reduce the IL-18 signalling
pathway in NK cells in vitro [310]. Also, in a rat model of sepsis, the intravenous
administration of A-MSCs has been shown to reduce the level of IL-18 [311]. Here, it is unclear
if the reduction of IL-18 observed in the blood stream can exert a protective effect on the

animals, but it would be worth to investigate this cytokine in pathological models.

IL-22 is a cytokine belonging to the IL-10 family with both protective and pro-inflammatory
functions. Here | report a downregulation of IL-22 24 hours after the administration of the
cells. The MSC-mediated downregulation of IL-22 has already been reported in vitro and has
been associated with paracrine pathways [312]. Wu et al observed that CD4* T-Cells isolated
from patients with immune thrombocytopenia cocultured with UC-MSCs were associated

with reduced IL-22 production [312]. Similar results were obtained by Hyvérinen et al who
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showed that both coculture with MSCs and MSC-released EVs increased the polarisation of

macrophages toward an anti-inflammatory phenotype [313].

Receptor activator of NFkB ligand (RANKL) is a TNF-family cytokine that is not only required
for osteoclast formation but is also important for the development of immune cells, such as
dendritic cells, and of lymph nodes [314, 315]. In a recent study by Papadaki et al the
overexpression of RANKL in a mouse model of osteoarthritis was associated with a strong
increase in the inflammatory response [316]. Also, RANKL has been documented to induce
neutrophil degranulation [317], and its inhibition was reported to ameliorate cardiac infarct
size and function in mice [318]. Li et al recently published a study where the administration
of BM-MSCs in a rat model of collagen-induced arthritis was associated with the reduction of
serum RANKL mediated by the reduction of IL-22 [319]. Whether in my study the levels of
soluble RANKL are reduced directly or indirectly by the MSCs and what the potential effects

could be are unclear.

IL-2 is a cytokine with important roles in both promoting immunological responses and
inducing immunological tolerance [320]. In the same way, the soluble form of the IL-2
receptor has a controversial role: it can either function as a decoy-receptor, reducing the
availability of the IL-2, or it can mediate the presentation of IL-2 to immune cells expressing
dimeric forms of the IL-2R [321]. IL-7, on the other hand, is an important factor promoting
the survival of lymphoid precursors and in modulating T and B cell maturation [322]. Soluble
cytokine receptors, such as IL-2R and IL-7Ra in this case, can play important roles in
regulating inflammation and immunological events. They can indeed function both as agonist
and antagonist in cytokine signalling [323]. Soluble IL-2R has been proposed to interfere with
the IL-2/IL-2R pathway, exerting an important effect on the balance between immunity and
tolerance [321]. Here | observed a statistically significant reduction of soluble IL-2R after 24
h from the administration of the UC-MSCs. In the same way, while | could detect the presence
of soluble IL-7Ra in the control mice (6 out of 8), its level was below the detection limit after
2 and 24h from the administration. As | did not observe any increase in the plasma levels of
IL-2 or IL-7 it is unclear whether they were exerting any function or if they were simply cleared
by the blood stream. Also, it is unclear if the observed reductions have any biological

relevance.
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CHAPTER 6 FINAL DISCUSSION AND SUMMARY

MSCs get trapped in the lungs of mice after IV administration and are cleared within 7 days
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Figure 6.1| Graphical abstract of the main finding achieved in this thesis. Figure produced by Glaze

Art for Science.
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The experiments performed in this thesis were designed to provide insights into the in vivo
biodistribution of UC-, BM- and A-MSCs and to evaluate their survival and interactions with
the host immune system after IV administration. With these goals in mind, | started by
establishing a common protocol for culturing these MSCs, characterising them and
optimising a transduction protocol to introduce a reporter gene that enabled me to apply the
imaging techniques that were required to perform the in vivo experiments. This work led to

multiple key findings:

1. MSCs cultured under the same tissue culture conditions have different characteristics

that are associated with the tissue source and the donor.

BM-, UC- and A-MSCs are the most commonly used MSCs both in pre-clinical studies and
clinical trials [clinicaltrial.gov] and this thesis was focused on determining and comparing
their biodistribution and safety in vivo. Prior to that, they were characterised in vitro. To
reduce the impact of tissue culture protocols on the outcome of the results, these were
standardised and the same medium and batch of serum were used. This is important as
batch-to-batch variability of FBS is well known to have an impact on the culture of MSCs

[324].

The results revealed that even when using standardised tissue culture protocols, MSCs from
different sources display differences that are tissue- and donor-related. BM-MSCs exhibited
the longest doubling time and the highest inter-donor variability, whereas UC-MSCs and A-
MSCs had less donor-to-donor variability. Also, UC- and A-MSCs displayed a similar doubling
time, despite their seeding density being different (3000 cells/cm? and 300 cells/cm?,
respectively). The expression of surface markers expected to be negative in MSCs was also
different between the three MSC types and between donors of the same MSC type. While all
the UC-MSCs were negative for the expression of CD11b, CD19, CD34, CD45 and HLA-DR, A-
MSCs displayed small levels of positivity to CD34 and CD45 (2 out of the 3 donors) and BM-
MSCs showed some positivity to HLA-DR (2 out of the 3 donors). Although these results are
not particularly worrying per se, as discussed in CHAPTER 3, they highlight not only

differences between MSCs from different tissues, but also among donors.

The absence of standardised manufacturing processes makes it difficult to optimise MSCs as
a therapeutic product [325] and complicates the comparison of results obtained from
different pre-clinical and clinical studies. Here, the use of standardised tissue culture
conditions still resulted in variability, highlighting the difficulty in developing a single

standardised manufacturing process that can be applied universally across all MSCs.

145



Nonetheless, it is worth underlining that UC- and A-MSCs displayed a comparable doubling
time despite being seeded at different densities. Thus, it would be worth exploring other
seeding densities for the BM-MSCs, to determine if it is possible to achieve a doubling time
comparable to the two other types of MSCs, as there is evidence that doubling time can be

dependent on seeding density [326, 327].

To carry out the in vivo experiments, all MSCs had to be genetically modified to express a
bioluminescence reporter. Because this process could potentially affect the properties of the
MSCs, the cells were fully characterised following transduction to determine if there were

any significant changes in key properties.

2. DEAE-dextran is an effective polycation to increase the lentiviral transduction

efficiency of UC-, BM- and A-MSCs.

Lentiviral infection with the use of polycations as an adjuvant is a method that is commonly
used to generate stably transduced cells. However, it is known that some polycations can
negatively affect primary MSCs [247-249, 260] and to date, no single study has explored the
effect of different polycations on the transduction efficiency and properties of UC-, BM- and
A-MSCs. In this thesis, | explored a range of polycations (Pb, Ps and DEAE-dextran), using
transduction protocols with and without spinoculation, to produce stably transduced MSCs
from these three tissue sources. Overnight incubation of LVs with 6 pg/mL DEAE-dextran was
associated with the best transduction efficiency without compromising the viability of the
cells and worked consistently with lentiviral particles encoding for different transgenes.
Furthermore, transduced and sorted FLuc* MSC populations revealed no significant changes
in proliferation, morphology or expression of MSC markers when compared to naive MSCs.

These FLuc® MSCs were then used for all the in vivo biodistribution and safety studies.

It is worth mentioning that the DEAE-dextran static protocol was not the only suitable
protocol to transduce MSCs. The use of Pb together with a spinoculation step was actually
the best option to transduce BM-MSCs, and the incubation with Ps coupled with
spinoculation was also associated with a good transduction efficiency for UC- and BM-MSCs.
It is important to stress the fact that | used consistent tissue culture conditions not only to
culture the MSCs, but also to transduce them, which further strengthens the obtained results
by reducing the likelihood that the findings from this thesis could be affected by the protocols
used to prepare the cells. Nonetheless, alternative protocols can be considered when

transducing different types of cells.
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3. The use of the novel redshifted AkaBLI reporter system is not superior to the common

FLuc system for the tracking of intravenously administered MSCs via bioluminescence.

When D-Luciferin is oxidised by FLuc, the wavelength of ~50% of the emitted photons is
below 600 nm [201, 265] which results in them being strongly attenuated by mammalian
tissues [328], reducing imaging sensitivity. Several studies have focused on the engineering
of luciferase enzyme analogues and in the development of novel substrates in order to shift
the emission peak to the near infrared spectrum [204, 265-269]. The AkaBLI is a novel red-
shifted BLI system recently developed for cell tracking in preclinical models and claimed to
offer superior sensitivity when compared to FLuc [205]. Because this luciferase system had
not been used to track the biodistribution of MSCs, it was important to systematically
compare the performance of AkaBLI and the standard Firefly luciferase (FLuc) systems with

these cells.

In CHAPTER 4 umbilical cord MSCs were transduced to produce two genetically engineered
populations, expressing either AkaLuc or the engineered FLuc (luc2). The bioluminescence of
FLuc* and AkaLuc* cells was assessed both in vitro (emission spectra, saturation kinetics and
light emission per cell) and in vivo (substrate kinetics following intraperitoneal and
subcutaneous administration and biodistribution of the cells up to day 7). One of the
differences observed between the two systems was associated with the route of
administration of the substrates. When the substrates were administered SC, both BLI
systems displayed a similar biodistribution kinetics, with the signal reaching a plateau
approximately 20 minutes after administration of the substrate, allowing consistent
acquisition of data. However, the signal intensity of AkaLuc* cells was not stronger than FLuc".
On the other hand, when the substrates were administered IP the kinetics were different,
with AkalLuc® cells displaying a peak immediately after administration of the substrate and
the FLuc cells showing signal kinetics similar to the SC route. For our experimental
procedures, this represented a critical limitation, as a peak shortly after the administration
of the substrate and the absence of a plateau can negatively affect the reproducibility and
the reliability of the data, especially when long exposure times are required. It is worth noting
that the kinetics observed by lwano et al [205], one of the first reports on the use of AkaBLlI,
was completely different when imaging cells administered intracranially where the signal
after IP administration of the substrate peaked after approximately 15 minutes [205]. These
differences in kinetics between organs have never been reported for FLuc and show that

AkaBLI results might be inconsistent when doing whole body imaging.
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Another AkaBLI limitation observed in CHAPTER 4 was the detection of an unspecific liver
signal when the substrate was injected IP, found even in mice that received no MSCs.
Although this has been previously reported [196, 278], the quantification of the signal 3 days
post administration revealed that the unspecific signal from Akalumine-HCI was actually as
strong as the MSC-specific signal from FLuc combined with D-Luciferin, highlighting the

potential for inaccuracies when using AkaBLI.

Finally, although Akalumine-HCI has already been reported to be cytotoxic in vitro [214, 279],
toxicity had not been previously described in animals. The results presented in CHAPTER 4
revealed the formation of lesions in the sites of SC injection of Akalumine-HCI, with different
degrees of severity. The nature of these lesions was not investigated here but it is clear that
the substrate leads to an abnormal reaction in the animal’s skin. On the other hand,
administration of substrate IP did not lead to any observable adverse reaction. This could be
because the effects are less severe than SC, because the nature of IP delivery makes it more
difficult to identify the specific injection area, or because SC administration is associated with

a higher local concentration of the substrate compared to IP.

In summary, the data collected revealed no superiority of the AkaBLI to the FLuc system for
the experimental set-up used in this thesis. Actually, | found that the FLuc system had a better
performance in terms of: (i) stronger signal with SC administration of substrate, which has no
bias towards organs of the torso; (ii) signal kinetics, exhibiting a plateau whether the
substrate is administered SC or IP, offering a uniform data acquisition window; and (iii) safety,

with a non-toxic substrate that is specific to the enzyme of interest.

4. All MSCs tested, irrespective of the tissue source, are entrapped in the lungs and are
short lived when administered intravenously in mice; however, the presence of a

kidney injury leads to a minor prolongation of their survival.

The standardisation of culture and transduction protocols for MSCs enabled my investigation
of their biodistribution following IV administration into healthy and injured (IRI) mice. In both
groups the cells reached the lungs immediately after their administration, where they
became entrapped in the microcapillaries of this organ. Also, the cells died over time and
were completely undetectable after 7 days. This was not unexpected and in line with the

literature [102, 103, 276, 287].

No migration away from the lungs was observed in either healthy or injured animals, but
interestingly, all three types of MSCs displayed a prolonged survival over the first 24 hours in

the IRl animals. This was particularly evident for the A-MSCs. As mentioned in CHAPTER 5, |
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hypothesised that the inflammatory state induced in the animals by the presence of the
injury could somehow help the MSCs to survive in the lungs of the animals. The injury induced
in this bilateral renal IRl model is temporary and reported to completely recover within 3
days from the induction of the injury [282]. This is in line with the enhanced cell survival
observed, as after 3 days the signal detected in the lungs of healthy and injury animals is

similar.

Several mechanisms of action have been proposed for the MSCs, including direct and indirect
immunomodulation [329], secretion of extracellular vesicles [330, 331] and the shedding of
microRNAs [332, 333]. Whether the cells need to be alive to exert their functions is still under
debate, but apoptosis has been proposed as a mechanism whereby the MSCs can interact

and prime the host immune system [102, 113, 116, 117].

Because the survival of the cells can have an impact on their possible therapeutic function, it
would be interesting to investigate whether this can be further enhanced by inducing a
chronic condition in the animals. Also, lipopolysaccharide (LPS) could be utilized to trigger a
systemic inflammatory response to investigate whether this can enhance the survival of the
cells in the lungs. Exploring how the general health status of the host can influence the
survival of the MSCs is important not only for their therapeutic potential, but to possibly

improve the patient enrolment criteria when recruiting for a clinical study.

5. The immune system of the host has no role in the initial cell death observed after the
infusion of UC-MSCs, despite an impaired immunological status resulting in an
increased cell persistence. UC-MSCs administered in immunocompromised animals are

safe and do not proliferate out of control.

Possible tumorigenicity and uncontrolled differentiation are still concerns on the use of live
administered MSCs in the clinic [167, 169, 170, 334]. In CHAPTER 5 | investigated the
biodistribution and the survival of UC-MSCs in two different immunocompromised mouse
strains, SCID and NOD/SCID, to clarify both the role of the immune system in the cell death
observed in immunocompetent animals and the possible proliferation of the administered
cells. Because | did not observe any difference between the UC-, BM- and A-MSCs in the
previous experiments and the cells were all cultured and transduced following standardised
tissue culture procedures, | only used UC-MSCs to investigate the fate in

immunocompromised mice.

After confirming that lung entrapment also occurs in immunocompromised strains, |

observed a decay in bioluminescence signal from UC-MSCs administered to SCID and
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NOD/SCID mice that was comparable to that of immunocompetent animals, both at day 1
and at day 3. Because of this, a direct role of either the innate or the adaptive immunity in
the initial death of the cells was excluded. However, while all the immunocompetent animals
showed no signs of cells 5 days post administration, this was not the case for the SCID and
NOD/SCID animals. Data collected in CHAPTER 5 indicated a prolonged survival of a small
fraction of cells in some, but not all the SCID and NOD/SCID animals. This suggests that,
despite not being actively involved in the initial cell death, the immune system is likely to
have a role, either direct or indirect, in the death of those MSCs that survive beyond day 3.
Nonetheless, an impairment of the immune system is not likely to allow the MSCs to
proliferate out of control or to migrate and engraft in other tissues, as they eventually

completely disappear.

In summary, | observed (i) a reduced cell death when an ischemia injury procedure was
induced in immunocompetent mice and (ii) an enhanced persistence of those cells surviving
the initial cell death in immunocompromised mice. Although in both cases the cells were
cleared by the end of the experiment, it would be interesting to investigate what would be
the effect of inducing an inflammatory state in immunocompromised animals on the survival
of IV administered MSCs. Patients enrolled for clinical trials may have comorbidities, and
some may be immunocompromised, so clarifying if the presence of multiple factors can
impact on the survival of the MSCs can help in understanding both their therapeutic potential

and their safety.

6. In mice, the presence of UC-MSCs in the lungs triggers a quick neutrophil response 2

hours after their administration.

In CHAPTER 5 | investigated if the administration of UC-MSCs had an influence on plasma
cytokines or the presence of several immune cell populations in different organs. As time
points for this study, | choose 2 and 24h after MSC injection. The most striking result was the
quick upregulation of neutrophils in the blood, in the lungs and in the spleen at 2 h after
administration. The neutrophil chemoattractants CCL2, CCL7, Gro-a and IP-10 were also
increased in plasma at this time point. It is unclear if these chemoattractants are released by
the infused MSCs, by local endothelial cells from the lung capillaries, or by local immune cells
that are immediately triggered by the presence of the MSCs. It is worth highlighting that this
appears to be a quick and short-lived response by the host, as the levels of neutrophils and
the chemoattractants mentioned above are restored after 24 hours. The increase of

neutrophils in the spleen is also interesting, as unlike the blood and lungs, no UC-MSCs
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reached this organ. As a secondary lymphoid organ, the spleen is connected to the lymphatic
system and can be considered analogous to a large lymph node [335]. The reasons why |
observed an upregulation of the neutrophils in the spleen immediately after the
administration of the UC-MSCs is unclear and should be further investigated, particularly
considering that migrating neutrophils could interact with local T- and B-cells in the white
pulp. In that aspect, it is interesting to note that | observed a statistically significant increase
in the percentage of T regulatory cells in the spleen 24 hours after the administration of the
cells. Whether this is directly related to the release of any factors by the MSCs or by
neutrophils or other immune cells migrating to the spleen, is unclear and should be

investigated.

These results highlight a clear response of the immune system to the presence of the MSCs.
The quick response of the neutrophils, as innate immune cells, is not unexpected, but it
would be interesting to investigate the behaviour of other immune cells at different time
points. It is worth pointing out that B-cells and CD8 T-cells decreased in the lungs 2 and 24 h
after the administration of the cells, respectively. This is a quick response of the adaptive
immune system, and it would be interesting to investigate what is happening in the spleen
at later time points following the administration of the cells. The MSCs are dying in the lungs
and the debris is probably removed by recruited phagocytic cells. These cells are likely to
migrate to local lymph nodes and to the spleen to exert their antigen presenting cell (APC)
functions [335-339]. MSCs are known to exert immunomodulatory functions through
different pathways, but nothing is reported in the literature about the interaction of APCs

that have engulfed fragments of dead MSCs with B and T naive cells.

On that concerns the reduced cell death observed in animals that received the IRI, it would
be interesting to investigate the response of the immune populations of those animals at
different time points and compare it to IRl animals that do not receive cells. Such animals
would probably have a systemic inflammatory condition induced by the presence of the
injury, so the experiments must be planned with caution. It would also be interesting to
investigate the inflammatory populations recruited at the site of the injury. The use of genetic
reporter techniques [340] could be used to discriminate between immune cells that have
engulfed MSC debris and have migrated there (if this is the case) and inflammatory cells

recruited by the injury itself.
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6.1 CONCLUSIONS

To conclude, | have shown that the three most common types of MSCs used in clinical trials
(UC-, BM- and A-MSCs) reach the lungs following IV administration. Additionally, those cells
do not escape the lungs even when an injury is induced in the kidneys, or when the animals
are immunocompromised. Most of the cells die shortly after administration, and this is likely
because the lung microenvironment isn’t suitable for their long-term survival. The immune
system is likely responsible for the killing of only those cells that can survive the initial cell
death. Finally, despite most of the cells dying in the first 24 hours, they induce an immediate
immunological reaction in the host, with a particular involvement of neutrophils. A further
comprehension of how the MSCs either directly or, indirectly by paracrine signalling or cell
death, can influence the immune system of the host could be key to the successful

development of effective MSC-based therapies for different diseases.
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