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Abstract

Mesenchymal stromal cell (MSC) treatments have shown beneficial outcomes
in preclinical models of various diseases but limited therapeutic effects in
clinical trials. This disparity in translation reflects the need to understand the
mechanisms involved in the host’s response to therapy. Intravenous injection
is the preferred delivery method in the clinics, but it has been observed that
using this route leads to MSCs becoming entrapped in the lungs, making this

organ an interesting study target.

In this thesis, different imaging modalities to study the distribution and fate of
administered MSCs in the lung were used. The first aim was to combine the
sensitivity of bioluminescence imaging (BLI) with the ability of micro-computed
tomography (micro-CT) to image lung tissue to track the cells in vivo. Then, to
study the biodistribution of the MSCs in the lung microenvironment at single
cell resolution, an optical tissue clearing protocol was established. Finally, the
effect of the MSCs on innate immune cells in the lung and their potential

interactions were investigated.

Human umbilical cord MSCs (hUC-MSCs) that had been labelled with the
genetic reporter Firefly luciferase (FLuc), the fluorescent reporter tandem
Tomato (tdTomato), or with gold nanorods were used. The hUC-MSCs were
injected into the tail vein of mice, which were then imaged in vivo using BLI
and micro-CT. After MSC injection, animals were culled, and the lungs

collected and processed for confocal microscopy or flow cytometry.

BLI revealed that following intravenous injection, the MSCs localized to the
lungs hampering the ability of MSOT to image the MSCs within this organ.
Using micro-CT, it was not possible to detect the MSCs, indicating that this
method might lack sensitivity to image gold-labelled cells. Next, the CUBIC, a
modified stabilized DISCO (s-DISCO) and ethyl cinnamate (ECi) optical tissue
clearing protocols were compared to find a suitable method for studying the
biodistribution of hUC-MSCs and their interactions with the mouse lung
microenvironment. CUBIC was the only method that enabled direct imaging of
tdTomato-expressing hUC-MSCs as the other methods quenched the

fluorescence of the reporter. Moreover, CUBIC in combination with
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immunofluorescence allowed the interaction of the hUC-MSCs with cells in the
host lung to be investigated. Particularly, it was observed that the hUC-MSCs
appeared to be retained in the pulmonary microvasculature as they were not
found in large blood vessels. Flow cytometric analysis showed that shortly after
hUC-MSC |V injection, neutrophils, monocytes, and macrophages mobilized
to the lung and participated in an inflammatory response. Twenty-four hours
post cell infusion, the number of innate immune cells in the lungs decreased
but a polarization toward an anti-inflammatory phenotype was observed.
Moreover, immunofluorescent staining revealed that neutrophils were
preferentially distributed in close vicinity to the hUC-MSCs, suggesting that
their clearance within 24 h might involve efferocytosis.

In summary, using a range of in vivo and ex vivo imaging techniques, it was
shown that following intravenous injection into mice, hUC-MSCs appeared to
accumulate in the pulmonary vessels and mostly died within 24 h. Within 2 h
following administration, the hUC-MSCs caused an inflammatory response in
the lung, leading to an increase in neutrophils and pro-inflammatory
macrophages. However, by 24 h, neutrophils were at basal levels and there
was an increase in anti-inflammatory macrophages. Although there are
numerous reports indicating that MSCs polarise macrophage towards an anti-
inflammatory phenotype, an interesting finding of this study was that the initial
effect of hUC-MSCs on host immune cells was actually pro-inflammatory. This

may provide some insight into the potential therapeutic mechanisms of MSCs.
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Chapter 1. Introduction
1.1  Mesenchymal Stromal cells

The 1970s saw the isolation of mesenchymal stromal cells (MSCs) from the
bone marrow for the first time (4). These cells were defined as a subset of
fibroblast-like cells that could generate fat cells, bone, cartilage and reticular
cells in vitro (4). Since then, several studies have reported that MSCs can be
isolated from the stromal fraction of a variety of additional tissues such as
umbilical cord, tooth pulp, adipose tissue, synovial membrane, placenta and
more (5-9).

Regardless of tissue of origin, the International Society for Cell Therapy
established minimum criteria to characterize MSCs: plastic adherence,
trilineage in vitro differentiation (adipogenic, osteogenic, chondrogenic), and
expression of CD73, CD90, and CD105, as well as the lack of expression of
the CD45, CD34, CD19, CD14, CD79a, CD11b, MHC Il and HLA-DR surface
markers (10).

MSCs vary greatly based on the tissue and donor from which they were
derived (11,12). For example, varying degrees of in vitro multi-differentiation
and proliferative capacities can be observed in single-cell derived clones of
human bone marrow MSCs (13,14). Moreover, isolating them in large numbers
is challenging, and long term culture affects their properties and makes them
susceptible to malignant transformation (15).

Despite the above-mentioned limitations, there is a great deal of interest in
using MSCs as therapies; which is related to their immunomodulatory effects
and ability to promote tissue repair (16). Currently, according to
ClinicalTrials.gov, over 5,500 MSC-based clinical trials are active or in
recruitment world-wide. These span a broad range of clinical applications,
including musculoskeletal, neurological, cardiovascular, gastroenterological,
haematological, dermatological, pulmonary, renal, ophthalmological,

gerontological, and psychiatric conditions (17,18).

Most clinical studies focus on safety and have generated promising results,
demonstrating that MSC treatments are relatively safe (19). Fewer studies
22



address efficacy and the minority of these have been able to meet primary
efficacy endpoints (20). Conversely, efficacy in preclinical studies has been
thoroughly assessed (21) with beneficial effects reported in bone diseases and
cartilage repair (22—24), neurodegeneration (25), heart conditions (26,27), liver

regeneration (28), skin regeneration (29), kidney diseases (30—32) etc.

Several factors, such as variability in the potency of the MSC products,
differential  biodistribution and  pharmacokinetics influenced by
the administration route selected, and a limited understanding of the host’s
response to the MSCs, are likely to contribute to their unsatisfactory clinical
outcomes (20). The discrepancy between preclinical and clinical data reflect
the challenges of translating MSC therapies and highlight the need to better

understand the mechanisms of action of MSCs as therapeutic agents.

1.2 Lung first-pass effect

The preferred delivery route for cell therapies in the clinics is intravenous.
Several studies to date have shown that administering MSCs via this method
leads to the cells becoming trapped in the lung’s microvasculature (33-37), a
phenomenon known as the first-pass effect (38). A possible reason for the
MSCs becoming trapped is because their diameter is larger than that of the
pulmonary capillaries (39). Moreover, the cell surface structure and adhesion
molecules of MSCs influence their clearance rate in the lungs (40,41). MSCs
culture and expansion increases the levels of integrins such as p1, a5, and
aVB3 (42). These integrins can directly interact with lung endothelial cells, as
they express integrin ligands such as fibronectin and vitronectin in their surface
(42). Nevertheless, despite MSCs being entrapped in the lungs, efficacy of

MSC therapies has been observed in several preclinical models of disease.

1.3  Immune system

The immune system is comprised of haematopoietic stem cell-derived cells
(Figure 1) which function is to defend against infection and disease. The
immune system’s reaction to invasive pathogens and other foreign substances
is known as the immune response and, depending on the specificity and speed
of the reaction, it can be subdivided into innate and adaptive immunity (43).
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Figure 1. Haematopoiesis. Diagram showing the lineage development of
different blood cells derived from a common myeloid progenitor or a common
lymphoid progenitor. By Raza, Y, Salman, H, and Luberto, C. Cells 2021,
10(10), 2507.

1.4 Innate immunity

The innate immune system is the first line of defence against pathogens, and
includes physical and chemical barriers, as well as cells and molecules. This
system’s main tasks are to rapidly prevent, control and eliminate infections, to
repair damage, and to enhance the immune response by activating adaptive

immunological responses (44).

Innate immune responses rely on the recognition of pathogen associated
molecular patterns (PAMPS) shared by large groups of microorganisms (45).
The cellular component of the innate immunity includes antigen presenting
cells (APCs) such as granulocytes (neutrophils, basophils and eosinophils),
and dendritic cells and macrophages, which are derived from monocytes
(Figure 1). The aforementioned cells, which are derived from a myeloid
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progenitor, are professional phagocytes that remove apoptotic cells and clear

pathogens (46).

Macrophages can specialize based on their anatomical location. In the lung,
alveolar macrophages constitute the main immune cell type (47). Alveolar
macrophages are long-lived tissue resident macrophages that populate the
lung during early embryogenesis. They play a crucial role in preserving lung
homeostasis by removing particles, microorganisms and allergens from the
lung’s alveolar surfaces, without causing inflammation (48). In contrast,
interstitial macrophages are short-lived cells that are recruited to the lung in
response to injury and contribute to the inflammatory response (49). Moreover,
the macrophage’s phenotype varies depending on the tissue
microenvironment. M1 or classically-activated macrophages are considered
pro-inflammatory while M2 or alternatively-activated macrophages are anti-

inflammatory (50).

1.5 Adaptive immunity

The adaptive immunity is characterised by a two-stage targeted response
driven by antigen-specific receptors on T and B lymphocytes. First, APCs of
the innate immune system present the antigen to specific T or B cells which
leads to these cells becoming activated. Second, an effector response occurs
as a result of the activated T cells migrating to the disease site, or activated B
cells secreting antibodies into the blood and tissue fluids (43). Although the
innate and adaptive immunity are closely related, the main advantage of the
adaptive immunity is memory formation, which provides protection against

recurrent infections (44).

1.6 MSCs mechanism of action

It was first thought that upon intravenous administration, MSCs migrated to
injury sites, where they engrafted and differentiated into functional cells,
leading to the regeneration of injured or diseased tissues (51). This hypothesis
has been disproven and over the last decade, there has been a surge in
studying the processes by which MSCs might be involved in the repair of
damaged organs and tissues despite becoming entrapped in the lung and

25



dying rapidly following intravenous administration (51-53). The field has made
significant progress in characterising numerous mechanisms by which
administered MSCs can promote tissue regeneration that will be discussed
below.

1.6.1 Paracrine effects

MSCs secrete multifunctional molecules such as cytokines, chemokines and
growth factors, which are involved in regeneration and immune modulation.
The MSC secretome and MSC-derived plasma membrane particles, through
membrane fusion and internalization mediated via cell-surface receptors, act

on the innate (54,55) as well as the adaptive immune system (52).

Innate responses include inhibition of natural killer (NK) cell proliferation and
prevention of NK cytotoxic activity (56,57), augmented neutrophil viability and
function as well as protection against apoptosis (58,59), suppression of
dendritic cell (DC) maturation (60), prevention and decrease of monocyte pro-
inflammatory polarization (54,61), contribution to macrophage anti-
inflammatory polarization (62), and attenuation of the secretion of inflammatory
factors by activated macrophages (63). Adaptive immune responses include
reducing the activation, proliferation and differentiation of B- and T-cells (64—
68).

An important consideration is that MSCs may exert variable
immunomodulatory responses depending on the local microenvironment (53).
For example, inflammation has been shown to alter the morphology and
proliferation of adipose tissue-derived MSCs. Moreover, their
immunosuppressive  capacity was enhanced when exposed to
proinflammatory cytokines (69). In vivo, the microenvironment might result in
the MSCs having a detrimental impact on the disease state as shown by
fibrotic worsening in a lung injury model (70). On the contrary, a different lung
microenvironment might aid in stimulating the immunomodulatory benefits of
the MSCs (71). These results show that MSCs switch their effects based on

the disease status.
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Additionally, the components of the MSC secretome have the potential to
rescue injured cells, decrease tissue damage and enhance repair. These
effects are mediated via trophic factors that can promote angiogenesis, reduce
inflammation and fibrosis, and induce progenitor cell renewal (72-74).
Although the mechanisms by which these paracrine processes promote cell
survival and repair remain to be elucidated, the utility of MSCs and their
released products has been demonstrated in a variety of disease models (75—
77).

1.6.2 Extracellular vesicle transfer

Extracellular vesicles (EVs) are lipid bound vesicles released into the
extracellular space by most types of cells (78). EVs contain lipids, nucleic
acids, proteins, mRNAs, and miRNAs that mediate the therapeutic effects of
MSCs by participating in cell-to-cell communication, as well as communication

with the microenvironment (79).

The administration of EVs generated from various MSC sources has been
shown to be beneficial in a variety of conditions such as lung (79), inflammatory
(80), retinal (81), kidney (82), neural (83), and heart diseases (84), as well as

cancer (85).

EVs interact with recipient cells through a variety of mechanisms such as
endocytic internalization, fusion with plasma membranes, and plasma
membrane receptors (86). Upon internalization, they exert therapeutic effects
by the release of their cargo, which might inhibit or activate particular signalling
pathways that trigger immunomodulatory responses, promote cell
proliferation/survival, modulate differentiation, mediate cell communication, etc
(79,87).

After EV administration, various studies have found an increase in cell
proliferation and angiogenesis, and a decrease in apoptosis and inflammation
(88,89). Moreover, a subset of MRNAs and miRNAs within the EVs may affect
gene expression, resulting in regulation of biological activity and therapeutic
effects (90). The miRNA profile of EVs derived from adipose, umbilical cord

and bone marrow MSCs varies greatly (91), with little overlap between
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sources. Adipose and bone marrow exosomes contain miR-486-5p and miR-
10b-5p in high abundance, while no miRNA expressed by umbilical cord

exosomes overlaps with the former sources (92).

Although the research on the effects of specific miRNAs on therapeutic
outcomes remains scarce, it has been shown that EVs that include miR-21-5p
promote microglial M2 polarisation and alleviate neuroinflammation after
traumatic brain injury (TBI) (93). Moreover, miR-873a-5p decreased

neuroinflammation after TBI by blocking the NF-kB signalling pathway (94).

These discoveries have shifted the field toward a cell-free approach to therapy,
as EVs derived from MSCs display immunomodulatory and regenerative

properties similar to the parent cells (95).

1.6.3 Mitochondrial transfer

Evidence suggests that the ability of MSCs to transfer their mitochondria to
injured cells and modulate their cellular metabolism, can also help restore the
biological fithess of the recipient cells (96). This phenomenon occurs in the
context of injury and inflammation as a response to damage-associated
molecular patterns and reactive oxygen species (97).

Mitochondrial donation from MSCs resulting in improved outcomes has been
described in different in vivo disease models such as acute lung injury (98),
spinal cord injury (99), asthma (100), neurotoxicity (101), and nephropathy
(102,103). This evidence suggests that MSC mitochondrial transfer contributes

to their therapeutic efficacy.

Transfer of mitochondria affects immune cell behaviour. Examples of this are
macrophages that become more phagocytic by promoting an anti-
inflammatory phenotype after receiving MSC mitochondria (104), and the

improvement of T-cell immunosuppressive activity (105,106).

Different mitochondrial transfer mechanisms have been described. Tunnelling
nanotubes (TNTs) are long-distance (<100 um) cytoplasmic extensions that
form cell-to-cell connections that facilitate the exchange of components,
including mitochondria, between cells (107-110). In addition, cell fusion and

gap junctions have also been shown to be involved in this process (111,112).
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Finally EVs have also been shown to contain mitochondrial DNA and whole

mitochondria in their cargos (113).

Mitochondrial transfer has been linked to a variety of physiological and
pathological processes, as well as to the therapeutic effects of MSC therapies.
When compared to mitochondrial biogenesis, replacement of damaged
mitochondria through donation from MSCs is a quicker and physiologically
more practical for the recipient cell (114). For instance, the symptoms of
Parkinson’s disease were improved by IV injection of exogenous mitochondria

into a mouse model of this disease (115).

1.6.4 MSCs apoptosis and phagocytosis

Recognizing and clearing apoptotic cells by phagocytosis is an essential
mechanism to preserve tissue homeostasis. Recently, MSC apoptosis and
phagocytosis have been suggested as processes involved in MSC-mediated
immunomodulation following IV administration (116-119).

Rapid caspase activation has been observed following IV MSC delivery and
lung entrapment, indicating that infused MSCs undergo apoptosis shortly after
delivery but retain their immunomodulatory potential (119). Importantly, MSCs
resistant to apoptosis did not exert immunosuppressive effects in a murine
model of asthma, indicating that apoptosis is necessary for the therapeutic
effect of the MSCs in this setting (118).

Moreover, efferocytosis by monocytes and macrophages resulted in
alterations in the polarization status, immunometabolism and function of these
cells, impacting their effects (116-118,120). Neutrophils have been shown to
be involved in the clearance of exogenously administered MSCs in vivo by
means of phagocytosis (116). These findings imply that the immune system is
directly involved in the clearance of infused MSCs and in mediating their

effects.
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1.6.5 Immunomodulation

MSCs are often referred to as “immune privileged” given that they do not
express major histocompatibility complex (MHC) Class II, and express very
low levels of MHC Class | (121). This statement is debatable given that MSCs
have been reported to trigger the production of antibodies resulting in the
rejection of allogeneic cells (18). Moreover, they interact with cells of the innate
and adaptive immune system triggering immunomodulatory responses (122).
As previously discussed, the fundamental mechanisms of these interactions
are now being thoroughly investigated. Overall, the immunomodulation
mediated by MSCs is a redundant system, in which the molecules involved
(growth factors, chemokines, cytokines, membrane particles, EVs miRNAS)
play inter-related roles (123). Thus, more research in this area is necessary to
fully explore MSC-mediated therapeutic immunomodulation in clinical

application and implementation.

1.7 MSCs labelling and tracking

Determining MSC fate after infusion is essential to advance cell therapies
(124). This requires that cells are labelled to monitor them in vivo and ex vivo.
The label is necessary to distinguish the administered cells from their tissue
environment within the host. In some circumstances, for example when human
stem cells or their derivatives are applied in rodent models, they can be
identified ex vivo via immunohistochemistry for cell-endogenous markers, e.g.
human-specific nuclear antigen (125). However, in many cases and especially
when administered cells are to be tracked via in vivo imaging, a label needs to
be introduced prior to administration. Such a label should allow easy
identification of infused cells in host tissue without inducing morphological and
physiological changes. The ideal label should be harmless to the cells,
facilitate detection at high-resolution, be reliable and stable to avoid false
positives, give a strong signal, permit repeated, longitudinal imaging and be
introduced using minimally invasive protocols (126,127).

Chemical probes and nanoparticles, which are typically taken up by
endocytosis, can provide an easy-to-apply and robust label for cell tracking via
computed tomography (CT) and photoacoustic imaging (PAI), among other
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imaging in vivo strategies. However, when used to label proliferating cells, they
usually only allow short-term cell tracking as the label becomes diluted during
cell divisions. Furthermore, the risk of false positive signals needs to be
considered as probes can be taken up by endogenous host cells following
death of the originally labelled and administered cells. Also, some probes, e.g.
iron oxide nanoparticles and gold nanorods, can generate a signal after the
labelled cell dies (128).

Labelling cells with genetically encoded reporters allows for in vivo monitoring
and longitudinal tracking of viable cells after infusion in animal models (129).
Suitable reporter genes are available for imaging modalities such as
bioluminescence (BLI) (Firefly luciferase, Renilla luciferase, NanoLuc®) (130),
and fluorescence imaging (iRFP, tdTomato, etc.). One consideration is that

reporter genes might become silenced upon stem cell differentiation.

1.7.1 Invivo cell tracking

1.7.1.1 Bioluminescence
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Figure 2. Bioluminescence imaging. A) Luciferase reporter genes or
genetically engineered cells, bacteria, or viruses expressing luciferase are
inserted into an animal. Then, luciferin is injected into the experimental subject.
An in vivo imaging system detects the emitted light, analyses the signals and
generates an image. B) Bioluminescence results from an oxidation reaction
catalyzed by the luciferase enzyme in the presence of oxygen. Luciferin is
transformed into oxyluciferin and light.
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In order to track the fate of stem cells in vivo via the optical imaging technique
BLI, cells are commonly modified with reporter gene vectors, which are
maintained transiently, or permanently when integrated into the host cell
genome (129,131). Genomic integration of reporter genes can be achieved
with high efficiency in most mammalian cell types through the use of VSV-G
pseudotyped lentivirus vectors, which bind to the low-density lipoprotein
receptor (132). Alternatively, adenovirus, are non-integrating vectors that are
increasingly used for a variety of applications (133). A clinically relevant aspect
to consider is that the insertion of constructs via viral vectors might result in
downstream immunogenicity and potential mutagenesis (127). The choice of
reporter genes for optical imaging is limited by the light absorption and
scattering characteristics of tissues. Absorption by endogenous molecules like
haemoglobins and melanin, as well as scattering, are minimal in the near-
infrared part of the spectrum (~650-900 nm), thus leaving an ideal imaging

window that can be explored with reporter genes (134).

BLI utilises reporter genes encoding luciferase enzymes for monitoring of
exogenous cell fate (131,135). This technique relies on the oxidation of specific
substrates by luciferases, which results in light emission (Figure 2). It
constitutes the most sensitive optical imaging method in small animals, and
the firefly luciferase/D-luciferin system provides light emission at 600 nm, i.e.,
close to the NIR window. Recent efforts have been made to develop mutant
firefly and click beetle luciferases in combination with novel enzyme substrates
to shift light emission closer to the NIR window (136). These systems can

detect small cell numbers in deep tissues and in the brain (137,138).

Overall, BLI is a non-invasive technique that allows for pre-clinical whole-
animal imaging and longitudinal cell tracking, limited mainly by its low spatial
resolution (127,139).
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1.7.1.2 Computed tomography

Computed tomography (CT) is a non-invasive imaging technique in which a
narrow beam of x-rays is spun around a subject, producing 3D anatomical
images based on the differential X-Ray attenuation from tissues (140). Its high
spatial resolution with high signal-to-noise ratio, high depth of penetration,
guantitative capabilities, fast temporal resolution, and cost effectiveness have

made it a widely applied imaging modality in the clinic (141).

In recent years, micro-computed tomography (micro-CT) has emerged as an
imaging modality to study the biodistribution of nanoparticle-labelled MSCs in
animal models (142). Gold has been used for this purpose since gold
nanoparticles (GNPs) are easily synthesized, and their surface can be
straightforwardly modified and functionalized (143). Moreover, gold has
excellent X-ray attenuation properties (144). The primary shortcomings of

micro-CT are its low sensitivity and the need for ionising radiation (142,145).
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1.7.1.3 Photoacoustic imaging
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Soundwaves
are detected
bya
tomographic
transducer.

Short laser light
pulses
illuminate the
tissue of
interest.

fransducer

Water bath

Radiative Thermal

. Excitation relaxation relaxation
Excited state
4+
1 % Ultrasound
Chromophores in the Sound signals are
tissue absorb the light _ Scattered % ))) reconstructed
causing the molecules Incident light using
to vibrate light adv:anced
(thermoelastic ’)) algorlth.ms to
expansion) generating form an image.
acoustic waves.
Ground state

Figure 3. Photoacoustic imaging is based on the photoacoustic effect. In pre-
clinical imaging, the specimen is anaesthetised, secured with a sealed pouch
with air supply and placed in a water bath. Pulsed infra-red laser light is
delivered into the specimen, where it is absorbed by endogenous molecules
and labelling probes. It then undergoes radiative and non-radiative relaxation.
Non-radiative relaxation is converted into heat, generating a thermoelastic
expansion of the absorbing molecules, which results in acoustic waves that
are transmitted efficiently in the fluid environments of the body and water bath.
The ultrasonic waves are detected by a tomographic transducer, which allows
signal analysis, processing and image generation.

Photoacoustic imaging provides functional and anatomical information in real-
time and is clinically relevant as it has been used in human diagnostics (146).
The depth of penetration is up to several centimetres while maintaining a high
spatial resolution (147). Photoacoustic imaging detects the ultrasound waves
that result from thermal expansion induced by the absorption of pulses of
infrared laser light (Figure 3). The contrast can be endogenous (for example
due to absorption by haemoglobin) or exogenous via the use of a contrast
agent (148). Gold nanorods are ideal contrast agents for PAI as these particles
have a longitudinal plasmon band with strong absorption in the infrared and
their surface is easily modifiable (149). In addition to gold nanopatrticles, other
PAI contrast agents can be used. These include near-infrared fluorescent
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protein (iRFP) reporter genes and dyes, single-walled carbon nanotubes, silver

nanoparticles and hybrid contrast agents (148-151).

Examples of PAI applications in pre-clinical research include short- and long-
term tracking of a MSC line in mice after combined labelling with an iIRFP and
gold nanorods (150) and monitoring the viability of gold nanorod-labelled

MSCs that were coated with a ROS-sensitive near-infrared dye (152).

PAI has also been incorporated into small endoscopes for cell imaging inside
the body, allowing much deeper tissue penetration (153). As with other
imaging modalities, the general limitation of probe/ signal dilution due to cell

division, if not genetically encoded, also applies to PAI contrast agents.

1.7.1.4 Other imaging modalities

Although not used in this thesis, other imaging modalities, such as nuclear
imaging and magnetic resonance imaging (MRI) have been used to track
MSCs in vivo (154).

Nuclear imaging is a non-invasive imaging modality, which offers high
sensitivity with well-established imaging probes (155,156). Positron emission
tomography (PET) and single photon emission tomography (SPECT) are
nuclear imaging technologies that allow sensitive 3D tracking of cells that have

been labelled with radiotracers by detection of y-rays (157).

Limitations in PET and SPECT are the use of radioactivity and the identification
of safe dosages of the radiotracers, their leakage into host tissue cells, dilution
of signal due to cell proliferation, lack of anatomical information, and the fact
that information on cell viability and function cannot always be obtained
(154,158).

MRI can be used to study anatomical and physiological processes in the body
without requiring ionising radiation. Instead, strong magnetic fields, magnetic
field gradients, and radio waves are used in MRI scanners to manipulate the
protons and neutrons contained in hydrogen atoms to generate images (159).
MRI’s ability to image deep within tissues and its high sensitivity and temporal

resolution make this technique a good option to track cells non-invasively in
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vivo. MSCs can be labelled before transplantation by incubation with MRI

contrast agents or by using transfection methods (160).

Limitations of MRI cell tracking include the potential toxicity of the cells labelled
with MRI contrast agents to the surrounding tissues, as well as the signal
dilution due to cell proliferation when the label is not genetic, the difficulty of
access to this technique, and its inability to image the lungs (161), were MSC
localize after 1V injection (162).

1.7.1.5 Multi-modal imaging

As each of the previously described imaging modalities have specific
limitations, for robust and reliable assessments of the fate of cells applied in
pre-clinical animal models it is necessary to combine different labelling and

imaging strategies to allow a more comprehensive analysis (35).

Multimodal cell labelling and imaging approaches are increasingly being used.
An example is the combination of BLI with gold-nanorod PAI to evaluate the
safety of mouse cells and hUC-MSCs by following their biodistribution after
intravenous or intracardiac injection into mice (35). A PAI/BLI approach has
also been used to track a MSC line after intracardiac injection into mice (150).

Multimodal imaging can achieve the highest possible sensitivity and spatial
resolution of cell tracking over the short- as well as the long-term by
maximizing the strengths of the individual imaging modalities. Importantly,
such longitudinal experimental designs can significantly reduce the number of

animals required in cell-based regenerative medicine.

1.7.2 Exvivo cell tracking

1.7.2.1  Microscopy

The field of life sciences relies on visualization techniques to understand
biological events. One such technique is optical microscopy. Microscopes
have been at the heart of scientific discoveries since the first one was

developed by Leeuwenhoek in the 17th Century (163).
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Fluorescence microscopes are a common tool in biology laboratories.
Fluorescence microscopy offers a high signal-to-background, sensitivity and
specificity (164). However, traditional fluorescence microscopy excites all the
fluorescence within the field of view in all dimensions, generating out-of-focus
light and inducing photobleaching and photodamage. Moreover, only thin

sections can be visualized by this approach (165).

To overcome these limitations, confocal microscopes work on the principle of
point excitation in the specimen (diffraction-limited spot) and point detection of
the resulting fluorescent signal by using a pinhole, meaning that light detection
Is restricted to photons originating from the focal plane. This characteristic
allows for the visualization of thick specimens by optical sectioning in the Z-
axis (166).

1.7.2.2 Optical tissue clearing

As mentioned, confocal microscopy enables 3D imaging of thick sections.
Nevertheless, biological samples are inherently opaque and deep tissue
imaging is challenging (167,168). Optical tissue clearing is a technique that
renders opaque samples transparent by removing lipids and pigments and
matching the refractive index (RI) within the sample, while preserving its
structure. This process minimizes the heterogeneities within specimens and

results in decreased light scattering, allowing deep tissue imaging (169,170).

Whole organ imaging maximizes tissue sampling and reveals 3D structures
necessary to accurately evaluate the cellular organization within tissue
microenvironments. This circumvents the shortcomings associated with thin
section analysis as sampling bias might result in an inaccurate analysis; for
instance, many cell types are rare and their distribution within organs is not

uniform, meaning they could be missed in thin sections (171).

Despite its many advantages, optical tissue clearing also has several
disadvantages, including (i) it is limited to fixed samples; (ii) the use of
corrosive solvents and the objective’s working distance can limit the
microscopes that can be used; (iii) antibody labelling can be challenging when

working with thick samples; (iv) high-resolution, deep imaging generates
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terabytes of data, posing a challenge for data storage and handling (172).
Regardless of its limitations, this field is continually evolving, and technological
advances will allow its implementation in a broader range of applications,

including MSC tracking.

1.7.2.2.1 Optical tissue clearing methods

The interest in optical tissue clearing has grown rapidly resulting in an
abundance of clearing protocols, making its categorization challenging (172).
Broadly, clearing methods can be divided into solvent-based (hydrophobic)
and aqueous-based (hydrophilic), depending on the chemistry used (173). The
first step in either method relies on tissue fixation to preserve morphological

and functional information throughout clearing (174).

1.7.2.2.1.1 Solvent-based methods

Solvent-based methods consist of two simple steps: Dehydration and
delipidation, and RI matching (169). Dehydration and delipidation remove
water and lipids, the most abundant components of tissue. The remaining
tissue has an RI of ~1.55; thus, the Rl matching step replaces water with a

solution similar in RI to reduce light scattering (175).

Samples cleared by solvent-based methods shrink, which can be an
advantage when imaging large samples (176). In contrast, disadvantages are
the quenching of fluorescent proteins, and the high toxicity of most organic
solvents used in these protocols, as well as their capacity to melt plastic and
dissolve glues (169,177).

In this thesis the Ethyl-cinnamate (ECi) and stabilized DISCO (s-DISCO)
solvent-based methods were used and will be described in more detail in the

following sections.

1.7.2.2.1.2 Ethyl-cinnamate clearing

Ethyl-3-phenylprop-2-enoate (ethyl cinnamate [ECI]) is a safe organic solvent
that has been used as a food flavour and cosmetic additive since its approval
by the Food and Drug Administration in 2007. Its RI of 1.558 makes it an

excellent clearing reagent. The clearing protocol consist of dehydrating
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samples in a series of pH-adjusted alcohol solutions followed by immersion in
ECi (178).

1.7.2.2.1.3 Stabilized DISCO clearing

The stabilized DISCO (s-DISCO) clearing method was developed based on
the need to preserve the fluorescence of fluorescence proteins in solvent-
based cleared samples. It consists of removing aldehydes and peroxides,
known to deteriorate fluorescence, from both dehydrating (tetrahydrofuran)
and RI-matching solutions (Di-benzyl ether [DBE]: RI=1.562) using column
chromatography with basic activated aluminium, as well as preventing the re-
accumulation of these contaminants by the addition of the antioxidant propyl
gallate (179).

1.7.2.2.2 Aqueous-based methods

Aqueous-based methods employ water-soluble agents, making them simple,
safe and compatible with fluorescent proteins. The two main steps to water
based clearing are decolourization and delipidation using detergents, and RI
matching (180).

Samples cleared by hydrophilic methods cause sample expansion, which
might be an advantage when interested in increasing imaging resolution. The
main disadvantage is that water-based clearing is time-consuming taking

several days to weeks to fully clear a specimen depending on its size (169).

1.7.2.2.2.1 CUBIC clearing

The clear, unobstructed brain/body imaging cocktails and computational
analysis (CUBIC) method was developed by Ueda and colleagues in 2014
(181).

This method consists of removing lipids by immersing the samples in a cocktail
of amino alcohol, Triton X-100, and urea. Then, the RI of the samples is
matched with a high RI solution. Derived from this protocol, they developed
other cocktails for delipidation and RI matching. In the CUBIC-cancer protocol,
used in this thesis, the samples are immersed in N-butyl
diethanolamine/TritonX-100 and antipyrine/nicotinamide (RI=1.52) (182).
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1.8 Thesis overview

The motivation behind this thesis was to assess the safety of MSCs and
understand their effects on the host’s innate immune system to determine
whether they are suitable for clinical use. Understanding how MSCs are
distributed throughout the whole body as well as within individual organs
following systemic administration is necessary to evaluate safety since it
enables the monitoring of any possible harmful effects; for example, tumour
formation, mal-differentiation or pulmonary embolism, which can occur
following intra-vascular administration due to MSCs becoming trapped in the
lung (183).

Non-invasive imaging allows the biodistribution of MSC therapies to be
monitored in vivo. Individual imaging technologies have strengths and
limitations, but combining them in a multi-modal imaging approach enables the

maximal amount of information to be obtained from each experiment (184).

In this study, the suitability of a multimodal imaging strategy comprising BLI
and micro-CT was assessed for monitoring the whole-body and intra-
pulmonary biodistribution of gold nanoparticle-labelled hUC-MSCs that
expressed firefly luciferase.

Then, to evaluate the fate and biodistribution of IV delivered hUC-MSCs within
the lungs at single-cell resolution, | established an optical tissue clearing
method that enabled us to study the localization of the hUC-MSCs in relation
to the vasculature, as well as their interactions with the cells of the host’s innate

immune system.

The mechanisms that underly the potential therapeutic effects of hUC-MSCs
are not fully understood, but evidence from animal studies suggests
immunomodulatory effects are important. To study the effect of IV
administered hUC-MSCs on the host immune system, a combination of flow

cytometry and immunostaining was employed.
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1.9 Aimsand Objectives

The overall goal of this thesis was to evaluate the safety, distribution and fate

of MSC therapies using imaging tools.
The study objectives addressed in each chapter are:

1. To assess the suitability of a multi-modal imaging strategy comprising BLI
and micro-CT to assess the whole body and intra-pulmonary distribution of
hUC-MSCs, respectively.

2. To evaluate hUC-MSC biodistribution at single cell resolution using an

optical tissue clearing approach.

3. To investigate the fate of hUC-MSCs in the lung and their effect on innate

immune cell populations.
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Chapter 2. In vivo tracking of administered MSCs by a multimodal
BLI/MSOT/micro-CT approach

2 Introduction

The ability to image cells and non-invasively track their fate in animal models
has become increasingly important in assessing the long-term safety and
efficacy of cell-based regenerative therapies. Moreover, the ability to monitor
the biodistribution of cells over time can also offer key insights into their
mechanisms of action; for instance, establishing whether engraftment in the

target organ is required for the cells to have any beneficial effects.

The intravenous administration of MSCs in mice leads to their entrapment in
the pulmonary vasculature and inability to reach other organs (33,35,38).
Bioluminescence imaging (BLI) has been key in this discovery. BLI is a non-
invasive, whole-animal, pre-clinical imaging modality with high sensitivity and
a temporal resolution of seconds to minutes (185). BLI allows longitudinal cell
tracking via a reporter gene encoding luciferase, an enzyme that oxidises a
substrate to generate light (131,136). However, BLI is limited by low spatial
resolution (3 — 5 mm) which does not allow the biodistribution of the cells to be

mapped at the intra-organ level (186).

Multispectral optoacoustic tomography (MSOT) is a non-invasive imaging
modality that provides functional and anatomical information in real-time.
MSOT operates by the photoacoustic effect: incident modulated light energy
is absorbed leading to thermo-elastic expansion and the generation of
ultrasound waves (187). MSOT uses a range of near-infrared excitation
wavelengths, and subsequent spectral unmixing algorithms allows the
identification of the optical signatures of endogenous and administered
contrast agents. It benefits from high spatial (100 pum) and temporal (0.1 s)
resolutions. Its main limitation for tracking cells delivered intravenously is that
due to the high air content of the lungs and the behaviour of sound in this

medium, MSOT is unable to image this organ.

Computed tomography (CT) is inherently effective for lung imaging due to the
native contrast provided by the airspaces. CT is a non-invasive imaging

modality that generates 3D anatomical images based on the differential X-Ray
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attenuation of materials (140). Its high spatial resolution (50-200 um) with high
signal-to-noise ratio, high depth of penetration, quantitative capabilities, fast
temporal resolution, and cost-effectiveness have made it a widely applied
imaging modality in the clinic (188). The main drawbacks of CT are that it uses

ionising radiation, and its sensitivity is low (142,188).

To distinguish administered cells from endogenous tissue in animal models,
cells need to be labelled with a contrast agent. Gold nanopatrticles, which exist
in different shapes, are a suitable contrast agent for both micro-CT and MSOT.
The micro-CT contrast is due to gold’s high density and atomic number (140)
whilst MSOT contrast can be achieved via the near-infrared (NIR) longitudinal
surface plasmon bands that are characteristic of gold nanorods (GNRs) (189).
Cell labelling with GNRs is achieved by endocytosis. The tight packing of the
GNRs within endosomes can result in the GNRs undergoing plasmon
coupling, altering their optical properties and compromising MSOT detection
(190). Coating the GNRs with silica prevents plasmon coupling and does not

affect cell viability, allowing MSOT to reach its full potential (191).

Our group has previously applied a dual BLI/MSOT imaging strategy to track
GNR-labelled cells (190,192). Here, the possibility of expanding this approach
to include micro-CT is explored. In addition, we aimed to compare the
effectiveness of MSOT and micro-CT for tracking cells labelled with silica-
coated GNRs to study the in vivo biodistribution of MSCs delivered

subcutaneously or intravenously.

2.1 Methods

2.1.1 Nanoparticle characterization

Commercially available silica-coated gold nanorods (GNRs) pre-adsorbed with
bovine serum albumin (BSA) were purchased from Creative Diagnostics (2.5
mg/mL). Their properties were characterized using transmission electron
microscopy (TEM) (Tecnai G2 Spirit BioTWIN) coupled to a Gatan RIO16
camera and Vis-NIR spectroscopy (FLUOstar Omega, BMG Labtech). GNR
stability was studied by incubating the GNRs in cell culture medium at 37°C in
a humidified incubator, with 5% CO2. After 24 h, the GNRs were recovered by
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centrifugation at 13000 x g for 20 min, washed three times with dH20 and
imaged by TEM. Particles were deposited onto glow discharged fomvar/carbon
coated grids for 10 mins, excess wicked off and stained for 20 s with 1%

agueous uranyl acetate.

2.1.2 Cell isolation, generation of reporter cell line and culture

Human umbilical cord-derived mesenchymal stromal cells (hUC-MSCs) were
obtained from the National Health Service Blood and Transplant (NHSBT, UK)
at passage 3 (p3). The hUC-MSCs were transduced with a lentiviral vector
encoding luc2 firefly luciferase (FLuc) reporter under the constitutive
elongation factor 1-a (EF1a) promoter and the ZsGreen fluorescent protein
downstream of the bioluminescence reporter via an IRES linker. The pHIV-
Luc2-ZsGreen vector was kindly gifted by Bryan Welm and Zena Werb
(Addgene plasmid #39,196) (138). To obtain a >98% FLuc positive population,

the cells were sorted based on ZsGreen fluorescence.

The cells were grown in MEM-a and supplemented with 10% foetal bovine
serum (FBS) (Gibco) and kept at 37°C in a humidified incubator, with 5% CO.-.

2.1.3 Cell viability assay

5 x 102 cells were seeded into 96-well plates (Corning) and allowed to attach
for 24 h. The viability of hUC-MSCs after 24 h exposure to increasing
concentrations of GNRs was determined by the CellTiter-Glo™ Luminescent
Cell Viability Assay (Promega Corporation), which generates luminescent
signals based on ATP levels. Tests were performed in triplicate with two PBS
washing steps between GNR exposure and the assay. Luminescence was

measured in a multi-well plate reader (FLUOstar Omega, BMG Labtech).

2.1.4 Assessing the extent of GNR uptake by hUC-MSCs

hUC-MSCs were seeded at 13 x 102 cells/cm? into 24-well plates (Corning)
and allowed to attach for 24 h. Based on the available material, cells were
exposed to 1:100 and 1:10 GNR dilutions (0.125 or 0.25 mg/mL) in cell culture
medium for 24 h. After this period, the cells were washed with PBS to remove

excess GNRs and fixed with paraformaldehyde (4 % w/v in PBS, pH 7) for
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20 min at room temperature (RT). GNR uptake by the cells was assessed by
using a silver enhancement solution kit (Sigma SE100) according to the
manufacturer’s instructions. After rinsing three times with PBS, the cells were
imaged by light microscopy with a Leica DM IL microscope coupled to a
DFC420C camera.

2.1.5 Animal experiments

Eight- to ten-week-old female albino (C57BL/6) (B6N-TyrC-Brd/BrdCrCrl,
originally received from the Jackson Lab) mice were used for all animal
experiments. Mice were housed in individually ventilated cages (IVCs) under
a 12-h light/dark cycle and provided with standard food and water ad libitum.
All animal procedures were performed under a licence granted under the
Animals (Scientific Procedures) Act 1986 and were approved by the University
of Liverpool Animal Welfare and Ethics Review Board (AWERB).

Mice were injected with 5x10° FLuc-hUC-MSCs (hUC-MSCs hereinafter)
suspended in 100 pL of PBS by either intravenous (V) or subcutaneous (SC)
administration to the flank, and subsequently imaged via BLI, MSOT and CT,

all under terminal anaesthesia with isoflurane.

2.1.6 Bioluminescence imaging

Immediately after cell injection, the animals received a SC injection of D-
Luciferin (10 uL/g [body weight] of a 47 mM stock solution). 20 min later, the
animals were imaged with an IVIS Spectrum instrument (Perkin Elmer). All
data is displayed in radiance (photons/second/centimeter?/steradian), where

the signal intensity scale is normalised to the acquisition conditions.

2.1.7 Multispectral optoacoustic tomography imaging

All imaging was performed in the inVision 256-TF MSOT imaging system
(iThera Medical, Munich, Germany).

Tissue-mimicking imaging phantoms with a 2 cm diameter were constructed
from 1.5 wiv % agar and 0.4 w/v % intralipid in distilled water (193). Two
cavities were created to facilitate insertion of clear straws containing either
unlabelled hUC-MSCs or hUC-MSCs labelled with 0.25 mg/mL GNRs. 5 x 10°
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hUC-MSCs were prepared by labelling and trypsinization as described above
and suspended in 100 pyL of PBS. Then, the whole volume was inserted into

the phantom cavity.

The agar phantoms with inserts were imaged at 61 wavelengths (680 nm to
980 nm in 5 nm steps) at 25°C. 3 frames were measured per wavelength and

averaged.

To image mice in vivo, their abdomens were shaved and de-epilated using
Veet Hair removal cream (Reckitt Benckiser, UK) 24 h before imaging. Mice
were imaged at 34°C. In mice receiving subcutaneous hUC-MSC injection,
scans were acquired at the site of injection at 61 wavelengths (680 nm to 980
nm in 5 nm steps) in 1 mm slices. 10 frames per wavelength were measured
and averaged. In mice receiving intravenous hUC-MSC injection, scans were
acquired at the lungs at 61 wavelengths (680 nm to 980 nm in 5nm steps) in 1
mm slices. Additionally, images were acquired through the full volume of all
animals at 8 wavelengths (660, 700, 730, 750, 760, 800, 850, 900 nm) in 1 mm

slices.

For image processing, the ViewMSOT 4.0.1.34 (iThera Medical, Germany)
was used. Data were reconstructed with the back-projection algorithm.
Multispectral unmixing was performed using the linear regression algorithm.
Images were unmixed for haemoglobin, oxyhaemoglobin, melanin, and the
GNR MSOT spectrum. Unmixing for native absorbers is performed to remove
their signal contribution toward the total signal within a single voxel to increase

the likelihood of quantifying the absorption of the GNRs accurately.

2.1.8 Computed tomography

Agar phantoms with inserts, as used for MSOT, were imaged using an
aluminium filter 0.5 mm thick or a 0.06 mm copper filter with an applied X-ray
tube voltage of 90 kV in a Quantum GX micro-CT (Rigaku Corporation).
Images were acquired with a field of view (FOV) of 25 mm giving a voxel size

of 50 pum.

After MSOT imaging, the mice were culled and their carcasses were imaged
using an aluminium filter 0.5 mm thick and an applied X-ray tube voltage of 90
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kV with the same instrument. Images were acquired with a FOV of 25 mm
giving a voxel size of 50 um. Surface-rendered 3D models were constructed
for 3D viewing of the analysed mice. Volume rendered 3D images were
generated using the Quantum GX software version 3.0.39.5100.

2.1.9 Statistical analysis

All values in graphs are represented as mean * standard deviation. 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.

2.1.10 Data availability

All datasets from this study are publicly available on Zenodo,
http://doi.org/10.5281/zen0d0.6624805

2.2 Results
2.2.1 Gold nanorod characterization

To characterise the silica-coated GNRs, their absorbance spectrum was
assessed using Vis-NIR spectroscopy which revealed that their longitudinal
surface plasmon resonance (LSPR) peaks at 738 nm. The integrity of the silica
shell was evaluated after incubation in cell medium as etching might occur
(194). After 24 h, the GNRs lose the silica coating resulting in a 25 nm LSPR
left shift with a peak at 713 nm (Figure 4a).

The size of the GNRs and the thickness of the silica shell was determined
using transmission electron microscopy (TEM). The core size was
55.77 + 7.32 nm length by 17.36 + 1.99 nm width with a silica shell thickness
of 7.25 + 1.65 nm (Figure 4b). TEM confirmed the loss of the silica shell after
incubation in cell medium (Figure 4c). Despite the LSPR shift, the GNRs
absorbance remained within the optical window (700 - 900 nm) where
endogenous light absorbance of biological tissues is lower, making them good

candidates for cell labelling (195).
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Figure 4. Characterisation of GNRs. (a) Vis-NIR spectrum of GNRs. (b)
Representative TEM picture of silica-coated GNRs. (c) TEM image of GNRs
24 h post incubation in cell culture medium.

2.2.2 Gold labelling of hUC-MSCs

Next, we assessed the effect of different GNR concentrations on morphology,
labelling efficiency and cell viability. No overt changes in cell morphology were
observed via microscopy 24 h after GNR labelling (Figure 5a, top). Using the
gold-specific silver staining, GNR uptake by the hUC-MSCs was confirmed at
all concentrations, showing a clear dose-dependent uptake trend as indicated
by an increase in contrast. The gold particles accumulated in the perinuclear
space, consistent with lysosomal accumulation as previously reported (Figure
5a, bottom) (196,197).

To determine cell viability, we quantified the total amount of ATP in cells
labelled for 24 h with 0.125 mg/mL or 0.25 mg/mL GNRs. Our results indicated
that viability levels were at 94.6 %, and 78.7 % of unlabelled control cells. While
a significant reduction in viability was observed at the highest concentration,
the GNRs were not overtly toxic to the cells (Figure 5b). Given that labelling
with 0.25 mg/mL vyielded more uptake (Figure 5a, bottom right), this

concentration was taken forward for cell phantom imaging with MSOT and CT.
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Figure 5. Cell morphology, viability and nanoparticle uptake after GNR
labelling. (a) Cell morphology (top) after labelling with GNRs at different
concentrations and uptake (bottom) assessed by silver staining. Optical
microscopy images of hUC-MSCs labelled with different GNR concentrations
for 24 h. Dark contrast is generated by silver-enhanced staining of GNRs.
Scale bar 100 pm. (b) Cell viability. One way ANOVA with Tukey’s multiple
comparisons p<0.05. n=3

2.2.3 MSOT/micro-CT imaging of GNR labelled hUC-MSCs in
phantoms

Before in vivo imaging, it is important to establish whether the GNR-labelled
MSCs can be visualized by MSOT and micro-CT. To do this, 5 x 10> hUC-
MSCs were suspended in 100 uyL PBS (GNR-labelled and control MSCSs) into
an agar phantom and MSOT intensity was recorded at wavelengths ranging
from 680 to 980 nm. The absorbance spectrum of the labelled MSCs measured
with the MSOT instrument was broadened compared to the spectrum of
unlabelled cells (Figure 6a, left). Nevertheless, labelled cells could still be
detected after applying a multispectral unmixing algorithm, where they are
seen as a crescent shape due to the cells sedimenting to the bottom of the
phantom (Figure 6a, right). Imaging of the phantom by micro-CT showed no
difference in contrast between unlabelled and GNR-labelled MSCs when using
either the standard filter (aluminium) or a specialized copper filter for the
detection of metals (Figure 6b).
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Figure 6. Phantom imaging of GNR-labelled and unlabelled hUC-MSCs. (a)
MSOT demonstrates a clear distinction in signal intensity between samples
containing labelled or unlabelled cells. The left panel shows the spectrum of
GNR-labelled and unlabelled MSCs. The right panel shows a maximum
intensity projection of imaging phantoms containing MSCs. (b) micro-CT fails
to detect GNR-labelled MSCs, with both samples having identical contrast
regardless of the imaging filter used. Copper (left); Aluminium (right).
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2.24 In vivo multi-modal monitoring of GNR-labelled cells
administered subcutaneously or intravenously

To further investigate the potential for cell tracking of gold-labelled MSCs by
MSOT and CT, 5 x 10° control hUC-MSCs cells or hUC-MSCs labelled with
0.25 mg/mL GNRs were administered either IV or SC.

BLI demonstrated that following either delivery route, the hUC-MSCs showed
a strong luminescent signal confirming their presence in the mice. SC injection
resulted in the cells localising at the site of injection, with comparable signals
at the site of unlabelled (left flank) or gold-labelled cells (right flank). By
contrast, when the cells were administered IV, the hUC-MSCs localised to the

lungs (Figure 7a).

MSOT confirmed the presence of GNR-labelled cells in the mouse right flank
as observed by the high contrast resulting from the GNRs. On the other hand,
the unlabelled cells failed to generate optoacoustic contrast, demonstrating the
ability of MSOT to detect gold-labelled cells. As expected, the GNR-labelled
cells in the lungs could not be detected due to the high air content within this
organ (Figure 7Db).

Finally, the SC injected GNR-labelled hUC-MSCs could not be detected by CT.
A clear image of the lungs could be obtained by micro-CT but the 1V-delivered
GNR-labelled MSCs were undetectable (Figure 7c).

These results demonstrate that 5 x 10° luciferase-expressing hUC-MSCs can
be detected by BLI following both IV and SC administration, gold-labelled hUC-
MSCs can be detected by MSOT following SC administration, but micro-CT

lacks the sensitivity to detect the hUC-MSCs via either administration route.

51



Figure 7. Representative bioluminescence, MSOT and micro-CT imaging of
mice after receiving hUC-MSCs. n=6 (a) BLI shows that cells injected SC
remain at the site of injection whereas when injected IV, they localise to the
lungs. (b) MSOT imaging of mouse after IV or SC injection. GNR labelled cells
were distinguished from any internal organ when injected SC (green scale
displays GNR-specific signal, indicated by arrow) but not IV. (c) micro-CT fails
to generate contrast of GNR labelled cells administered via either route. 3D
volume rendered images (left), site of cell location is indicated by ovals. 2D
representative micro-CT section of the site of SC injection (top, right; indicated
by a red arrow) and lungs (bottom, right).

2.3 Discussion

One aim of multi-modal imaging strategies is the analysis of the whole-body
and intra-organ biodistribution of administered cells in preclinical animal
models. In this study, we explored the feasibility of combining the sensitivity of
BLI with the spatial resolution of MSOT and the ability to image the lungs by
micro-CT to track GNR-labelled MSCs in vivo.

Photoacoustic imaging uses contrast that can be endogenous or exogenous
via the use of contrast agents (190). For cell tracking by MSOT, labelling with
gold nanorods has been a method of choice as these particles have a
longitudinal plasmon band with strong absorption in the near-infrared
(152,190,198,199). Therefore, the silica-coated GNRs used in this study, with
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LSPR bands at 738 nm or 713 nm in cell medium are good candidates for

generating contrast in cells.

Previously, our group showed that a BLI/MSOT strategy to monitor
intracardially administered GNR-labelled FLuc+ mouse MSCs revealed the
presence of cells in the head, liver and kidneys of mice with both imaging

techniques, proving the efficacy of this methodology for cell tracking (192).

Here, in line with earlier publications, BLI showed that IV injection leads to
hUC-MSC accumulation and trapping in the lungs (33,35,38). Due to
differences in sound propagation in air, the capacity of MSOT to detect GNR-
labelled cells within the lung is hampered. However, following subcutaneous
injection, GNR-labelled hUC-MSCs could be detected by MSOT.

micro-CT has been used to track gold-labelled cells in the lung, as well as in
other organs in vivo and ex vivo. Cell labelling strategies to achieve this vary
widely (Table 1). Studies describe using gold nanoparticles with different
surface chemistries, diameters, initial gold concentrations, and incubation
times (200-206,141,207-210). It has been shown that the properties of gold
nanoparticles impact cell uptake (200), which agrees with the variation in
uptake efficiency reported in these studies. Moreover, cell number,
administration routes and injection volumes, tracking time, micro-CT scanners,
and scanning settings differ greatly between studies. This reflects the
complexity of comparing results in the field of gold-labelled cell tracking by
micro-CT. Nonetheless, at least twelve reports suggest that micro-CT enables
longitudinal tracking of gold-labelled cells (200-206,141,207—-210), although it
should be noted that at least 6 of these originate from the same research

group.

53



Table 1. Overview of articles reporting pre-clinical micro-CT tracking of gold labelled cells. IPF = Idiopathic pulmonary fibrosis. RCS
= Royal college of surgeons. *Gold nanoparticles (GNP) characteristics in order of appearance are size, coupling/coating, other
characteristics. CPP= cell penetrating peptide. PSD= polymer polysulfonamide. PEG= polyethylene glycol, TAT= trans-activator of
transcription. RBITC= Rhodamine B isothiocyanate. PLL= Poly-L-Lysine. DMSA= 2,3-dimercaptosuccinic acid. Y = yes. N = No.

Cell type

Mouse
hUCMSCs 4 x10°
IPF
Mouse
hUCMSCs 4 x10°
IPF
Mouse
hUCMSCs 4 x 108
IPF

hUCMSCs 1.5x 10° Mouse IPF
Rat glioma C6
1x10° Wistar rat
cell line
hUCMSCs 2 x10°
Human
periodontal
1x 108 Wistar rats
ligament stem
cells (hPDLSCs)
hMSCs
2x10%or5x  Sprague
(undetermined
10° Dawley rats

source)

Cell number Animal model Administration route

Tracking time

Tracheal infusion 1,9, 25, 35 days

Tracheal infusion 1,4,7,10 days

Tracheal infusion 1,3,5,7,10days

Tracheal infusion 3,48 h, 9, 16, 23 days

Stereotactic 16 days

injection into brain Ex vivo

1, 15, 30 days post

RCS rat model Subretinal injection

injection
- Intramuscular
- Subcutaneous
0, 2, 5 days
- Submucosal
- Subgingival

Stereotactic
30 min post injection
injection into brain

Labelling conditions

100 pg/mL
4h
1000 pg/mL
>12h
200 pg/mL
12 h
200 pg/mL
24 h
50 ug/mL
22 h

1.4 x 102 particles/mL

24 h

50 pg/mL
12 h

100 pg/mL
12 h

GNP characteristics*

127.3 nm, CPP-PSD
pH-sensitive
40 nm, PEG-TAT
RBITC-labelled
40 nm,

temperature responsive

10.7 £ 1.7 nm, BSA-PLL

50 nm,
colloidal
80 nm,

colloidal

40nm, PLL-hydrobromide
RBITC-labelled

40 nm, PLL
RITC-labelled

Gold/cell

313.5pg

920 pg

120 pg

293 pg

0.04 ng

Not mentioned

Not

mentioned

382.5 pg

Imaging

In vivo

In vivo

In vivo

In vivo

Ex vivo

In vivo

In vivo

In vivo

Cells

detected?
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Ref

(200)

(201)

(202)

(203)

(204)

(205)

(206)

(141)
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Bone marrow

1x 108 BL/6 IPF
MSCs
hMSCs
(undetermined IEENYENE Nude mice

source)

CREEE(nEY 1 x 10°or 2 x

Nu/nu mice
10°
Dental pulp EEREIORENT Mouse
MSCs 1x10° Silicosis

Tracheal infusion

Intra-arterial

(carotid artery)

Stereotactic

injection into brain

Intranasal

7,14, 21 days

24 h

6-8 days after tumor

implantation

Daily up to 7 days

200 pg/mL
24 h

52 pg/mL
22 h

No dose
mentioned
4 h.

90 pg/mL
24 h

12.2 nm * 1.59 nm, Albumin-PLL

218 pg
ICG-labelled
50 nm,
332+2ug
colloidal
50 nm,
26,500 GNPs
Colloidal
26.4 + 0.96 nm, DMSA 4 pg

In vivo

Post mortem

In vivo

In vivo
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In contrast, despite BLI and MSOT confirming the presence of cells in the mice,
our study failed to detect contrast generated by the gold-labelled MSCs by
micro-CT regardless of whether they were delivered SC or IV. Silva et al. also
reported failure to detect labelled cells in vivo by micro-CT (210), and of the
studies reported in Table 1, this is the only one with negative results. They
labelled hMSCs with dimercaptosuccinic acid (DMSA) gold nanoparticles
(GNPs) for 24 h at a concentration of 90 ug/mL and observed a slightly higher
contrast than unlabelled MSCs in micro-CT phantoms, but the difference was
not significant, and intranasal inoculation of labelled MSCs did not result in

detectable contrast by in vivo micro-CT.

Here, although not highly toxic, the gold concentration used showed reduced
cell viability after 24 h. The fact that other groups have used higher labelling
concentrations might be explained as GNP toxicity depends on
functionalisation and uptake (144). The effects of surface modifications have
been studied in various cell lines. Naked GNRs negatively affect mammalian
cells at concentrations as low as 0.7 pg/mL while silica coating increases the
cell tolerance to GNRs (211) consistent with the viability of hUC-MSCs
exposed to the silica-coated GNRs in this study.

Silica shell thickness plays a key role in preventing plasmon coupling and
preserving the GNRs optical signature after cell uptake, which are important
considerations for optimal MSOT imaging (190). While the commercial GNRs
used here lost their silica coating during labelling (contrarily to those used in
(190)), MSOT still enabled the detection of the GNR-labelled hUC-MSCs in the
mouse flanks. In contrast to MSOT, aggregation might work in favour of the
detection of gold by micro-CT by preventing the GNRs from being removed by
exocytosis which would reduce intracellular gold (202,212,213). Despite this
aggregation phenomenon potentially taking place in our study, the GNR hUC-

MSCs were still undetectable by micro-CT.

High gold uptake per cell is necessary to achieve good contrast as micro-CT
signal increases proportionally with increasing gold concentrations; however,
cell uptake usually reaches saturation (214,215). The GNRs used here had an

average core size of 56 x 18 nm, which results in high uptake by receptor-
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mediated internalization (216). We used the highest concentration that did not
induce overt toxicity. Despite this, no micro-CT signal was detected in our

study.

The discrepancy between our results and those of other studies raises the
question of the limit of detection of micro-CT for gold. This determination is not
straightforward as micro-CT scanning conditions along with the properties of
the gold nanoparticles impact X-ray attenuation (217).

Attempts at determining the minimal amount of gold necessary to achieve
contrast in micro-CT have been made using phantom imaging. Galper et al.
established that the attenuation of gold is 5.1 HU/mM (218). This is a physical
parameter that should not vary between research groups. We attempted to
evaluate the attenuation of gold corresponding to results in the publications
reporting cell tracking with micro-CT. Table 2 shows those estimated HU/mM
attenuations. To arrive at these numbers, we calculated the molar
concentration of gold in the micro-CT phantoms used in the studies using

equation 1:

<(Au pe{'9C7ell LgD) * cell number>

=4 entration [M
cell suspension volume (L) u concentration [M]

1)

It is noteworthy that most studies show a much higher HU/mM attenuation in
their phantom studies when compared to Galper’s data. Considering the 5.1
HU/mM attenuation, Cormode and colleagues concluded that 5.8 mM is the
minimum detectable gold concentration (219). Considering a cell volume of 8
pL, the minimum amount of gold per cell necessary to achieve a 5.8 mM (1.16
g/L) concentration for a voxel filled entirely with labelled cells is 9 pg of

gold/cell. Equation 2:

cell volume * Au concentration = min amount of Au per cell

(2)

The gold/cell column in table 2 shows that all studies except for Silva et al.

(210) achieved a nanoparticle load per cell higher than the 9 pg detection
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threshold, potentially explaining why Silva’s study is the only one that failed to
visualize the gold-labelled cells by micro-CT. Itis thus clear that extremely high
cellular uptake of GNPs is necessary in order to obtain micro-CT contrast,
which increases costs and may adversely affect cell health.

Table 2. HU/mM attenuation estimated from the published literature where
micro-CT imaging of gold-labelled cell phantoms was undertaken. Question
mark (?) indicates that the cell No. was assumed to be 1 x 106 cells as this
information was not indicated in the papers. Asterisk (*) indicates that the cell
suspension volume was estimated based on a pellet of 1 x 106 cells.

1x 1086 30* 100 4h 127.3 nm pH- 313.5 53 2119 39.9 (200)
sensitive CPP-
PSD@Au
1x10° 30* 1000 12 h 40 nm Au@TAT 920 156 660 4.2  (201)
? 30* 200 12 h 40 nm 120 20 423 20.8 (202)
temperature
responsive GNPs
1x10° 30* 200 24 h 10.7+ 1.7 nm 293 50 4921 99.3 (203)
Au@BSA@PLL
1x 1086 50 100 12 h 40 nm AuNP- 382.5 39 813 21.0 (141)
PLL-RITC
Poly-L-Lysine
3x 106 30* 200 24 h (AA@ICG@PLL) 218 36 156 4.2  (207)
? 30* 90 24 h Au-DMSA 4 0.7 353 521.2 (210)

The main limitation of our study is that we did not quantify the amount of gold
per cell. Given the lack of contrast observed during the imaging of cell
phantoms as well as in vivo, it is clear that even at the highest labelling
concentration, the GNRs did not accumulate in high enough numbers inside
the cells and thus, were not detectable by micro-CT. On the contrary, they
were easily detectable in the same conditions by MSOT when injected
subcutaneously, showing that this imaging modality is significantly more

sensitive than micro-CT.
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2.4  Conclusions

We tested the feasibility of a non-invasive, multimodal imaging approach that
utilises a combination of GNRs and reporter genes to track MSCs after
subcutaneous or intravenous injection in vivo. This labelling approach did not
affect cell morphology and viability of hUC-MSCs significantly and allowed for
robust tracking of the cells by BLI for both IV and SC delivery. The GNR-
labelled cells were detectable by MSOT when injected subcutaneously
validating the ability of a BLI/MSOT tracking approach. Although micro-CT
produces anatomical images of the lungs, the same GNR-labelled cells could
not be detected within this organ or in the flanks of the mice indicating that the

cells did not carry enough contrast agent to be tracked by micro-CT.

To provide enough contrast for micro-CT imaging, large amounts of gold are
necessary. However, high labelling concentrations might impair cell viability

making micro-CT tracking of gold labelled cells challenging.

In summary, our study found that multimodal imaging of MSCs labelled with
gold nanoparticles and the reporter gene firefly luciferase allows BLI and
MSOT detection of administered cells in vivo, however micro-CT lacks

sensitivity toward gold under the conditions investigated.
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Chapter 3. Establishment of an optical tissue clearing strategy for
detecting administered hUC-MSCs in mouse lungs

3 Introduction

Cell-based therapies include the administration of exogenous cells to trigger a
regenerative response. Several sources of therapeutic cells have been
investigated (220). The majority of clinical trials have explored the potential of
mesenchymal stromal cells (MSCs). Although it has been reported that MSCs
are multipotent, their therapeutic effects in vivo are mostly mediated by
secreted factors that promote the repair of injured host tissues and modulate
the host's immune system (221). Increasing evidence suggests that the
intravenous administration of MSCs and various other cell types is followed by
the entrapment of most of the administered cells in the lung capillaries
(150,162,222). Little is known about the role of therapeutic cells in this organ
as cell persistence is low, with most cells dying within the first 24 h post

systemic administration (223).

One of the most common safety issues upon intravascular infusion of MSC
therapies are thromboembolic complications (224-226). Thus, it is important
to analyse the distribution of the MSCs within the vasculature to determine
their potential to occlude the pulmonary vessels (36). Moreover, MSCs can
exert their therapeutic effects via immune effector cell mediation triggered by
MSC death in the lungs (119), but the interactions of the MSCs with different
immune cell populations in the lung remains to be established. Cell tracking by
following the biodistribution of labelled therapeutic cells within tissues might

offer insights into these questions.

Cell tracking in tissues at single-cell resolution has been traditionally done
using thin section histological analyses. Although useful, the field of view is
limited and might not be an accurate representation of the whole organ (227).
Investigating the biodistribution of cells in thick tissue sections offers an
advantage to thin-section analyses (171,228), but biological tissues are dense
and inherently scatter light, preventing the visualization of deeper structures
(168). Optical tissue clearing is a technique that minimizes the heterogeneities

within tissues by removing lipids and matching the refractive index (RI)
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between the sample and the imaging medium (170). As a result, opaque
samples become more transparent and the decrease in light scattering allows

deep-tissue imaging (169).

Optical tissue clearing, in combination with molecular labelling and optical
sectioning microscopy, has become an important tool for 3D imaging in several
biological applications including investigating the biodistribution of cells in
whole organs (229,230).

Despite the many advantages of optical tissue clearing, practical limitations to
the applicability of clearing protocols for imaging remain. Several protocols
have been developed in recent years (172) and selecting between them
requires careful consideration of a range of parameters to achieve the optimal
trade-off for specific applications. Sample size and tissue composition impact
the clearing speed and limit the microscopes that can be used when imaging
large samples (231). Fluorophore preservation poses another challenge as
certain clearing protocols are incompatible with fluorescent probes (232). In
particular, preservation of protein-based fluorescence and lipid staining remain
open challenges in the field (170). The compatibility of immunostaining with
the chemicals used for clearing as well as antibody penetration in large
samples requires testing and optimization (231). Moreover, certain parameters
differ between tissue and sample types, and no single clearing approach fits

all, necessitating the use of application/tissue specific protocols.

Several studies have focused on clearing lung tissue to investigate biological
processes (232-234). An example is blood vessel formation, achieved by
labelling the intact vasculature with the organic dye Evans Blue (235).
Nevertheless, no study to date has performed optical tissue clearing to
investigate the biodistribution of administered MSCs within the lungs. Here, we
compared three different tissue clearing protocols: CUBIC, a modified s-
DISCO and ECi. CUBIC was chosen based on its ability to preserve
fluorescent proteins (236); ECi due to its cost-effectiveness, safety and ease
of access to the reagents required (237); and s-DISCO due to its reported
compatibility with fluorescent proteins despite being a solvent-based method
(26).
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The comparison of these methods was performed with the aim of imaging thick
lung slices in 3D to track MSCs labelled with the genetic reporter tdTomato
and study their biodistribution within the host’s lung. Moreover, as a proof of
principle, we explored the possibility of using optical tissue clearing to
investigate the interactions of the administered MSCs with the host's

endothelial cells and immune microenvironment.

3.1 Methods

3.1.1 Cell culture and stable cell line generation

Human umbilical cord-derived mesenchymal stromal cells (hUC-MSCs) were
obtained from the National Health Service Blood and Transplant (NHSBT, UK)
at passage 3. The hUC-MSCs were transduced in the presence of 6 pg/mi
DEAE-Dextran with a lentiviral vector pCDH-EF1-Luc2-P2A-tdTomato,
encoding luc2 firefly luciferase (FLuc) reporter under the constitutive
elongation factor 1-a (EF1a) promoter and upstream of a P2A linker followed
by the tdTomato fluorescent protein (gift from Kazuhiro Oka; Addgene plasmid
# 72486; http://n2t.net/addgene:72486; RRID: Addgene 72486). To obtain a
>98% transduced population, the cells were sorted based on tdTomato
fluorescence (BD FACS Aria). Cells were cultured in a-MEM supplemented
with 10% FBS at 37°C and in 5% CO2, and passaged at 80% confluence.

3.1.2 Animal experiments

Eight to ten-week-old female albino mice (C57BL/6) (B6N-Tyr¢Bd/BrdCrCrl
(n=15), originally purchased from the Jackson Lab) were used for all animal
experiments. Mice were housed in individually ventilated cages (IVCs) under
a 12 h light/dark cycle and provided with standard food and water ad libitum.
All animal procedures were performed under a licence granted by the Home
Office under the Animals (Scientific Procedures) Act 1986 and were approved
by the University of Liverpool Animal Welfare and Ethics Review Board. Mice
received 2.5 x 10° FLuc-tdTomato-hUC-MSCs suspended in 100 yL of PBS by
intravenous (IV) administration via the tail vein under inhaled anaesthesia with

isoflurane.

62



3.1.3 Bioluminescence imaging

In vitro bioluminescence was performed by seeding a range of cell densities
(from 625 to 2 x10* cells/well) into an optical bottom 96-well plate with black
walls (#165,305, ThermoFisher). The cells were allowed to attach for 3 h prior
to the addition of 5.12 mM D-Luciferin. Imaging was performed immediately
after substrate addition without an emission filter, a 13.3 cm field of view (FOV),
f-stop of 1 and a binning of 8. For in vivo bioluminescence imaging, mice
received a subcutaneous (SC) injection of D-Luciferin (10 uL/g [body weight]
of a 47 mM stock solution) after FLuc-tdTomato-hUC-MSCs (hUC-MSCs
hereinafter) injection. After 20 min, the animals were imaged with an IVIS
Spectrum instrument (Perkin Elmer). Data are displayed in radiance
(photons/second/centimeter?/steradian), where the signal intensity scale is
normalised to the acquisition conditions. Acquisition was performed without an

emission filter, a 22.8 cm FOV, f-stop of 1 and a binning of 8.

3.1.4 Tissue preparation

Immediately after bioluminescence imaging (BLI), the animals received an IV
injection of Evans Blue (Sigma; 3 pl/g) for vascular labelling. The dye was
allowed to circulate for 5 min before proceeding with a retrograde perfusion
fixation protocol (234). The animals received an intraperitoneal overdose of
pentobarbital (Pentoject, 100 ul) followed by cannulation of the abdominal
aorta, opening of the vena cava and flushing PBS with a manual pump at a
constant pressure of 200 mbar (supplementary figure 1) for 6 min, to remove
all blood cells, followed by 6 min perfusion with 4% paraformaldehyde (PFA)
to fix the whole animal. The total volume of each solution used per animal was
40 ml. The trachea was tied tightly with a surgical suture before opening the
thoracic cavity for lung dissection. Finally, the lungs were post-fixed in 4% PFA
overnight at 4°C.
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3.1.5 Optical tissue clearing

Solvent-based tissue clearing: modified s-DISCO and ECi

The general procedure consists of dehydrating fixed samples by sequentially
adding pH9-adjusted solvents chilled to 4°C. After dehydration, the respective
Rl matching solution was added until the samples reached optimal
transparency for 3D imaging (179,237). Solvents used and incubation duration
are detailed in Table 3.

Table 3. Solvent based clearing protocols. The Rl matching solvents used

were Ethyl cinnamate (ECi), Dichloromethane (DCM), and Dibenzyl ether
(Dibenzyl ether [DBE] - Sigma-Aldrich).

500 um sections Whole organ

s-DISCO ECi |s-DISCO, ECi

1-propanol 50% 10 min | 10 min | 30 min | 30 min
1-propanol 80% 10 min | 10 min | 30 min | 30 min
1-propanol 100% 3x 10 3x10 | 3x30 | 3x30
min min min min
DCM 5 min - 20 min -
DBE w/ 0.4% propyl gallate | storage - storage -
ECi - storage - storage

Aqgueous-based tissue clearing: Clear, Unobstructed Brain/Body Imaging

Cocktails and Computational Analysis (CUBIC)

The CUBIC-cancer protocol was followed (182). Briefly, CUBIC-L2 solution
(L2), for delipidation and decolourisation, was prepared as a mixture of 10
w%/10 w% Triton X-100 (Sigma-Aldrich)/N-buthyldiethanolamine (B0725
Tokyo Chemical Industry). CUBIC-R2 solution (R2), for RI matching (RI=1.52),
was prepared as a mixture of 30% (w/v) nicotinamide (Sigma) and 45% (w/v)

antipyrine (Sigma).
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For whole-organ clearing, 4% PFA fixed lungs were washed with PBS for 2 h,
three times each, followed by immersion in CUBIC-L1 solution (L1) (50% (v/v)
mixture of water and CUBIC-L2) for 6 h at 37°C. Then, the organs were
immersed in L2 solution at 37°C for 48 h. L2 solution was refreshed after 24 h
during this process. After decolourisation and lipid clearing, the organs were
washed with PBS at room temperature for 2 h, followed by immersion in
CUBIC-R1 solution (R1) (50% (v/v) mixture of water and CUBIC-R2) for 6 h at
room temperature. Finally, organs were immersed and stored in R2 solution at

room temperature overnight.

3.1.6 Size change and transparency measurements

Fixed adult mouse lungs were cleared and imaged before and after clearing.
The size and transparency of the samples were outlined and calculated using
ImageJ (by drawing the region of interest and measuring mean pixel intensity)
(NIH, USA) (239). The area (cm?) of each single lung lobe was calculated by
delineation using the ROI tool and the average of all samples was set as the
before value for all comparisons. The median grey value of the cleared organ
image was used to measure transparency by normalizing the obtained value

to the background of the same image (240).

sample median grey value
Transparency = - * 100
average background median grey value

3.1.7 Immunofluorescence

The lungs were cryoprotected in 15% sucrose followed by 30% sucrose over
a period of 48 h before embedding in optimal cutting temperature (OCT)
medium. The samples were cut into 500 um sections on a cryostat (Thermo
Scientific, Microm HM505E) at -20°C and stored at -80°C.

For CUBIC staining, the tissue sections were delipidated by immersion in 50%
CUBIC-L for 30 min at 37°C followed by overnight incubation in CUBIC-L at
37°C with shaking. All sections were washed 3x with PBS for 5 min. Tissues
were incubated with zenon Alexa Fluor® 647 (Invitrogen, Z25008) labelled
human mitochondria primary antibody (Merck, MAB1273), 1:500 for 48 h at
4°C and washed with PBS overnight at 4°C. For CD31 (R&D systems,
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AF3628) staining, the lung sections were blocked overnight with PBS-TxDBN
buffer (1x PBS, 2% TritonX-100, ddH20, 2% BSA, 20% DMSO) at 37°C and
incubated with CD31 1:100 antibody for 72 h at 37°C. Upon an overnight
washing step, secondary antibody (Alexa Fluor® 647) incubation was done at
37°C for 24 h. After the final overnight washing step, solvent-based or CUBIC

clearing was performed as indicated in the clearing section.

3.1.8 Imaging

Cells in culture were imaged by light microscopy with a Leica DM IL
microscope coupled to a DFC420C camera. Confocal images were acquired
on a Leica DMi8 with Andor Dragonfly spinning disk, coupled to an EMCCD
camera using a 10x/0.45 air objective. Z-stacks were captured using the 488,
561 and 637 nm laser lines. The emission filters used were 525/50, 600/50
and 700/75. Maximum intensity projections, three-dimensional reconstructions
and image analysis were done using the IMARIS (Bitplane) software
packages, processed with ImageJ 3D viewer (239). 3D surfaces were obtained
via un-stacking the .ims image in Image J and reconstructed via variable
threshold intensity (3D slicer). 3D elaboration was performed using NVIDIA ®
Quadro 6000 GPUs, and exported as .stl.

3.1.9 Statistics

The GraphPad Prism software was used to conduct the statistical analysis.
The mean and standard deviation are used to represent all values in graphs.
The number of replicates included in the analyses, as well as the type of

statistical test used, are given in the figure legends.

3.1.10 Data availability

The data that support the findings of this study are available to download from
Zenodo at http://doi.org/10.5281/zen0do0.6638775
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3.2 Results

3.2.1 BLI imaging reveals hUC-MSCs entrapment in the lungs

b
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Figure 8. In vitro and in vivo imaging of hUC-MSCs. a) Transmitted (top) and
epifluorescence (bottom) images of transfected hUC-MSCs in culture. Scale
bar =100 um (left). Representative image of hUC-MSCs seeded at decreasing
concentrations (from 2 x 104 to 625 cells/well) and treated with 5.12 mM D-
Luciferin (right). b) In vivo biodistribution of 2.5 x 10> hUC-MScs 20 min after
intravenous administration.

To monitor the fate of MSCs administered in mice, the cells were stably
labelled with fluorescent and luminescent reporters. The tdTomato reporter
was used as it is the brightest red shifted fluorescent protein available, helping
overcome the high autofluorescence of tissues (Figure 8a, left) (241). In vitro,
the level of emitted bioluminescence is dependent on the number of hUC-
MSCs present (Figure 8a, right). Immediately after IV administration of hUC-
MSCs their localisation was monitored in vivo using bioluminescence imaging,
allowing us to observe that the hUC-MSCs were localised to the lungs (Figure
8b).
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3.2.2 Lung clearing comparison after different optical tissue clearing
methods

Whilst bioluminescence is useful for monitoring the whole body biodistribution
of hUC-MSCs in vivo, the low spatial resolution precludes a detailed analysis
of the cell distribution within the lung. To better understand why the cells were
retained in the lungs, and to analyse their impact on the host at the molecular,
cellular and tissue level, we sought to monitor cell biodistribution in the lung
tissues ex vivo at single cell resolution. To achieve this, we compared three
different optical tissue clearing methods that would enable the cells to be
visualised in thick lung sections; CUBIC, a modified s-DISCO and ECi. s-
DISCO and ECi are solvent-based methods that cleared whole mouse lungs
in a matter of hours, while CUBIC uses water-based reagents and required
several days to entirely clear tissues with an average lipid-clearing of 3 days

(Figure 9a).

To reach transparency, the samples were immersed in Rl matching solutions
and representative images of the cleared lungs are shown in Figure 9b. We
quantified the resulting levels of transparency from digital images taken of the
tissues before and after clearing. The CUBIC protocol resulted in the highest
transparency of the lungs, reaching close to 90%, while s-DISCO and ECi
demonstrated transparency of approximately 30% (Figure 9c). Additionally, we
calculated the size change and found that there was a significant increase in
size after CUBIC clearing. The opposite was observed after s-DISCO and ECi
clearing, where the samples shrunk (Figure 9d). We observed the presence of
adequate air spaces, bronchioles, alveolar sacs, and blood vessels in images
acquired by recording tissue autofluorescence. Overall, this indicates that the
characteristic lung structure remains detectable after all the clearing protocols
(Figure 9e).
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Figure 9. Comparison of the effect of different clearing methods on lung tissue.
A) Timeline required to clear whole lungs using each protocol. L1 =
Delipidation and decolourisation cocktail 50% (v/v). L2 = Delipidation and
decolourisation cocktail 100%. R1 = RI matching cocktail 50% (v/v). R2 = RI
matching cocktail 100%. Percentages in s-DISCO and Eci represent the
solvent concentration. B) Representative images of lungs before (top row) and
after (bottom row) optical tissue clearing. Each line of a square represents 2
mm. c¢) Quantification of transparency of lung samples after optical tissue
clearing (240). One-way ANOVA with Tukey’s multiple comparisons test p <
0.05 n = 3. D) Size change (area cm?) of single lung lobes before and after
each tissue clearing method was evaluated using multiple paired t-tests p <
0.05 n = 3. E) 3D variable threshold intensity surface reconstruction of lung
sections cleared by the different protocols. CUBIC, s-DISCO and Eci cleared
lungs show that the characteristic lung structures such as large blood vessels
[indicated by asterisks (*)], and airways such as bronchi (indicated by
arrowheads) are preserved after optical tissue clearing. Processing artefacts,
due to tissue dehydration, are observed as cracks in the Eci cleared sample.
Scale bar = 150. 3D MIPs before reconstruction can be viewed in
supplementary figure 2.
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3.2.3 Effect of different optical tissue clearing methods on the
preservation of fluorescence in the lungs

The ability to detect fluorescent dyes and fluorescent proteins is essential to
study the environment and fate of the injected cells, yet fluorescence
guenching is one of the key limitations of many organic solvent-based optical
tissue clearing methods. Therefore, we compared the effect of CUBIC, s-
DISCO and Eci on the tdTomato fluorescent label intensity of the UC-MSCs.
By acquiring fluorescent images of cleared 500 um lung sections immediately
after clearing and 3 days after the samples had been stored in Rl matching
medium, we found that CUBIC preserved tdTomato fluorescence upon all
clearing steps and that storage did not affect the fluorescence of tdTomato. On
the other hand, the solvent-based methods increased background
autofluorescence, and also appeared to quench the tdTomato fluorescence
(Figure 10a). Interestingly, clearing thinner lung sections (100 pm) using a
reduced dehydration time (Supplementary table 1) allowed the detection of
tdTomato immediately after both, s-DISCO and Eci, indicating that dehydration
time is a key parameter in preserving the fluorescence of proteins. Moreover,
storage of the thin sections in Eci for 3 days did not result in tdTomato
quenching, but storage in dibenzylether (DBE) in the modified s-DISCO
protocol did (Supplementary figure 3).
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Figure 10. Fluorescence preservation of tdTomato and Evans Blue after
clearing thick lung sections. Impact of CUBIC, s-DISCO and ECi clearing on
the fluorescence of a) tdTomato or b) Evans Blue in 500 um thick lung sections
before, immediately after, and after storage for 3 days in RI solution. All
confocal images are maximum intensity projections (MIPs), taken from the
surface of the slices. The same exposure times and display settings were used
to acquire and visualize the images to reflect the change in the fluorescence
preservation accurately. Scale bars = 150 pm.

Systemic cell administration results in a large fraction of the cells becoming
entrapped in the lung’s vasculature (36). Since Evans Blue allows the labelling
of the vasculature to analyse IV administered hUC-MSCs in the context of the
pulmonary 3D vascular network, we determined whether Evans Blue labelling
was affected by the clearing protocols. Our analysis showed that Evans Blue
is incompatible with CUBIC since all fluorescent signals were lost (Figure 10b).
By contrast, Evans Blue fluorescence was not only preserved by s-DISCO and
ECIi, but the fluorescence intensity of the dye had increased after clearing with
either solvent-based method. We speculate that the shrinkage of the samples
leads to a higher density of fluorescent molecules and subsequent increase in

signal intensity, since the samples were imaged under the same conditions.
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3.2.4 Compatibility of antibody labelling with different clearing
methods

Although the tdTomato fluorescence of hUC-MSCs was not detectable in s-
DISCO- and ECi-treated thick lung sections, the biodistribution of administered
cells can be investigated using cell-specific antibodies. To test the compatibility
of each optical clearing method with antibody staining, we aimed to detect the
hUC-MSCs with a specific antibody within the lungs. In this instance, we
utilised the human origin of the hUC-MSCs and applied an antibody specific
for human mitochondria to distinguish the hUC-MSCs from the mouse tissue.
Alternatively, antibodies against the tdTomato or FLuc reporters could be

applied.

Our image analysis showed that the human mitochondria antibody colocalizes
with the tdTomato signal in CUBIC cleared samples confirming the specificity
of this antibody to the human hUC-MSCs (Figure 11a). Moreover, we observed
that the antibody signal was detected throughout the 500 um thick sample.
Similarly, in the s-DISCO and ECi cleared samples, the antibody permeated

the entire tissue (Figure 11b, c).
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Figure 11. Preservation of immunofluorescence after optical tissue clearing.
The human mitochondria antibody (white) was used to stain the tdTomato
hUC-MSCs (red) in 500 um lung sections followed by clearing with either
CUBIC, s-DISCO or ECi. The antibody penetrated the entire depth in all
samples. a) 3D z-stack of a CUBIC cleared lung section (left). Maximum
intensity projection and single slices at different sample depths (right). b) 3D
z-stack of an s-DISCO cleared lung section (left). MIP and single slices at
different sample depths (right). ¢) 3D z-stack of an ECi cleared lung section
(left), MIP and single slices at different sample depths (right). hUC-MSCs are
indicated by arrowheads. Scale bar = 200 pm (left), 150 um (right).
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3.2.5 Invivo and ex vivo tracking of administered hUC-MSCs by BLI
and optical tissue clearing

To evaluate the biodistribution and fate of hUC-MSCs in vivo, the animals were
imaged using BLI immediately after IV administration of the cells, and 24 h
post injection. A strong signal was detected in the lungs on the administration
day but was significantly reduced on day 1 (Figure 12a, b). We dissected whole
lung lobes on the day of cell injection and at 24 h post cell administration, and
performed CUBIC clearing, as this was the method that allowed the direct
detection of the hUC-MSCs. Subsequent confocal imaging of whole lung lobes
revealed that the cells distributed throughout the tissue and did not home
preferentially to any site as they can be found dispersed within the lung. Ex
vivo imaging of CUBIC-cleared lungs collected 24 h after cell administration
confirmed that most of the cells had been cleared from the lungs as shown by
the reduced size of the cell clumps (figure 12c, right). The overall cell
distribution remained similar as on the injection day, with the hUC-MSCs

localizing evenly throughout the organ (Figure 12c).

Given the compatibility of the CUBIC protocol with immunofluorescence, as a
proof of concept, we explored the possibility of using this clearing method to
study the interaction of the hUC-MSCs with cells of the mouse lung. The
vasculature was labelled with the CD31 endothelial marker. Although the
image resolution was not sufficient to demonstrate the localisation of the hUC-
MSCS in intra-capillary space we observed that the hUC-MSCs appear to be
retained in the pulmonary microvasculature as no cells were detected within

large blood vessels (Figure 12d, supplementary videos 1 and 2).

Alternatively, the vasculature can be labelled by injecting Evans Blue IV. In the
experiment described previously (Figure 11), the Alexa Fluor® 647 secondary
antibody was used, but its spectrum overlaps with Evans Blue. Due to an
increase in tissue autofluorescence across all wavelengths, following ECi, we
were unable to label the hUC-MSCs utilising the green, red, or near infrared
channels. Thus, it was not possible to immunolabel the hUC-MSCs in lungs
stained with Evans Blue and cleared by ECi. Nevertheless, thin section
analysis of uncleared lungs stained with Evans Blue, by injecting dye IV after
cell injection, revealed that hUC-MSCs remained in close contact with the

74



pulmonary vasculature when the lungs were harvested immediately after cell
administration (Supplementary figure 4a). In addition, hUC-MSCs blocked the
free flow of Evans Blue dye as evidenced by the accumulation of dye around
areas where the hUC-MSCs are present. Moreover, the lack of Evans Blue
vascular staining in lung regions surrounded by hUC-MSCs suggested that the

cells might have formed emboli (39) (Supplementary figure 4b).

Finally, to demonstrate the usefulness of the CUBIC clearing protocol to study
immune responses in the lung after hUC-MSC administration, neutrophils were
stained with the myeloperoxidase (MPQO) marker. A rapid neutrophil infiltration
was observed 2 h after IV hUC-MSC injection with decreasing neutrophil levels
after 24 h (Figure 12e).
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Figure 12. In vivo and ex vivo imaging to detect hUC-MSC distribution for up
to 24 h post-administration. a) 2.5 x 10> hUC-MSC were injected via the tail
vein and the mice were imaged on the administration day (Day 0) and 24 h
post cell administration (Day 1). Representative images of the mice as
acquired 20 min post subcutaneous administration of D-Luciferin. b) Flux (light
output) as a function of time. Data are displayed as mean = SD from n = 4.
Statistical analysis was performed using a paired student T-fest. **p <0.05. c¢)
hUC-MSC biodistribution in whole mouse lung lobes after CUBIC clearing 2 h
after cell administration and 24 h post injection. Scale bar = 800 um. d) CD31

76



stained 500 um lung section on the day of administration and 24 h post cell
injection. Large vessels are indicated by arrowheads. €) Neutrophil recruitment
to the lungs 2 and 24 h after hUC-MSCs administration. MPO =
Myeloperoxidase. Scale bar = 100 um.

In summary, of the three methods compared, the CUBIC protocol proved to be
suitable for efficiently clearing the lung specimens without altering the tissue
morphology. CUBIC was the only method that preserved tdTomato
fluorescence in thick lung sections, allowing for direct visualisation of hUC-
MSCs by confocal microscopy. However, CUBIC failed to preserve Evans Blue
labelling of the vasculature but showed good antibody compatibility. In
contrast, s-DISCO and ECi allowed rapid optical clearing of whole lungs but
permanently quenched the fluorescence of tdTomato, while preserving the
endothelial Evans Blue signal. Even though no clearing method was perfect
for all subsequent imaging applications, by combining the CUBIC clearing
method with various staining approaches, we were able to demonstrate that
hUC-MSCs seem to be trapped in the lung microvasculature just after
injection, potentially blocking blood flow, and that hUC-MSC intravenous
administration triggers neutrophil infiltration.

3.3 Discussion

In this work, the CUBIC, s-DISCO and ECi optical tissue clearing protocols
were compared with the aim of establishing a suitable approach to study the

biodistribution of hUC-MSCs in mouse lungs following systemic cell delivery.

Optical tissue clearing matches the RI of heterogeneous samples and reduces
light scattering, enabling the investigation of biological processes in a whole
organ context. Broadly, clearing methods can be classified into water-based
(hydrophilic) and solvent-based (hydrophobic) methods depending on the
chemistry used (172). Selecting a clearing protocol depends on parameters
such as the size of the sample, tissue composition and the intended goal of

the experiment.

First, itis relevant to characterize the effect of the clearing method on the tissue
of interest. When applied to lung tissue, CUBIC is the superior method
regarding tissue transparency albeit taking 5 days to complete. In contrast,

both solvent-based methods cleared the samples within hours but resulted in
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a transparency below 50%. Changes in sample size occurred as expected:
hydrophilic methods led to sample expansion, which might be an advantage
when interested in increasing imaging resolution; solvent-based protocols
resulted in sample shrinkage, which can be advantageous when imaging large
samples (230).

Another relevant consideration when selecting a clearing protocol is whether
there is a need to preserve fluorescent proteins. In this study, the red
fluorescent protein tdTomato was used as a molecular label for the hUC-
MSCs. tdTomato was immediately quenched after s-DISCO and ECi clearing
of thick lung sections, rendering these protocols unsuitable for direct
visualization of fluorescently labelled cells, while CUBIC preserved the

fluorescence of tdTomato.

Fluorescent proteins are stabilized by water molecules and thus, dehydration
results in their denaturation and subsequent loss of fluorescence (242). To
overcome this, the use of milder dehydrating chemicals such as
tetrahydrofuran (THF) in the 3DISCO protocol (243), tert-butanol and diphenyl
ether in the uDISCO protocol (176), and 1-propanol in the second generation
ECi protocol have been used successfully allowing GFP preservation for days
to months (237). Given these reports, we used 1-propanol as the dehydration
agent for both s-DISCO and ECi protocols in the hope of preserving tdTomato.
Nevertheless, we were not able to detect tdTomato fluorescence. Interestingly,
Glaser and colleagues acquired a 3D image of a whole mouse lung cleared
with ECi via autofluorescence at 561 nm, which is consistent with our
observation that tissue autofluorescence at this wavelength is increased after
immersion in ECi (244). Moreover, the compatibility of a variety of fluorescent
probes with ECi was tested and tdTomato fluorescence was reported to be

poor after clearing (237).

In this study, the s-DISCO protocol was chosen given that it suggests that
adding the antioxidant propyl gallate to DBE prevents the formation of
peroxides and aldehydes, which are partly responsible for fluorescence
decline, and makes it possible to preserve tdTomato for up to a year. This

protocol is complex and requires specific expertise to purify reagents with
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explosive properties to eliminate all peroxide and aldehyde contents before
adding the propyl gallate to prevent their regeneration (179). We aimed to test
whether simplifying the protocol to make it more accessible to the wider
research community, by preventing peroxide formation in DBE, would suffice
to preserve the fluorescence of tdTomato. Nevertheless, we did not observe
fluorescence preservation after the modified s-DISCO clearing, indicating that
this approach is not sufficient to preserve fluorescent proteins and suggests
that pure chemicals might be necessary throughout the entire clearing protocol
(179).

Interestingly, we observed that the fluorescence of tdTomato was preserved
immediately after the completion of the modified s-DISCO and ECi protocols
by decreasing the dehydration time when clearing 100 um thin lung sections.
This finding might explain the variability in the results between users of the
same protocols for different applications and samples (245). Moreover, it
indicates that optimizing the duration of the dehydration steps might be
necessary when implementing a solvent-based optical tissue clearing method
where fluorescent proteins are involved. Decreasing the dehydration time
might result in protein-based fluorescence preservation but it would come at a
cost regarding sample transparency. Moreover, dehydration is not the only
factor that affects tdTomato as evidenced by the preservation of fluorescence
upon storage in ECi, but not in DBE, indicating that the Rl matching solvent

also plays a critical role in fluorescence quenching.

Temperature and pH have also been proven to play an important part in
fluorescence retention, with alkaline pH and 4°C being the optimal parameters
that allow fluorescent protein preservation. The studies that showed this were
done specifically to preserve GFP fluorescence (173,243,246). Although we
followed these recommendations, we failed to Vvisualize tdTomato

fluorescence.

Preservation of other fluorescent compounds, such as synthetic organic dyes,
is another consideration when selecting a tissue clearing method for a
particular application. To study hUC-MSC distribution with spatial landmarks
in the 3D lung context, the vasculature was labelled with Evans Blue. CUBIC
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washed away the dye, while s-DISCO and ECi preserved Evans Blue

fluorescence.

The field of optical tissue clearing is moving at a fast pace with new protocols
becoming available often. Here, we did not find a single protocol that allowed
us to preserve the fluorescence of tdTomato, stain the vasculature and perform
immunostaining simultaneously highlighting the challenges of establishing an
optical tissue clearing method for a new application. Alternative protocols that
could be tested in the future include Ce3D, OPTIClear, and MACS
(171,247,248). The Ce3D protocol has been tested for lung tissue and is
compatible with immunofluorescent staining of immune cells while preserving
fluorescence of reporter proteins (171). OPTIClear preserves fluorescence
proteins, is compatible with lipophilic labels and most fluorescent dyes.
Although this method decreases the brightness of some dyes, is incompatible
with some primary antibodies and long term storage in the clearing solutions
decreases fluorescence, it might be explored for the purpose of cell tracking in
the lungs (247). Finally, the MXDA-based Aqueous Clearing System (MACS)
has also been validated for lung tissue and is compatible with fluorescent
proteins as well as with lipophilic dyes that have been used to stain vascular
structures, and antibody labelling, making it a promising approach (248).

In summary, CUBIC is the only protocol that preserved tdTomato but it resulted
in Evans Blue washing out of the sample. The opposite occurred when using
a modified s-DISCO or ECi, as tdTomato was quenched, but Evans Blue was
preserved. These results reflect the challenges of optimizing a clearing method
for a specific application. Nevertheless, using immunofluorescence for the
endothelial marker CD31 to label the vasculature in CUBIC-cleared lung
sections indicated that the hUC-MSCs localise within the micro vessels and do

not seem to migrate to the parenchyma after 24 h.

Finally, we briefly explored the possibility of using CUBIC to study the immune
response in the lung to the administration of hUC-MSCs. A rapid infiltration of
neutrophils was observed 2 h post cell injection with the number of these cells
decreasing after 24 h. This proof of principle paves the way for studying other

immune cell populations in thick lung sections in the context of cell therapies.
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3.4 Conclusions

We compared three optical tissue clearing methods previously described in
the literature to track the lung biodistribution of hUC-MSCs labelled with the
fluorescent protein tdTomato. Direct detection of the tdTomato cells was only
possible using the CUBIC clearing protocol, which although time consuming,
results in highly transparent lungs and showed good antibody compatibility and
penetration. Moreover, using immunofluorescent staining allows the study of
the interaction of the hUC-MSCs with cells in the host’s lung. Using 3D imaging
of CUBIC cleared lungs we showed that hUC-MSCs were trapped in the
pulmonary vasculature and are mostly cleared within the first 24 h after IV

injection.
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Chapter 4. Investigating the fate of hUC-MSCs in the lung and their
effect in immune cell populations

4 Introduction

In the third chapter, we showed that after IV injection, most hUC-MSCs remain
within the lung vasculature and die within 24 h. Despite the first-pass effect,
several studies suggest that exogenous MSCs can ameliorate injury in a
variety of animal models such as the heart (26), eye (249), kidney (250), bone
(22), cartilage (251), liver (252), etc.

Although the mechanisms are not fully elucidated, it appears that at least some
of the therapeutic effects of MSCs are mediated by the immune system (53).
However, it is unclear what initial effect the MSCs have on the immune-cell

populations in the lung.

To provide an early line of defence against infections in tissues, the first type
of immune cells that respond to invading pathogens or foreign materials are
the cells of the innate immune system (44). Bone marrow-derived myeloid cells
consist of a heterogeneous population comprising macrophages, monocytes,
dendritic cells (DCs) and granulocytes (253). Despite each subset having
specialized functions based on their environment, all myeloid cells play a role
in the phagocytosis of foreign materials and in the secretion of cytokines and

chemokines to induce an immune response (254).

Granulocytes (mast cells, basophils, eosinophils, and neutrophils) are the first
cells recruited to local sites upon foreign invasion, followed by monocytes and
macrophages (255). Among granulocytes, neutrophils are the most abundant
(256). These non-proliferative cells are known for their pathogen-clearing
mechanisms involving reactive oxygen species generation, antimicrobial
protein degranulation, and neutrophil extracellular traps (NETs) formation
(257,258). After MSC IV administration, neutrophils show an enhanced
phagocytic capacity that aided bacterial clearance in a murine sepsis model
(259).

Monocytes are precursor cells that give rise to DCs and macrophages. Their

mobility gives them a unique role in the mononuclear phagocyte system. In
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contrast to the limited migration potential of terminally differentiated DCs and
macrophages, monocytes are rapidly mobilized upon challenge and can
access any location within the body catering to its needs (260). In the context
of cell therapies, an IV injection of hUC-MSCs into mice showed that
monocytes mediate the rapid clearance of the cells by phagocytosis (116).
Moreover, phagocytosis of the administered cells in the lung results in

monocyte reprogramming toward an anti-inflammatory activation state (116).

Tissue macrophages play various homeostatic roles such as tissue
remodelling and repair, clearing of senescent cells, as well as induction and
resolution of the inflammatory response (260). In addition, macrophages
engage with T and B lymphocytes and participate in the induction of adaptive
immunity (261). The IV infusion of MSCs in mice leads to an inflammatory
response accompanied by increased numbers of macrophages in the lungs
shortly after the cells home to this organ (262). Moreover, the MSCs increase
the number of anti-inflammatory macrophages and decrease the inflammatory
macrophages in vivo (263), affecting disease outcomes via macrophage

polarization (264).

Macrophages can further be categorized based on their location. In the lung,
resident alveolar macrophages are maintained by local proliferation (48) and
perform tissue-specific roles such as surfactant clearance (265). MSCs
reduced the severity of lung injury in an E. coli pneumonia model and
modulated alveolar macrophage polarization in vivo (266). Interstitial
macrophages mature in the lung after the recruitment of precursors from the
blood (260). Their localization within the lung remains unclear. Studies have
shown their presence in the parenchyma (267) and the bronchial interstitium
(268). Their functions include phagocytosis of foreign invaders, antigen

presentation and immune modulation (269).

Some studies have been done to understand the interactions between infused
MSCs and specific immune cell populations in vivo (116,270,271) but a
comprehensive analysis on the impact on innate cells is lacking. To investigate
the fate of hUC-MSCs in the lung and their effect on innate immune cell

populations, we administered cells into immunocompetent naive mice. Then,
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we measured the changes in the proportion of myeloid cells and their
distribution at two different time points: 2 hours and 24 hours. These time
points were selected because at 2 hours following cell injection, most cells
remain viable, while by 24 hours, most of the hUC-MSCs have been cleared.

The specific goals of this study include:

1. Implementing a gating strategy to identify myeloid cells subtypes and

their polarization state.

2. Studying the effect of hUC-MSCs on the distribution of myeloid cells in

the lungs

3. Studying the effect of hUC-MSCs on the proportion, distribution and
polarization of infiltrating granulocytes within the lung.

4. Evaluating the effect of hUC-MSC on neutrophil extracellular trap

formation

5. Studying the effect of hUC-MSCs on the proportion, distribution and

polarization of infiltrating monocytes and macrophages within the lung.

6. Assessing the effect of hUC-MSCs on the proportion and polarization

of lung macrophage subpopulations.
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4.1 Methods

4.1.1 Cell preparation

Primary human umbilical cord-derived mesenchymal stromal cells (hUC-
MSCs) were collected from consenting donors at the National Health Service
Blood and Transplant (NHSBT, UK) and obtained at passage 3.

The hUC-MSCs were transduced in the presence of 6 pg/ml DEAE-Dextran
with a lentiviral vector encoding luc2 firefly luciferase (FLuc) reporter under the
constitutive elongation factor 1-a (EF1a) promoter and the tdTomato
fluorescent protein downstream of the bioluminescence reporter via an IRES
linker. pCDH-EF1-Luc2-P2A-tdTomato was a gift from Kazuhiro Oka
(Addgene plasmid # 72486; http://n2t.net/addgene:72486; RRID:Addgene
72486). To obtain a >98% transduced population, the cells were sorted based
on tdTomato fluorescence (BD FACS Aria). The cells were cultured in a-MEM
supplemented with 10% FBS and incubated at 37°C, 5% CO2. When confluent,
cells were washed with PBS and incubated with 1% trypsin at 37°C for 3 min.
Subsequently, culture medium was added and the cell suspension was
transferred to a 15 ml conical tube and centrifuged at 300G for 3 minutes. The
supernatant was discarded and the cell pellet resuspended in an adequate
volume of medium for passaging. Prior to re-plating, 10 ul of cell suspension
was transferred into a haemocytometer and cells were counted. All procedures

were performed under sterile conditions.

4.1.2 Animal studies

All experiments were carried out under a licence granted under the UK Animals
Act 1986 and were approved by the ethics committee of the University of
Liverpool Animal Welfare and Ethics Review Board (AWERB). Eight to ten-
week-old female albino mice (C57BL/6) (B6N-TyrC-Brd/BrdCrCrl, originally
purchased from the Jackson Lab) were housed in individually ventilated cages

under a 12 h light/dark cycle, with ad libitum access to water and food.
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4.1.3 Dissociation of lung tissue

Mice received an IV injection of 2.5 x 10° untransduced hUC-MSCs or PBS
(100 pL) under anaesthesia with isoflurane. 2 or 24 h post injection, the
animals were culled by cervical dislocation. The lungs were removed en bloc.
The large airways were dissected from the peripheral lung tissue and each
lung lobe was separated. The lung lobes were cut into small pieces with
scissors, transferred into C-tubes (Miltenyi, Auburn, CA), and processed in
digestion buffer (1 mg/ml of Collagenase D and 80 U/ml DNase I, both from
Roche, in DMEM) and a GentleMACS dissociator (Miltenyi), according to the
manufacturer’s instructions. The lung homogenates were strained through a
70 mm nylon mesh to obtain single-cell suspensions. Red blood cells were
lysed using ammonium-chloride-potassium (ACK) lysis buffer (Gibco,
A1049201). The resultant cells were counted using an automated cell counter
(TC10, BioRad).

4.1.4 Flow cytometry

One million cells suspended in 90 pl of staining buffer (eBiosciences, 00-4222-
26) were incubated with 10 pl FcBlock (Miltenyi Biotech, 130-092-575) to
reduce nonspecific antibody binding. The cells were stained with a mixture of
fluorochrome-conjugated antibodies (see Table 4) for a list of antibodies,
clones, and fluorochromes). Data were acquired on a BD CANTO Il flow
cytometer using BD FACSDiva software (BD Biosciences; see supplementary
figure 5 Supplementary Figure for instrument configuration), and
compensation and data analyses were performed using the DIVA software).
The gating strategy followed was adapted from Misharin, A. et al. 2013 (272).
See results for the gating strategy used to identify cell populations (Figure 13
and Figure 14). The results of the flow cytometric analysis are displayed as the

percentage of the total cells (percentage of cells %).
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Table 4. Antibodies used for flow cytometry. All antibodies were purchased from

Miltenyi Biotec.

Conjugated Host/ Isotype Clone Dilution Cat. No
antibody

CD45 FITC rat IgG2bk 30F11 1:50 130-116-
500

CD11b Rat IgG2b, k | M1/70.15.11.5 1:50 130-113-
VIOBLUE 238

Cdllc APC- Hamster IgG N418 1:50 130-122-
Vio770 016

CD64 APC Human IgG1 REA286 1:50 130-126-
950

CD24 PE-Vio770 rat IgG2bk M1/69 1:10 130-102-
736

MHCII PE rat IgG2bk M5/114.15.2 1:10 130-102-
186

CD71 Human IgG1 REAG27 1:50 130-128-
PERCPVIO700 620

Siglec-F PE- Human IgG1 REA798 1:50 130-112-
Vio770 334

CD103 Hamster I1gG 2E7 1:50 130-121-
442

Ly6G Human igG1 REA526 1:50 130-120-
803

4.1.5 Retrograde perfusion fixation

2 or 24 h after IV administration of FLuc+ tdTomato hUC-MSCs, the mice

received an intraperitoneal overdose of pentobarbital (Pentoject, 100 pl)

followed by cannulation of the abdominal aorta, snipping of the vena cava and

flushing of Heparin/PBS (5 1U/ml) with a manual pump at a constant pressure

of 200 mbar (Supplementary figure 1) for 6 min to remove all blood cells,

followed by 6 min perfusion with 4% w/v paraformaldehyde (PFA) to fix the

whole animal. The total volume of each solution used per animal was 40 ml.
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The trachea was tied tightly with a surgical suture before opening the thoracic
cavity for lung dissection. Finally, the lungs were post-fixed in 4% PFA

overnight at 4°C.

4.1.6 Immunofluorescence

Before staining, the lungs were cleared using the CUBIC protocol as described
in chapter 2. The cleared lungs were sucrose protected and cryo-embedded
in optimal cutting temperature (OCT) medium before sectioning 30 um thick
sections using a cryostat (Thermo Scientific, Microm HM505E) at -20°C and
stored at -80°C.

All sections were washed with PBS 3x for 5 min. Tissues were incubated with
primary antibodies for 2 h at RT or O/N at 4°C. The primary antibody was
washed with PBS, and the secondary antibodies and DAPI were added.
Incubation was done at RT for 1 h. After a final washing step, the sections were
mounted in fluorescence mounting media (Dako, S3023). All antibodies and

dilutions used can be found in Table 5.
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Table 5. Antibodies used for immunofluorescence.

Host Clone Isotype | Dilution | T°/time | Manufacturer
F4/80 - FITC Human REA126 igG1 1:50 RT/2 Miltenyi
h Biotec (130-
117-509)
CD16/32 Human REA377 igG1l 1:10 RT/2 Miltenyi
h Biotec (130-
107-066)
Ly6C Rat HK1.4 IgG2c, 1:200 | 4/ON Biolegend
k (128001)
Myeloperoxidase | Goat Polyclonal igG 1:100 | 4/ON | R&D Systems
(AF3667-SP)
HDAC2 Rabbit Polyclonal igG 1:250 RT /2 | Sigma-Aldrich
h (HPAO011727)
CD11b - APC Rat | M1/70.15.11.5 | IgG2b, 1:50 RT/2 Miltenyi
k h Biotec (130-
113-231)
Ly6G - APC Human REA526 igG1l 1:50 RT/2 Miltenyi
h Biotec (130-
120-803)
CD163 Rabbit Polyclonal igG 1:100 RT/2 Invitrogen
h (PA5-78961)
Alexa Fluor® | Donkey | Polyclonal 19G 1:200 RT/1 Abcam
750 donkey anti- h (ab175750)
rat
Alexa Fluor® Goat Polyclonal [s[€ 1:1000 | RT/1 Invitrogen
647 goat anti- h (A-212465)
rabbit
Alexa Fluor® Goat Polyclonal [s[€ 1:1000 | RT/1 Invitrogen
647 goat anti- h (A-21451)
hamster
Alexa Fluor® Goat Polyclonal [s[€ 1:1000 | RT/1 Invitrogen
633 goat anti-rat h (A-21094)
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4.1.7 Imaging

Confocal microscopy images were acquired using a Leica DMi8 with Andor
Dragonfly spinning disk, coupled to an EMCCD camera using a 40x/1.3 oll
objective. Z-stacks were captured using the 488, 561 and 637 nm laser lines.
The emission filters used were 525/50, 600/50 and 700/75. Maximum intensity
projections, three-dimensional reconstructions and image analysis were done

using the IMARIS (Bitplane) software package.

Cell counting with IMARIS was performed by opening Z-stacks in their native
format, as they are automatically reconstructed into a multi-channel 3D model,
which eliminates the need for image pre-processing. To designate individual
cells of interest, the Spots creation tool was used. In the Spots creation wizard,
the source channel corresponding to the staining of interest was selected.
Background subtraction was used to separate the cell from the background.
The auto-threshold value was utilized during background subtraction. The
generated spots were a direct map of the intensity distribution of the
immunostaining of interest as detected by Imaris. Adjustments to the Spots to
create an accurate representation of the staining were made using the manual

spot creation/deletion tool.

4.1.8 Statistics

Data were analysed using GraphPad Prism for Windows version 8.4.2
(GraphPad Software, Inc., San Diego, CA). Values are presented as means *
standard deviations. Comparisons between animal groups were performed
using the Kruskal-Wallis test with multiple comparisons. P < 0.05 was
considered statistically significant. The number of replicates included in the

analyses, are given in the figure legends.
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4.2 Results

4.2.1 Implementation of gating strategy to identify myeloid cell
subtypes and their polarization state

To identify immune cells in the lung in response to cell therapy, we first
established a flow cytometric gating strategy using lung cell suspensions from

naive animals.

After excluding debris and doublets, the pan-hematopoietic marker CD45 was
used to identify leukocytes. The markers used to identify specific populations
can be found in Table 6.

Table 6.Surface markers used to identify immune cells by flow cytometry.

Cell type Phenotype Refs
Granulocytes Cdllc CD24M (272)
Neutrophils Siglec F- CD11b" CD103" Ly6G" (272)
Monocyte/MO macrophages CD11bM MHC II*"- CD64*~ (272)
Alveolar macrophages Cd11lb CD11ch CD64* (265)
Interstitial macrophages MHC II* CD11b* CD64* CD24- (273)

The strategy was used to identify all myeloid cells, and the specific sub-types.
The strategy for granulocytes, polarised resident lung macrophages and
polarised interstitial macrophages is shown in Figure 13a; the strategy for
polarised infiltrating monocytes/macrophages is shown in Figure 13b; and the
strategy for neutrophils is shown in Figure 14. CD64 (274) and CD71 (275,276)
were used as polarization markers of pro- and anti-inflammatory phenotypes,

respectively.
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Figure 13. Gating strategy used to identify immune-cell subsets in the mouse
lung after IV administration of hUC-MSCs or saline. After enzymatic and
mechanical digestion of mouse lungs, debris and doublets were excluded.
Leukocytes were identified by CD45 staining. a) To find specific populations,
a sequential gating strategy was used: alveolar macrophages (M®)
(CD11b- CD11c"), granulocytes (CD11lc- CD24M), interstitial macrophages
(CD11b* MHC II* CD64* CD24"°). The polarization status toward a pro- or anti-
inflammatory phenotype was assessed by the expression of CD64 and CD71,
respectively. b) A parallel gating strategy was used to identify monocytes:
monocytes/M0 M® (CD11b" MHC 1I*- CD64*"). To identify classically- and
alternatively-activated cell types the CD64 (M1 marker) and CD71 (M2 marker)
were used.
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Figure 14. Gating strategy used to identify neutrophils in the mouse lung after
IV injection of hUC-MSCs or saline. Lung enzymatic and mechanic digestion
was performed. Debris and doublets were excluded. CD45 staining was used
to identify leukocytes. Neutrophils were gated as Siglec F- CD11b" CD103-
Ly6Ghi.

4.2.2 Effect of hUC-MSCs on the distribution of myeloid cells in the
lungs

To investigate changes in biodistribution of the myeloid cells within the lung
after hUC-MSC administration, the lungs of mice that received FLuc
TdTomato-expressing hUC-MSCs were fixed and used to prepare frozen

sections for histology.

Using the CD11b pan-myeloid marker (277), confocal microscopy revealed
that 2 h post hUC-MSC IV administration, there was an increase in myeloid
cells. These cells persisted in the lungs up to 24 h. Moreover, the cells
accumulated in close proximity to the hUC-MSCs clusters and fragments
(Figure 15a), suggesting that these cells might be phagocytosing the hUC-
MSCs. Quantification of myeloid cells confirmed a sharp increase in these cells
at 2 h that was sustained at 24 h (Figure 15b).
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Figure 15. CD11b* myeloid cells infiltrated into the lungs after IV administration
of hUC-MSCs. a) Representative maximum intensity projection (MIP) confocal
microscopy images showed CD11b* cells (white) infiltrated into the lungs in
comparison with control animals that received saline. CD11b* cells clustered
around the hUC-MSCs (red) in the lungs 2 and 24 h after cell injection (yellow
arrows). Scale bar = 30 um. b) Immunofluorescence quantification of CD11b*
cells. Kruskal-Wallis test with multiple comparisons. n=9; P<0.005 **;
P<0.0005 ***,

Immunofluorescence analysis and quantification showed that myeloid cells

infiltrate the lungs after IV injection of hUC-MSCs.

4.2.3 Effect of hUC-MSCs on the proportion, distribution and
polarization of infiltrating granulocytes within the lung

To understand what type of myeloid cells had accumulated in the lung, flow
cytometry was undertaken to determine the proportion of innate immune cell
sub-types. Mice received untransduced hUC-MSCs IV and their lungs were
dissociated for flow analysis. To study the biodistribution in the lung, a different
cohort of mice was used to inject FLuc TdTomato-expressing hUC-MSCs.
Their lungs were fixed and used to prepare frozen section for

immunofluorescence.

Flow cytometric analysis revealed that the proportion of granulocytes
increased approximately twofold from baseline 2 h post hUC-MSC
administration. The number of these cells decreased after 24 h, but remained
1.7x higher than control (Figure 16a, left). Particularly, neutrophils showed an
approximate 4.5x increase at 2 h with the number of these cells returning to
baseline after 24 h (Figure 16a, right).
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The granulocyte/monocyte marker MPO (278,279) was wused for
immunofluorescence staining. MPO positive cells localized in the vicinity of the
hUC-MSC clusters as well as in areas were cell debris was observed (Figure
16b), potentially indicating an active role of these cells in the clearance of the
exogenously administered human cells. Quantification of the fluorescence
images showed an approximate threefold increase in MPO expressing cells at

2 h, with a decline back to control levels at 24 h (Figure 16c).

To reliably identify neutrophils by immunostaining, we used the MPO surface
marker in combination with Ly6G, recognized as a marker that is highly
expressed by neutrophils (280). We observed that double-labelled neutrophils
localized to the vicinity of the hUC-MSCs at 2 h. After 24 h, cells expressing
only Ly6G, which might be monocytes or other granulocytes, were observed
distributed evenly throughout the lung (Figure 16d). Their quantification
confirmed that, as seen by flow cytometry, these cells infiltrated into the lungs
at 2 h and returned to baseline levels at 24 h (Figure 16e).

Together, these data showed that granulocytes, particularly neutrophils,
accumulated in the lung in response to hUC-MSC IV administration at the 2 h

time point. After 24 h, the number of these cells decreased.
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Figure 16. Granulocytes are recruited to the lungs rapidly after hUC-MSC IV
infusion. a) Flow cytometry showed that Cdllc- CD24" granulocytes and
Siglec F- CD11b" CD103- Ly6GM neutrophils increased 2 h after hUC-MSC
injection and decreased at the 24 h time point. Percentage of total cells is
displayed in the y-axis. Kruskal-Wallis test with multiple comparisons; control
n=8, hUC-MSC group n=4. P<0.05 *; P<0.005 **. b) MPO" cells (green)
clustered around the hUC-MSCs (red) in the lungs 2 h after cell injection
(yellow arrows) and their levels decreased at 24 h. Scale bar = 30 um. ¢)
Immunofluorescence quantification of MPO* cells. Kruskal-Wallis test with
multiple comparisons. n=9. P<0.005 **; P<0.0005 *** d) Ly6G + MPO
(magenta + cyan) neutrophils surrounded the hUC-MSCs (red) in the lungs 2
h after cell injection (yellow arrows). 24 h later, Ly6G cells were still present in
the lung. e) Immunofluorescence quantification of MPO + LY6G neutrophils.
Kruskal-Wallis test with multiple comparisons. n=9. P<0.005 **; P<0.0005 ***,
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4.2.4 Effect of hUC-MSC on neutrophil extracellular trap formation

Given the high influx of neutrophils into the lung after IV injection of hUC-
MSCs, we questioned whether NETs formed as a consequence. We stained
frozen lung sections of mice that received FLuc TdTomato-expressing hUC-
MSCs for Histone deacetylase 2 (HDAC2), DAPI and MPO, which in
combination are common indicators of NET formation (281).

Although an increase in HDAC2 was observed at both time points, the
characteristic elongated NET structures where not observed (Figure 17). We
observed that HDAC2 expression colocalizes with the hUC-MSCs. Given the
body’s homeostatic mechanisms, it is unlikely that the DNA of the dying cells
would have been exposed. Thus, we speculate that the exposed DNA
observed in the tissue environment might have been induced by sample
processing leading to the observation of HDAC?2 in the lung sections. Thus,
NET formation is likely not induced by the administration of hUC-MSCs.

Control 24 h

DAPI hUC-MSCs HDAC2
Figure 17. Neutrophil extracellular traps are not observed in the lungs of mice

at any timepoint after hUC-MSC |V infusion. hUC-MSCs (red), MPO (green),
HDAC Il (white). Scale bar = 30 pm.
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4,25 Effect of hUC-MSCs on the proportion, distribution and
polarization of infiltrating monocytes and macrophages within

the lung

To determine how hUC-MSCs affected the quantity, localization, and
phenotype of infiltrating macrophages and monocytes in the mouse lung we
performed flow cytometric analysis and immunofluorescence after injecting
untransduced or reporter hUC-MSCs, respectively. Monocytes and
macrophages express similar surface molecules. The selection of markers
used in our panel, made it difficult to differentiate between these -cell

populations, thus they were analysed in conjunction.

We observed by flow cytometry that 2 h after hUC-MSC administration, the
proportion of monocytes/MO macrophages increased by approximately 2.8x
when compared to control. After 24 h, there was a sharp decrease (Figure 18a,
left). Pro-inflammatory monocytes/MOmacrophages increased ~2-fold at 2 h
(Figure 18a, middle), followed by a shift of this population toward an M2
phenotype at 24 h, with an approximate 3.2x increase (Figure 18a, right).

To study immune cell polarization, lung tissue sections were co-stained for
CD11b and LY6C (M1 monocytes). The distribution of classically activated
monocytes was even throughout the tissue without a preference for
accumulating around the hUC-MSCs at any time point (Figure 18b).
Quantification of M1 monocytes showed an infiltration of these cell into the
lung at 2 h which was sustained at 24 h (Figure 18c). M2 monocytes were not
investigated by immunofluorescence due to technical challenges regarding
antibody performance. Nevertheless, it would be expected to observe an

increase in these cells 24 h post cell injection (116).

Co-staining for the F4/80 and CD16/32 markers revealed that M1
macrophages distributed homogeneously throughout the tissue without
clustering preferentially around hUC-MSCs (Figure 18d), suggesting a global
inflammatory state in the lungs. Quantification showed that M1 macrophages
infiltrate the lung 2 h after cell injection with the level of these cells remaining
high at 24 (Figure 18e). To identify M2 macrophages, we used the F4/80 and

CD206 markers. Double-labelled cells were observed homogeneously
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distributed within the tissue at 24 h (Figure 18f) in agreement with the
quantification which showed that M2 macrophages increase only after 24 h
(Figure 18g).

All'in all, the monocyte/M0 macrophage population was increased significantly
2 h post hUC-MSC injection. At this time point, an inflammatory response was
observed as both monocytes and macrophages differentiated toward an M1
phenotype. At 24 h, although the levels of M1 cells remained high, as shown
by immunofluorescence, a resolution of inflammation phase was observed as

the monocytes and macrophages acquired an M2 phenotype.
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Figure 18. Monocytes and MO macrophages in the lung show a 2-step
polarization response to IV injection of hUC-MSCs. a) Flow cytometry showed
that the CD11b" MHC II*- CD64*- monocyte and MO macrophage populations
increased at 2 h and presented a classically activated phenotype. At 24 h these
cells transitioned toward an alternatively activated phenotype. Percentage of
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total cells is displayed in the y-axis. Kruskal-Wallis test with multiple
comparisons. control n=8, hUC-MSC group n=4. P<0.05 *. b) (CD11b [white]
+ Ly6C [green]) classically activated monocytes distribution in the lungs
(yellow arrows). Scale bar = 30 um. ¢) Immunofluorescence quantification of
LY6C + CD11b M1 monocytes. Kruskal-Wallis test with multiple comparisons.
n=9. P<0.005 **; P<0.0005 ***. d) M1 macrophages (F4/80 [green] + CD16/32
[white]) biodistribution in the lung after cell therapy (yellow arrows). Scale bar
= 30 um. e) Immunofluorescence quantification of F4/80 + CD16/32 M1
macrophages. Kruskal-Wallis test with multiple comparisons. n=9. P<0.005 **;
P<0.0005 ***, f) (F4/80 [green] + CD206 [white]) M2 macrophages distribution
(yellow arrowheads). Scale bar = 30 um. g) Immunofluorescence quantification
of F4/80 + CD206 M2 macrophages Kruskal-Wallis test with multiple
comparisons. n=9. P<0.00005 ****,

4.2.6 Effect of hUC-MSCs on the proportion and polarization of lung

macrophage subpopulations

As shown in Figure 18, IV administration of hUC-MSC increased the overall
macrophage levels in the lung. The rapid increase in macrophage number
within a 2 h period suggests that these macrophages are infiltrating
macrophages from the blood circulation (282). However, it is not clear whether
the hUC-MSCs also have any effect on the resident macrophage populations
in the lung, which comprise interstitial and alveolar macrophages. To address
this, we used flow cytometry to investigate the effect of hUC-MSCs on Cd11b
CD11c"" CD64* alveolar and MHC II* CD11b* CD64* CD24 interstitial

macrophages as well as on their polarization status.

The analysis showed that although not significant, a trend toward lower
alveolar cell number was observed at 2 h. The resident alveolar macrophage
levels, with just a 0.4x increase at 24 h, remained relatively stable after hUC-
MSC infusion (Figure 19a, left). With a 0.5x drop in M1 macrophages, these
cells showed a similar trend to the overall population. The MSCs did not trigger
a pro-inflammatory response in these cells (Figure 19a, middle). M2 alveolar
macrophages were below the level of detection at 2 h, but the 0.16x increase
at 24 h does not suggest that alveolar macrophages change their phenotype
toward an M2 activation state (Figure 19a, right). The interstitial macrophage
population remains unchanged 2 h post cell injection but increased by 2.8x 24
h later. At this timepoint, polarization toward both, an M1 and M2 phenotypes

was observed, with increases of 2.3 and 4.2x, respectively (Figure 19b).
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IV administration does not seem to have an effect on alveolar macrophages in
the lung. On the contrary, the levels of interstitial macrophages are significantly
increased and show an initial inflammatory phase that shifts toward a
regulatory phase at 24 h, once most of the infused cells have been cleared.
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Figure 19. Macrophage subsets and their polarization after IV administration
of hUC-MSCs. a) Flow cytometric analysis of Cd11b- CD11ch CD64* alveolar
macrophages and their polarisation in the lung b) MHC 1I* CD11b* CD64*
CD24- interstitial macrophages were also analysis for changes in their
proportion and polarisation by flow cytometry. Percentage of total cells is
displayed in the y-axis. Kruskal-Wallis test with multiple comparisons. control
n=8, hUC-MSC group n=4. P<0.05 * P<0.005 **.

4.3 Discussion

In this study, we implemented a gating strategy to analyse the innate immune
cell response to the administration of IV-infused hUC-MSCs in the mouse lung
by flow cytometry. Moreover, to study the location and biodistribution of the

immune cells impacted by cell therapy, we performed histological analysis.

Overall, hUC-MSCs triggered an innate immune response shortly after being

infused intravenously. The levels of granulocytes -particularly neutrophils-,

102



monocytes and macrophages were increased 2 h post-hUC-MSC
administration. At this time point, the myeloid cells were found surrounding the
administered cells. This suggests that the clearance of hUC-MSC from the
lungs might involve efferocytosis by phagocytes. Moreover, monocytes and
macrophages acquired a pro-inflammatory phenotype, which agrees with
studies that have shown that MSCs delivered IV induce an inflammatory
response (262). After 24 h, the levels of neutrophils returned to baseline and
a shift of the monocytes and macrophages toward an anti-inflammatory
phenotype was observed. The resident alveolar macrophage population did
not react to the infusion of exogenous cells, but the lung interstitial
macrophages increased at the 24 h time point and showed both a pro- and
anti-inflammatory phenotype.

Identifying myeloid cell subtypes and their polarization state in the lung is a
complex task. Several myeloid populations express similar and overlapping
markers. Moreover, researchers have used inconsistent antibody panels
resulting in a lack of strictly defined identifiers for specific cell subsets (283).
We followed a well-established protocol (272) and modified it in accordance
with our instrument’s limitations and experimental goals, offering a novel
approach to studying the changes in the proportion of different myeloid cells to
hUC-MSC delivery in vivo.

We and others have shown that hUC-MSC administered IV leads to the cells
accumulating in the lungs and are cleared within 24 h (33,35,38,284). Given
that the hUC-MSCs are short-lived, their mechanisms of action in the

resolution of disease are still unclear.

Hypotheses regarding the limited survival and rapid clearance of MSC in the
lung include apoptosis (270), lack of nutrients/growth factors (285), mechanical
stress/anoikis (286), hypoxia (287), and phagocytosis by immune cells
(117,288).

We showed that interactions between transplanted MSCs with phagocytic
myeloid cells occur shortly after administration. In agreement with our data,
others have shown direct interactions of MSCs with host platelets and

neutrophils in vivo (289), and that MSCs colocalize with macrophage and
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granulocyte markers via immunofluorescence ex vivo (270), suggesting that
MSCs might affect the innate immune system through cell-to-cell interactions
(290).

Moreover, we observed a 4.5-fold increase in neutrophils and a 2.8-fold
increase in monocytes and MO macrophages 2 h after hUC-MSC 1V injection.
Although trends for increased neutrophil levels have been reported (262), the
results were not as significant as the ones shown here. In contrast, an increase
in monocyte chemo attractants, as well as proinflammatory cytokines (116),
and a doubling of macrophages in the lung agrees with our findings that 1V

delivery of hUC-MSCs increases these cells (262).

The rapid increase in neutrophils, monocytes and macrophages in response
to the hUC-MSCs corresponds to a typical innate immune reaction to
pathogens (44), suggesting that the administered hUC-MSCs are recognized
as foreign and trigger an inflammatory response. Supporting this hypothesis,
we observed that the monocytes and macrophages infiltrating the lungs after
cell therapy displayed an inflammatory phenotype 2 h after cell infusion, which
agrees with reports suggesting that mice whose lungs have been challenged,
have increased numbers of infiltrating monocytes in this organ (291).

In this study, we used xenogeneic cells, but studies that have used syngeneic
(262) and allogeneic (292) MSCs have also observed an inflammatory immune
reaction after MSC delivery, suggesting that the response is not due to the
cells being from other species, but rather a response to the MSCs being
present in high numbers at an unusual location, which initiates a clearance
mechanism (262). In line with this, the immune system reacts to cells that are
not normally in contact with the bloodstream (293). The direct interaction
between the MSCs and the blood immediately after infusion might trigger an
instant blood-mediated inflammatory reaction (IBMIR), that would not be
expected when administering cells that are normally present in the blood
circulation, such as leukocytes (294). IBMIR causes platelet-, coagulation-,
and complement activation, and results in the MSCs being destroyed quickly,

inducing the innate immune system to eliminate them (295).
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At 24 h post-hUC-MSC administration, we observed an increased
monocyte/macrophage polarization toward an immune-regulatory phenotype,
indicating a resolution of the initial inflammatory phase. The production of
suppressive myeloid cells after close interaction with MSCs has been
described as one of the mechanisms by which the therapeutic cells exert
positive disease outcomes (296). Phagocytosis has been linked to myeloid cell

anti-inflammatory polarization (114).

Phagocytosis of exogenous MSCs by innate immune cells has been
demonstrated in vivo by Braza et al. (117) PKH26 labelled MSCs were injected
into mice and the label was found in lung resident macrophages, monocytes,
and neutrophils by flow cytometry (117). De Witte et al concluded that MSC
phagocytosis triggers monocytes to adopt an anti-inflammatory phenotype,
which is critical in the mediation of the MSC immunomodulatory effects (116).
Moreover, macrophages in the lung that had phagocytosed IV-delivered MSCs
expressed an anti-inflammatory phenotype, while macrophages that did not

phagocytose MSCs displayed a pro-inflammatory phenotype (117).

In this study, phagocytosis of hUC-MSCs was not evaluated by flow cytometry
and no tdTomato was observed inside the myeloid cells by microscopy. This
might be due to the small amount of tdTomato uptaken by the immune cells,
resulting in an undetectable signal. Nevertheless, the fact that granulocytes,
monocytes and macrophages are found in close contact with hUC-MSCs
suggests that these cells may be involved in phagocytosing them. However, it
isn’t clear if the immune cells play any role in inducing the death of the hUC-
MSCs.

Innate immune leukocytes regulate lymphocytes of the adaptive immune
system and orchestrate more complex immune responses (297,298). Although
we did not look at the adaptive immunity in response to IV injected hUC-MSCs,
studies suggest that MSCs modulate B- and T- cells (65,67,68,299). In vitro,
mechanisms such as skewing of monocytes toward anti-inflammatory
macrophages (299), suppression by soluble factors (65,67), direct inhibition of
proliferation (300), and induction of anti-inflammatory phenotypes have been

described (301). In vivo, preventive IV injection of MSCs ameliorated
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experimental autoimmune encephalomyelitis by inhibiting T-cell proliferation

and preventing the secretion of pro-inflammatory cytokines (302).

MSCs can also mediate innate immune cell polarization through their
secretome (303), which includes soluble proteins, cytokines, chemokines,
lipids, free nucleic acids and exosomes, which might contain mitochondria
(304). An example of secretome-mediated immune response was shown when
after IV infusion, MSCs improved myocardial infarction by secreting the anti-

inflammatory protein TSG-6 in mice (26).

The shape and size of the hUC-MSCs present in the lung after IV infusion
varies. Large, medium, and small hUC-MSC clumps, have been observed as
round or elongated shapes. In addition to phagocytosis, this might be
explained given that rapidly after transplantation, MSCs fragment, losing their
cellular and nuclear integrity, and they undergo apoptosis (270).

Apoptosis in vivo might be required for the MSCs to exert their benefits (114).
After IV injection, MSCs undergo apoptosis in the lung. Their subsequent
efferocytosis by macrophages was suggested to be the mechanism behind the
reduction in the severity of allergic asthma (118). Moreover, clinical data from
patients with graft-versus-host disease (GvHD) who have been administered
MSCs intravenously and preclinical murine models showed that the host’s
cytotoxic cells actively induce the exogenous MSCs to undergo apoptosis. This
results in in vivo recipient-induced immunomodulation which is required for
improved outcomes. In addition, their work demonstrated that the delivery of
apoptotic MSCs produced ex vivo might circumvent the requirement for
recipient cytotoxic cell activity (119).

MSC viability might not be necessary in some contexts. Heat-inactivated
MSCs maintain immunomodulatory capacity and reduce sepsis in mice in a
secretome and immune cell crosstalk-independent manner (305,306). In our
study, we used viable hUC-MSCs. It remains an open question whether
apoptotic/unviable cells have a different effect on the innate immune system

in vivo.

Regarding lung resident macrophages, our data showed that IV hUC-MSCs

do not induce changes in the proportion or phenotype of alveolar
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macrophages. In contrast, others have shown that IV MSC injection induces a
slight increase in alveolar macrophages (118). Moreover, alveolar
macrophages were observed efferocytosing the exogenous MSCs, which
caused major transcriptional changes that reprogrammed the alveolar
macrophages toward an M2 phenotype (118). Similarly, MSCs injected IV
induced polarization of alveolar macrophages to an immune regulatory
phenotype without raising their levels (307). Moreover, another study found
that alveolar macrophages were significantly increased after 1V delivery of
BM-, UC- or AD-MSCs (308). This might be explained by the fact that healthy
mice were used in the current study, while the three studies cited above used
a mouse model of allergic asthma. Alveolar macrophages are the firstimmune
effector cells at the air-lung interphase (309), meaning that the induction of
asthma might have activated, primed and mobilized the alveolar macrophages
prior to MSC therapy (47). Thus, it is difficult to attribute the observed effects
on the alveolar macrophages solely to the delivery of MSCs.

As discussed above, the disease context or inflammatory conditions can
influence the outcome arising from MSC delivery, as well as differentially alter
MSC behaviour (69,310). MSCs can either promote or suppress the immune
response as shown by in vitro culture of MSCs exposed to different clinical
bronchoalveolar lavage (BAL) samples representing a wide range of lung
pathologies (310). In our study, healthy animals were used; if injured animals
had been studied, it is possible that the results might have differed. Thus, the
understanding of the effect of IV delivery of hUC-MSCs on the innate immune
system in different disease and inflammatory contexts remains to be

elucidated.

Regarding lung interstitial macrophages, we observed an 2.8-fold increase in
interstitial macrophages at 24 h, which agrees with Pang, et al. who observed
that lung interstitial macrophages play an important role in the clearance of
exogenous MSCs (118).

Finally, regarding the tissue biodistribution of myeloid cells, although some
cells such as neutrophils seemed to cluster around hUC-MSCS, it was

interesting to observe that M1 monocytes and macrophages were also present
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at sites were no MSCs were observed. A possible explanation is that MSCs
induce a global immune activating state in the lungs. Alternatively, the MSCs
might be missed at sites of dense immune cells as they could be adjacent to
the field of view.

The MSCs’ immunoregulatory properties related to beneficial effects on
disease remain unclear. Nevertheless, immunomodulation by innate immune
cells mediated by the MSCs secretome as well as by direct interaction with
viable, apoptotic, inactivated, and fragmented MSCs after delivery has been
established (114). Moreover, upon contact with MSCs, the innate immune cells
adapt their phenotype according to the disease context and maintain a
footprint that induced therapeutic effects without long-term engraftment (51).

4.4 Conclusion

We performed a comprehensive flow cytometry and histological analysis of
mouse lungs following IV administration of hUC-MSCs to investigate the fate

of the hUC-MSCs and their effect on the cells of the innate immune system.

We showed that in healthy, immunocompetent mice, an inflammatory
response, dominated by an increase in granulocytes, particularly neutrophils,
and pro-inflammatory monocytes and macrophages in the lungs, occurred 2 h
after cell delivery. These cells were frequently observed in proximity to the
hUC-MSCs, which may indicate that they participate in their clearance by
means of phagocytosis. After 24 h, a resolution of the inflammatory phase is
observed as anti-inflammatory monocytes and macrophages are more
prevalent in the lung. These processes might be involved in the
immunomodulatory response following MSC infusion in models of disease.
Further research is necessary to ascertain the exact cause of the immune

response to better tailor cell therapies to specific conditions.
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Chapter 5. General discussion and conclusions

MSC therapies have shown favourable results in preclinical models of
numerous diseases. Nevertheless, few clinically approved therapies exist (20).
To determine whether MSC treatments are suitable for clinical use it is
important to evaluate the safety of delivering exogenous MSCs intravenously,
given that due to ease of access and patient comfort, this is the preferred
administration route (311). IV infused MSCs become entrapped in the lungs
due to their relatively large size in comparison to the diameter of the pulmonary
capillaries, and the expression of surface molecules that interact with the
lung’s endothelium (38,36,42). Moreover, they are rapidly cleared from the
body (270). Given the short lifespan of MSCs following IV administration and
their restricted distribution, it is unclear how they realize their benefits (116).
Thus, assessing MSC safety and understanding their mechanisms of action is

important for the development of appropriate clinical applications.

Therefore, the main goal of this study was to evaluate the safety, distribution
and fate of hUC-MSC therapies using imaging tools. Particularly, the first aim
was to track the biodistribution of hUC-MSC in vivo using non-invasive multi-
modal imaging modalities such as BLI, micro-CT and MSOT. Secondly, to
evaluate the distribution of the cells within the lung ex vivo at single cell
resolution. Lastly, to investigate the fate of the hUC-MSCs in the lung and their

effect on host immune cell populations.
The results in each chapter will be discussed.

1. Comparison of the effectiveness of MSOT and micro-CT for tracking

gold-labelled MSCs in vivo.

In chapter 2 of this thesis, it was demonstrated that MSOT could identify the
gold-labelled MSCs following subcutaneous administration, but was unable to
image the cells within the lung following IV administration due to the presence
of air in this organ. On the other hand, micro-CT could be used to generate
anatomical images of the lungs but was unable to detect the gold-labelled cells

due to poor sensitivity.
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The interest in micro-CT stemmed from multiple reports suggesting that
micro-CT tracking of gold-labelled cells is feasible (141,202,204,214,312).
If this were true, due to the ability of micro-CT to generate high resolution
lung images (313), it would offer insights into the intra-lung biodistribution

of IV delivered MSC therapies in vivo.

In a preliminary phantom study, where gold nanorod solutions were imaged
in microfuge tubes, it was observed that the amount of gold necessary to
detect any signal would be extremely high, constituting a problem regarding
effects on cell viability and/or phenotype as well as a monetary toll that

would make this approach unfeasible.

Most studies that have used micro-CT to image gold-labelled cells report
positive results. It is interesting that a number of papers on this topic were
published by the same research group and display unexpectedly similar
figures (314-319). In contrast with their results, the conclusion reached in
this thesis was that micro-CT is not a sensitive technique for tracking gold
labelled cells under the experimental conditions tested. The mathematical

reasoning to support this is outlined in the discussion section of chapter 2.

micro-CT imaging using gold for cell tracking is far from becoming a reality.
Aside of the fact that conventional micro-CT scanners lack sensitivity
toward gold, the research in this area would first need to reach a consensus
on the ideal size, shape, concentration, delivery route, and chemical
modifications of the gold nanopatrticles, given that currently, nanoparticles

that vary widely in the aforementioned parameters are being used (320).

Although visualizing the hUC-MSCs by BLI was possible, this imaging
modality is limited by low spatial resolution which does not allow the

biodistribution of the cells to be mapped at the intra-organ level (136).

Alternative in vivo imaging modalities that might be useful to track
nanoparticle-labelled MSCs in the lung include zero-echo time (ZTE) MRI

and magnetic particle imaging (MPI).

Lung imaging using conventional MRI has been complicated given the low

proton density of this organ as well as respiratory motion artefacts (321).
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ZTE imaging is a fast gradient echo-based MRI sequence capable of
capturing the intrinsic signal of the lung parenchyma. ZTE MRI overcomes
the problems associated with imaging lung tissue and provides high-
resolution pulmonary structural information (322). Additionally, MRI has
been used to track MSCs labelled with iron oxide nanoparticles (323),
making the application of ZTE MRI an interesting avenue to study the fate
of MSCs within the lung.

MPI relies on the electronic magnetization of iron oxide nanoparticles as
opposed to the nuclear magnetization necessary for MRI. This results in
MPI achieving higher sensitivity and specificity without depth limitations
(324). Moreover, this imaging technology has no optical limitations working
robustly in the lungs and has been used to track iron oxide labelled MSCs
in this organ (325).

Failing to monitor the hUC-MSC therapy in vivo within the lungs with micro-
CT, led to the exploration of ex vivo methods such as optical tissue clearing
to study the biodistribution and fate of the fluorescent reporter hUC-MSCs
in the lung by microscopy at single cell resolution.

2. Evaluation of the distribution of the hUC-MSCs within the lung ex

vivo at single cell resolution.

Numerous tissue-clearing protocols, based on organic or aqueous chemicals,
are available. Depending on the tissue type, size and imaging applications,
these techniques can produce variable results. It can be overwhelming for
the research community to choose between the different methods. Thus,
three different approaches were systematically tested for their ability to not
only clear the lungs, whilst maintaining their integrity and morphology, but

also to retain the fluorescent label and allow vasculature staining.

In this chapter, the results showed that there was not a single universal
method achieving all the requirements for our application. However, the
CUBIC clearing protocol gave the best results because it preserved the
fluorescence of the administered reporter cells. CUBIC in combination with
immunofluorescent microscopy allowed the study of the 3D interactions of

the hUC-MSCs with endothelial and innate immune cells. Nevertheless, this
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methodology is challenging, and the staining protocols need to be adapted
on an antibody-by-antibody basis. Although a given protocol might work
reliably in 2D sections, translating it to 3D cleared sections is not
straightforward. More work would be necessary to optimize the staining
protocols and use this approach for volumetric imaging of the immune

processes triggered by the IV administration of hUC-MSCs.

When establishing an optical tissue clearing method for a specific application,
many considerations are required, one of which is the technical
characteristics of the microscopes available to obtain the best possible
images. To avoid optical aberrations, it is important to match the RI of the
cleared samples (326). Unfortunately, the microscope objectives available in
the confocal system used in this study were not ideal and | did not have
access to facilities elsewhere. The high magnification, oil immersion
objectives, which would have allowed for a correct refractive index matching
had a short working distance that made it impossible to work with samples as
thick as the ones used in this study (500 um). Thus, an air objective had to
be used, which resulted in a Rl mismatch and did not yield images that were
suitable for quantification. Nevertheless, provided that tailored microscope
objectives can be used, it can be concluded that the CUBIC clearing protocol
in combination with fluorescent labelling strategies offers a novel approach
to investigate the volumetric distribution of IV administered MSCs within the

lung and their interactions with host cells.

3. Investigating the fate of the hUC-MSCs in the lung and their effect on

host immune cell populations.

Studying the effect of hUC-MSCs on the lung’s innate immune cells in 3D
cleared sections was challenging; thus, chapter 4 focused on studying this in
more detail by using immunofluorescence of thin sections to study the spatial
distribution of the cells. Moreover, a comprehensive flow cytometric analysis
was established to study changes in the number of these cells. To the best of
my knowledge, such an approach has been reported in this thesis for the first
time. Nevertheless, some recommendations on how to improve the panel will

be discussed.
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The instrument used in the present study allowed for up to 8 different markers
to be assessed simultaneously, which posed a limitation for the panel design.
If a flow cytometer with higher capacity would have been available, the panel
of markers could have been simplified, eliminating the need for setting up two

different panels and gating strategies.

Moreover, in the gating strategy used here, it is possible that the alveolar
macrophage population could be contaminated with DCs, as it was not
possible to separate these populations. DCs display phagocytic activity, and it
could have been expected that they also participate in the innate immune
response triggered by the infusion of hUC-MSCs. Nevertheless, given that the
change in the alveolar macrophage levels was not significant, it could be
assumed that the DCs were also not highly impacted by the administration of
hUC-MSC. This agrees with the findings that the importance of DCs may not
be as great as that of macrophages, as it has been shown by treating mice
with chlodronate before MSC therapy. Chlodronate preferentially depletes
macrophages while leaving DCs unaffected. These treatment impairs the
therapeutic effects of MSCs indicating that macrophages play a more

important role (119).

Moreover, although differentiating between monocytes and macrophages is
challenging given that these express similar surface markers, adding a marker
that is exclusively expressed by monocytes such as CD115 might be beneficial
(327).

It has been repeatedly shown that MSC administration skews macrophages
toward an M2 state (117,263,266,296,307). On the other hand, it has been
suggested that shortly after MSC IV delivery, an inflammatory response is
observed (262). In this chapter, it is described for the first time that IV
administration of hUC-MSCs into mice results in a two-step innate immune
response; It is characterised by an initial pro-inflammatory immune reaction

and followed by a resolution phase.

Nevertheless, it is important to remember that the M1, M2 polarisation
classification used in this study is very simplistic (328). Polarisation is not

limited to the pro- and anti-inflammatory states, and overlapping phenotypes
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and populations may exist simultaneously within the same tissue (272).
Perhaps gene expression analysis in pulmonary myeloid cell populations at
different hUC-MSC administration time points would allow for a deeper
understanding of monocyte and macrophage polarization status.

Although new insights have been gained from this study, several open
questions remain. Thus, future studies could benefit from the protocols
established in this thesis and go beyond the innate immune system to study
the response of the adaptive immune response to cell therapies. Moreover, it
would be interesting to evaluate whether the immune response would be
different if MSCs from other sources were used, whether cell dose has an
impact, or if our observations would have differed if unviable or apoptotic
MSCs, MSC membrane particles, or primed MSCs were used. Finally,
exploring these questions in animal models of injury, such as the renal
ischemia reperfusion mouse model would be of interest. Moreover,
administering the MSCs as preventative as well as therapeutic measures,
would shed light on whether the immune response to administered MSCs
varies depending on the disease context. This information could expand on
the knowledge about the potential mechanisms of action by which MSCs might

ameliorate acute kidney injury.
Conclusions

In summary, this thesis explored a variety of imaging approaches to study the
safety, biodistribution and fate of hUC-MSCs administered intravenously into
healthy mice. Using BLI and microscopy, this study confirmed and expanded
on the findings that hUC-MSCs get trapped in the lung vasculature and are
cleared rapidly. In a novel multi-modal imaging approach to track gold labelled-
hUC-MSCs in vivo, it was demonstrated that although MSOT does not permit
lung imaging, it is a sensitive imaging modality to detect gold-labelled cells
indicating the potential of a BLI and MSOT multi-modal approach for cell
tracking applications. In contrast, micro-CT is a useful method to acquire
morphological images of the lung but it is not sensitive enough for tracking
gold-labelled cells. Ex vivo, after comparing three optical tissue clearing

protocols, it was established that the CUBIC protocol enabled fluorescent
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reporter hUC-MSC tracking within the lungs at single-cell resolution. In
addition, immunolabeling CUBIC-cleared samples allowed the study of the
interactions of hUC-MSCs with endothelial and immune cells. It was observed
that hUC-MSCs seem to remain in close contact with the Ilung
microvasculature, potentially forming emboli given the high expression of pro-
coagulant tissue factor. Moreover, hUC-MSC administration triggers a rapid
neutrophil infiltration into the lungs. Finally, by further investigating the
interactions between the administered hUC-MSCs and the innate response in
the lungs, this thesis adds to the knowledge behind the potential therapeutic
mechanisms of action of MSCs in disease. Our results showed that an
inflammatory response, characterised by mobilization of neutrophils,
monocytes and pro-inflammatory macrophages, takes place in the lung two
hours after cell delivery. Twenty-four hours post cell infusion, the number of
innate immune cells in the lungs decreased but a polarization toward an anti-
inflammatory phenotype was observed. Moreover, immunofluorescent staining
revealed that neutrophils were preferentially distributed in close proximity to
the hUC-MSCs, suggesting that their clearance within 24 h might involve

efferocytosis.

Taken together, these results showed that MSCs induce an inflammatory
response in the lungs, which then leads to a subsequent increase in anti-
inflammatory monocytes and macrophages. In future studies it would be
interesting to investigate the interactions between administered MSCs and

immune cells in different injury models.
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Computed tomography lacks sensitivity to image gold labelled mesenchymal
stromal cells in vivo as evidenced by multispectral optoacoustic tomography
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Abstract

Elucidating the mechanisms of action and long-tarm safety of cell therapies is
necessary for their clinical translation. Non-invasive imaging technologies such as
bioluminescence imaging (BLI), computed tomography (CT) and multispectral
optoacoustic tomography (MSOT) have been proposed as tools for longitudinal cell
monitoring but their performances have not been compared. Here, we evaluate
combinations of these modalities to track the in vivo distribution of gold-labelled
mesenchymal stromal cells (MSCs). We found that injected MSCs labelled with gold
nancparticles and expressing the reporter gene firefly luciferase could be detected
with BLI and MSOT but not CT. We conclude that the M5Cs did not carry enough
contrast agent to be tracked by CT, demonstrating that CT tracking of gold-labellad
cells is not a practical approach as high amounts of gold, which might impair cell

viahility, are necessary.
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Abstract

Optical tissue clearing of lung tissue enables the intact lung to be imaged using
fluorescence microscopy. Several clearing protocols have been developed in recent
vears, including the Clear, Uncbstructed Brain/Body Imaging Cocktails and
Computational analvsis (CUBIC), stabilised 3D imaging of solvent-cleared organs (s-
DISCO) and Ethyl cinnamate (ECi) methods. Here we compared these protocols with
the aim of determining the biodistribution of mesenchymal stroma cells (MSCs) and
understanding how they interact with host cells in the mouse lung. First, we evaluated
how each method affected the size, morphology, and transparency of the lungs. Then,
we compared the preservation of the fluorescence of the protein tdTomato expressed
by the MSCs, and of the organic dye Evans Blue which labels the vasculature. In
addition, we tested the compatibility of the methods with immunofluorescence
staining. We found that CUBIC clearing is the only method that enables direct imaging
of fluorescently labelled M5Cs in the lungs thereby allowing the study of the MSC
interaction with endothelial and immune cells when combined with
immunofluorescence staining. Overall, 3D imaging of CUBIC cleared lungs confirmed
that injected MSCs are initially retained in the pulmonary microvasculature, and that
most cells are eliminated from the lungs within the first 24 h.

Ssummary statement We present a tissue clearing approach to visualize exogenous
MSCs in the mouse lung and study their effects in the host.
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Intravenous administration of human umbilical cord mesenchymal stromal cells
leads to an inflammatory response in the lung
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Abstract

Mesenchymal stromal cells (MSCs) administered intravenously (IV) have shown efficacy
in pre-clinical models of various diseases. This is despite the cells not reaching the
site of injury due to entrapment in the lungs. The ability of MSCs to modulate immune
responses has been proposed as one of the mechanisms by which these cells provide
therapeutic benefits, irrespective of whether they are sourced from bone marrow,
adipose tissue or umbilical cord. To better understand how MSCs affect innate
immune cell populations in the lung, we evaluated the percentage, distribution and
phenotype of neutrophils, monocytes and macrophages by flow cytometry and
histological analyses after delivering human umbilical cord-derived MSCs (hUC-MSCs)
IV into immunocompetent mice. After 2 h, we observed a sharp increase in
neutrophils, and pro-inflammatory monocytes and macrophages. Moreover, these
immune cells localised in the vicinity of the MSCs suggesting an active role in their
clearance. By 24 h, we detected an increase in anti-inflammatory monocytes and
macrophages. These results suggest that the IV injection of hUC-MSCs leads to an
initial inflammatory phase in the lung shortly after injection, followed by a resolution

phase 24 h later.
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Supplementary information
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Supplementary figure 1. Perfusion pump. Two Erlenmeyer flasks, filled with
either PBS or 4% PFA, are joined through tubes connected to their sidearms,
which are connected to a manual bulb that helps pressurize the system. A
pressure gauge is connected to one of the bottles to monitor and maintain
pressure. Pipettes extend through rubber stoppers and down into the fluid in
each flask. The pressure flowing through the sidearm pumps the liquid from
each bottle into these pipettes and out of the flasks, where a stopcock allows
fluid to flow from one flask at a time.

a b Cc
CUBIC s-DISCO

Supplementary figure 2. Lung morphology after optical tissue clearing. a)
CUBIC cleared lung. b) s-DISCO cleared lung. c¢) ECi cleared lung. Scale bar
= 150 um. MIPs before image reconstruction were obtained by confocal
imaging on a Leica DMi8 with Andor Dragonfly spinning disk, coupled to an
EMCCD camera using a 10x/0.45 air objective. Z-stacks were captured using

the 488 nm laser line and 525/50 emission filter.
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Before clearing Day 0 after clearing 3 days storage

Supplementary figure 3. Fluorescence preservation of tdTomato (red) after
clearing 100 um thick lung sections. Impact of CUBIC, s-DISCO and ECi
clearing on the fluorescence of tdTomato before, immediately after, and 3 days
after of storage in RI solution. Images were acquired by confocal microscopy
using a 10x/0.45 air objective. Z-stacks were captured using the 561 nm laser
line and 600/50 nm emission filter.

CUBIC

s-DISCO

ECi
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EB present

Supplementary figure 4. Evans blue vascular staining. a) Lung 30 pm
cryosections. IMARIS 3D reconstruction and shortest distance calculation
analysis. Distance analysis performed between the tdTomato UC-MSCs
(cyan) and the vasculature (magenta). n = 9. b) tdTomato UC-MSCs
obstructing EB flow through vasculature. Arrowheads indicate areas of EB
accumulation. Scale bar 25 pum.
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Supplementary Figure 5. CANTO Il configuration.
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Supplementary methods
Solvent based optical tissue clearing of 100 um lung sections.

Supplementary table 1. Solvent based optical tissue clearing of 100 um lung
sections.

100 um sections

s-DISCO | ECi
1-propanol 50% 3min | 3 min
1-propanol 80% 3min | 3 min
1-propanol 100% 3x3 min3x3 min
DCM 1 min -

DBE w/ 0.4% propyl gallate | storage -

ECi storage

Supplementary movies

Supplementary Movie 1. CUBIC lung vasculature. CD34 stained endothelium
(white) of lungs collected 2 h after receiving tdTomato hUC-MSCs (red). Tissue
autofluorescence (green).

o

CUBIC lung vasculature 2h after [V hUCMSCs.mp4

Supplementary movie 2. CUBIC lung vasculature. CD34 stained endothelium
(white) of lungs collected 24 h after receiving tdTomato hUC-MSCs (red).
Tissue autofluorescence (green).

o

CUBIC lung vasculature 24h after IV hUCMSCs.mp4
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