A University
of Glasgow

Robinson, Conor James (2026) Hypothermic encapsulation of bone marrow
stem cells in alginate hydrogel beads. PhD thesis.

https://theses.gla.ac.uk/86010/

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This work cannot be reproduced or quoted extensively from without
first obtaining permission from the author

The content must not be changed in any way or sold commercially in
any format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk
research-enlighten@glasgow.ac.uk



https://theses.gla.ac.uk/86010/
mailto:research-enlighten@glasgow.ac.uk

Hypothermic encapsulation of
bone marrow stem cells in
alginate hydrogel beads.

Conor James Robinson
MSc

University

7 of Glasgow

VIA VERITAS VITA

Submitted in fulfilment of the requirements of the Degree of Doctor of
Philosophy (PhD)

Centre for the Cellular Microenvironment
School of Molecular Bioscience
College of Medical, Veterinary and Life Sciences,
University of Glasgow,
Glasgow
G12 8QQ

September 2025






Abstract

The bone marrow niche microenvironment (BM) is highly complex. It is home to
haematopoietic stem cells (HSCs) and, most importantly, long-term HSCs (LT-HSCs)
reside here in close proximity to osteoblasts and are responsible for producing all blood
and immune cells (Nombela-Arrieta et al., 2013). Mesenchymal stem/stromal cells
(MSCs) that form all bone, cartilage, muscle and fat cells, also reside in BM (Fink &
Zachar, 2011; Gang et al., 2004; B. Johnstone et al., 1998; Nishimura et al., 2015;
Mathew et al., 2011). Cytokines expressed by MSCs are known to regulate HSC
quiescence - a low metabolic state adopted for long-term survival -, cell cycle entry and
differentiation (Fereydani et al., 2024).

HSCs are at the forefront of medical science. They have been used for decades in stem
cell transplants and remain the most effective method of treating damaged bone
marrow (Khaddour et al., 2023). Due to the increasing average lifespan of the
population, the natural occurrence of malignant mutations in HSCs and the resultant
blood disorders are ever more present in our global society (Jaiswal & Ebert, 2019). HSC
genetic damage also occurs as a side effect of many widely used drugs, such as
chemotherapeutic agents, and while we know this damage leads to leukaemia, we
currently have no curative treatments, and prognosis is poor; further emphasising the
need for research into the area (Ezoe, 2012).

Unfortunately, HSCs are notoriously sensitive to cryopreservation and culture under
traditional 2D culture methods (Branco et al., 2024; Rimac et al., 2023). Combined with
being a very rare cell type - 0.01% of the total blood population - this makes them
incredibly expensive and therefore relatively inaccessible to many institutions for
research purposes (Lee-Six et al., 2018). Further, much of the research into culturing
HSCs aims to expand the population and encourages an activated cell-state (Cheng &
Scadden, 2009). This is not comparable to how the most clinically relevant LT-HSC
population reside in vivo, and therefore, a way to maintain quiescent HSCs and present
them for drug testing should be of utmost importance to give insight into this critical yet
under-researched cell type and the diseases that impact them.

There is also now a societal push towards improved ethical standards and reduced
environmental impact of research, which threatens to move beyond a point where
current and developing techniques can keep up. For example, while not legally required,
the medicines and healthcare products regulatory agency requires animal testing for

medicines before human clinical trials (The Use of Animals in Pharmaceutical Research,



ABPI, 2025). This is largely due to a lack of adequate and well-tested alternatives, and
therefore, foundational research on how human models could be created, such as this
project, is necessary to meet phase-out targets by the current government (Labour-
Party-Manifesto-2024, 2024.).

Work produced by the LifeTime centre for doctoral training intends to discover and
develop non-animal technologies in collaboration with industry, charities and the NHS
with real-world medical applications (About Us - LIfETIME CDT, 2025). The goal of this
thesis was to develop a methodology which could improve access and reduce the cost of
rare and expensive bone marrow stem cells to enable their use more widely in clinical
and research applications and in turn, aid advances in this area of work. More
specifically, hypothermic temperatures and alginate hydrogels were used to encapsulate
human primary stem cells and induce the low-metabolic state of quiescence. The
experimental methodology and optimum temperature for single MSCs were first
confirmed to be 15 °C using viability staining as proposed by Atelerix, which is currently
used as an environmentally friendly and animal-free preservation alternative (Swioklo et
al., 2016). Following this, the surface marker expression of monolayer and encapsulated
MSCs was compared. CD34+ haematopoietic cells were then encapsulated, stored, and
their surface marker expression analysed to determine the optimum temperature, media
and media supplementation for encapsulation. Donor variability prevented meaningful
conclusions; however, haematopoietic stem and progenitor cells (HSPCs) were
maintained more effectively than others. Raising questions about the applicability of
using CD34+ cells as ‘HSCs’, for only a very small number of these cells have functional
properties of stem cells.

Next, MSC spheroids were encapsulated and their viability and surface marker expression
compared to non-encapsulated and monolayer controls. The optimum media and
temperature were analysed, with similar trends observed between conditions. Surface
marker expression indicated that aggregation may induce phenotypical changes, but this
was not enhanced by encapsulation. Further, the surface stiffness of gels without cells,
with cells, with spheroids, and with cells and spheroids was analysed, and a stiffness in
line with that used to induce osteogenic differentiation in literature was observed
(Chaudhuri et al., 2016). Finally, a more extensive panel was used to analyse CD34s to
determine which subsection of HSPCs was maintained under encapsulation, and colony-
forming assays were performed to assess functional capacity.

The core findings of the study showed that MSC spheroids are viable for longer than
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single MSCs when encapsulated in alginate at hypothermic temperatures, and that
aggregation induces surface marker changes that indicate low motility and
immunosuppressive abilities. Further, this process does induce quiescence within the
quiescence-capable subpopulations of HSPCs and does so less favourably for more
mature subpopulations. Therefore, this method could potentially be used for the storage
and transport of this cell type, in addition to alternate uses such as a scaffold with which
to present HSPCs or MSC spheroids in a simple model for research, drug testing or as a
ready-to-use cell therapy.

The project exclusively uses directly applicable human primary cells, uses no animal
products and is fully biocompatible. Cell-laden alginate has wide-reaching applications;
however, this work could be used specifically to improve access to stem cells for future
research and, therefore, assist in the development and reduce costs of non-animal
testing methods and models, whilst itself being more environmentally friendly than

current alternative transport and storage methods.
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Chapter 1. Introduction
The advancement of medicine and enhanced public health are dependent on

research. Research taking place, predominantly, within universities and
therefore specific research groups, which are loss-making enterprises reliant on
external funding from governments and research councils (Annual TRAC 2022-23
Sector Summary and Analysis by TRAC Peer Group, 2024). As a result, relatively
expensive techniques and materials become limitations and hindrances in
research involving them. Haematopoietic stem cells (HSCs) are widely used in
the treatment of leukaemia in stem cell transplants (SCT), and it’s currently of
research interest to target haematopoietic illnesses at their source - diseased
HSCs (Khaddour et al., 2023; Jaiswal, 2020). Treating malignant stem cells would
then prevent the disease from ever bearing fruit. However, even with this
hypothesis being a gateway to vast avenues of research - such as the highly
fashionable emergence of gene editing - high costs are unavoidable (Park & Bao,
2021). This issue is to be addressed in this project.

The first hurdle is comparability to in vivo cells. As HSCs cannot be reliably
cultured, and the best efforts using complex and expensive model systems, it
means research involving them is difficult (Branco et al., 2024). Since there is no
universally standard culture method, it also means the comparability of data is
limited. Furthermore, most currently existing models aim to expand the HSC
population or render most cells in an activated state (Cheng and Scadden, 2009).
Considering the most primitive and clinically relevant HSC population resides in a
quiescent state for most of their time, it is these that we should be targeting as
a starting point for illnesses. Also, in vitro models should start aiming to
maintain HSCs in this state - something as yet not achieved reliably without gene
editing (Ikonomi et al., 2020; Nakamura-Ishizu et al., 2014; Shiroshita et al.,
2022; Yamada et al., 2013).

The second obstacle is cost. Compared to other cell types, the cost per cell for
HSCs is exceptionally high. They are expensive to buy, require expensive media
supplements to maintain, and their population cannot be expanded (Branco et
al., 2024). They are also an incredibly rare cell type occupying a tiny percentage
of the cells in the body, and harvesting is highly invasive (Lee-Six et al., 2018).
Thirdly is accessibility. HSCs are a highly sensitive cell type with variable

recovery rates upon traditional freeze/thaw cryogenic cycles, resulting in low
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yields from samples frozen for storage, transport, or both (Rimac et al., 2023).
Contrastingly, in developing countries where modern infrastructure is not in
place, cold-chain transport is not available to provide frozen or refrigerated
samples at all (Ashok et al., 2017; Gligor et al., 2018; Yahia, 2010). This means
that not only are institutions in these areas unable to participate in research
using HSCs, but HSCs are unavailable to provide lifesaving stem cell treatments.
Subsequently, we need a method with which to provide these cells into the
harshest of environments without the need for freezing, or a method that allows
them to be isolated and kept short-term to prep for surgery.

Mesenchymal stem/stromal cells (MSCs) are also of great interest in a clinical
setting due to their ability to home to injury sites and exhibit anti-inflammatory,
immunomodulatory effects and bone regenerative effects, among many others
(Piuzzi et al., 2017) (Chandanala et al., 2024; Yuan et al., 2022). In fact,
aggregated MSCs known as MSC spheroids are also now of clinical interest, with
differing abilities compared to single-cell MSCs, such as enhanced anti-
inflammatory abilities (Bartosh et al., 2010).

This project is undertaken as part of the LifeTime centre for doctoral training,
which, in collaboration with charities, industry and the NHS, intends to discover
and develop non-animal technologies with real-world medical applications
(About Us - LifETIME CDT, 2025). The aim is to facilitate scientific advancements
by improving access to rare, yet clinically important, bone marrow (BM) HSCs
(BM-HSCs) and BM-MSCs by making a simplified, cost-effective method of
maintaining them in vitro to then be used as a storage and/or delivery method.
This will be based on existing work on single-cell MSCs performed by the
stakeholder company Atelerix Ltd, who use alginate hydrogels to induce a
quiescent state in the cells, enabling short-term storage and cell maintenance at
hypothermic temperatures (Swioklo et al., 2016). This work will have a wide
range of additional potential applications, as in vitro maintenance of quiescent
HSCs will enable research and testing to take place on the cells in a comparative
state to those most difficult to target in vivo, while potential use as a delivery
method for MSC spheroids would have useful clinical applications (Genovese et
al., 2014).
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1.1 Stem Cells

There are three distinct stem cell types: pluripotent, multipotent and unipotent.
Human pluripotent stem cells (hPSCs) can expand indefinitely and form any cell
in the body (Odorico et al., 2001). The only naturally occurring form of hPSCs
are embryonic stem cells, isolated from the inner cell mass of a blastocyst
between 4 and 7 days old (National Research Council (US) and Institute of
Medicine (US) Committee on the Biological and Biomedical Applications of Stem
Cell Research., 2002). In vivo, they will form all three germ layers of embryonic
tissue. However, in 2006, through pluripotency gene transduction, induced
pluripotent stem cells (iPSCs) were created which possess many similarities to
embryonic stem cells like flexible lineage commitment, without the ethical
concerns (Takahashi & Yamanaka, 2006).

Contrastingly, adult multipotent stem cells are found in a specific area or tissue
of fully developed mammals, with this location known colloquially as a stem cell
‘niche’ (He et al., 2009). They are the most primitive cell in their respective
lineage and, through differentiation, are able to become any other cell within it.
The exception is transdifferentiation - a mechanism through which a cell
undergoes genetic reprogramming and switches to a cell of a different lineage -
which can occur with both mature progenitor and primitive stem cells (Song &
Tuan, 2004).

If the most primitive cell in a system has only one progenitor, it is known as a
unipotent stem cell. Examples include germline stem cells, which produce sperm
in the testis, and a population of cells in the mammary gland exclusively
responsible for the formation of a single mammary epithelial cell type (Shahrabi
et al., 2016; Visvader & Lindeman, 2011).

Adult stem cells do not generally have indeterminate proliferative or
multilineage potential without in vitro modification chemically or at the gene
level (Krampera et al., 2007). However, they can temporarily exit the cell cycle
and enter a state of reduced metabolism known as quiescence, while being able
to re-enter later (de Morree & Rando, 2023). Further, unlike their progeny, stem
cells are not generated anew when needed. Instead, through a process called
self-renewal, the population of stem cells present at birth will repopulate
themselves (He et al., 2009). Self-renewal requires entrance back into the cell
cycle, something that can also be triggered as a response to injury. Over time,

this cloning can lead to replicative senescence, where the recapitulative
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capacity of the stem cell pool reduces; something demonstrated by reduced
regenerative capacity displayed by older people compared to the young (Huang
et al., 2022; Krasnova et al., 2023; Shao et al., 2013).

1.1.1 Mesenchymal Stem/Stromal Cells
MSCs are pluripotent and can commit to several lineages via adipogenesis,

osteogenesis, chondrogenesis and myogenesis, which will lead to the formation
of fat, bone, cartilage and reticular tissue, respectively (Fink & Zachar, 2011;
Gang et al., 2004; B. Johnstone et al., 1998; Nishimura et al., 2015; Mathew et
al., 2011). Subsequently, MSCs can be isolated from a range of locations, with
the most common being from adipose tissue (A-MSCs), umbilical cord (UC-MSCs),
cord blood (CB-MSCs) or the bone marrow (BM-MSCs) (Pittenger et al., 2019; Tsuji
et al., 2014; Zeddou et al., 2010). In fact, MSCs have now been isolated from
nearly every tissue in the body (Crisan et al., 2008; da Silva Meirelles et al.,
2006). As MSCs exist in numerous forms and stages of commitment, efforts have
been made to define the primitive, and most clinically relevant, MSC population.
The minimum criteria proposed by the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy covers cell
properties and cluster of differentiation (CD) surface markers. Surface markers
are protein molecules in the form of receptors that coat the surface of cells,
typically identified by a ‘CD’ number notation (Markides et al., 2019). Firstly,
the cells must exhibit plastic adherence in standard cell culture conditions.
Secondly, they must be CD105, CD73 and CD90 positive and CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA-DR negative. Lastly, they must be able to
differentiate into osteoblasts, adipocytes and chondrocytes in vitro (Dominici et
al., 2006). However, additional insight suggests that more stringent criteria are
required. It is now known that MSCs are better described as ‘stromal’ rather
than ‘stem’ cells, due to the heterogeneous nature of the population. Within the
plastic adherent population stated in the criteria, many cells are already lineage
committed and therefore lack multilineage and colony-forming capabilities,
while only a small subset retains these ‘stemness’ properties (Kuroda et al.,
2010; Lv et al., 2014). Therefore, it is proposed that a more extensive criterion
would be for MSCs to possess multilineage potential, have colony-forming (CF)
potential and be positive or negative for a more extensive group of surface

markers. It is also important to note that MSCs from different sources will have
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different marker expression. For example, while CD271 is a good indicator of CF
ability in BM-MSCs, it is not a marker expressed on CB-MSCs or UC-MSCs (Jones et
al., 2002; Zeddou et al., 2010). In fact, the 2023 review by Fonseca et al.
indicates a variety of markers currently used through literature for
characterising MSCs, which are CD44, CD271, CD29, CD90, CD105, CD166, CD73,
CD146 and Stro-1 (Fonseca et al., 2023).

1.1.1.1 MSC Surface Markers
CD44 is an adhesion molecule that interacts primarily with hyaluronic acid (HA)

as well as extracellular matrix ligands such as collagen and fibronectin
(FN).(Sneath & Mangham, 1998) It is involved in cell-cell adhesion during the
aggregation of macrophages, lymphocytes and fibroblasts (Sneath & Mangham,
1998). As well as lymphocyte activation and homing (Arch et al., 1992; Haynes et
al., 1989; Jalkanen et al., 1986). It is critical for MSC homing to injury sites, as
damaged tissue shows increased HA concentration (Bian et al., 2013; Dovedytis
et al., 2020; Ouhtit et al., 2020). However, fresh BM-MSCs lack CD44 expression
but gain it in culture (Qian et al., 2012). CD44 is also of interest in most cancers,
with expression changes resulting in tumour growth, invasion and metastasis
(Sneath & Mangham, 1998). CD44 regulates A-MSC differentiation into
chondrocytes by modulating Smad2/3 and ERK1/2 pathways (Xu et al., 2020).

CD271 low-affinity nerve growth factor receptor [LNGFR]) is most known for
its role in the development of melanoma, with its expression correlating to
metastatic cell conversion from healthy melanocytes (Filipp et al., 2019). Its
expression correlates to an MSC population with enhanced tissue repair and both
osteogenic and chondrogenic potential (Alvarez-Viejo et al., 2015; Hermida-
Gomez et al., 2011; Miiller et al., 2019). Further, it is expressed exclusively on
the only subset of MSCs with CF and engraftment potential (Kuci et al., 2010).
However, the exact abundance of this subset is unclear. For example, for A-MSCs,
it could be anything from 20 to 98%, while for BM-MSCs from 2 to 30% (Camilleri
et al., 2016; Cao et al., 2024; Quirici et al., 2002; Sober et al., 2023).

The CD29 (Integrin B1) family are heterodimers comprised of the CD29/8B+ chain
associated with one of six different a-chains (Hemler, 1990). Through the asand
a; (collagen), az (laminin) and as (Arginylglycylaspartic acid (RGD) binding)
heterodimers, CD29 is critical for cellular interaction with the ECM and cell
migration (Caixia et al., 1991; Ode et al., 2011; Sun et al., 2023). Further,
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interaction with the as and B4 chain of the integrin leads to the induction of
intercellular adhesion (Caixia et al., 1991).

CD29 is also involved in numerous cancers. For example, aiB4 is a marker of two-
thirds of colon cancers and promotes the invasion of cancer cells (Boudjadi et
al., 2015); blocking a281 enhances osteosarcoma treatment outcomes (C. Yu et
al., 2020); as3Bs promotes metastasis of breast cancer cells, is a biomarker for
bladder cancer, and asB4 targeting is a non-small cell cancer treatment (Jin et
al., 2020; Ndoye et al., 2021; Zou et al., 2020).

CD90 (THY-1) is a cell adhesion glycoprotein observed in multipotent MSC
populations, with its expression diminished in differentiated progenitors (Moraes
et al., 2016a). It contains an RGD-like peptide and a heparin-binding domain,
which enables interaction with cells and surfaces, therefore playing a role in cell

adhesion and migration (Valdivia et al., 2023).

CD105 (Endoglin) CD105 is an accessory co-receptor of transforming growth
factor beta 1 (TGF-B) (Cheifetz et al., 1992; Meurer & Weiskirchen, 2020; Wong
et al., 2000). While TGF-B can be used to induce chondrogenic, regulate
osteogenic and inhibit adipogenic differentiation in MSCs, CD105 expression is
not affected based on TGF-B abundance (Zhao & Hantash, 2011). In fact, while it
was postulated that CD105 was representative of multilineage potential, the
truth of that is questionable. For example, Cleary et al. demonstrated that
CD105 expression is not indicative of chondrogenic potential in BM-MSC (Cleary
et al., 2016). While Anderson et al. showed that it was CD105- MSCs that were
more prone to adipocyte and osteocyte differentiation (Cleary et al., 2016).
However, CD105-negative MSCs show enhanced immunomodulation capacity
compared to CD105-positive MSCs, which correlates with MSC spheroids having

enhanced immunomodulation capacity (Pham et al., 2019) (Thai et al., 2024).

CD166 (activated leukocyte cell adhesion molecule [ALCAM]) is a type 1
membrane protein found on a variety of cell types, including OBs, MSCs and HSCs
(Chitteti et al., 2013; Cho et al., 2023; Ferragut et al., 2021; Smith et al., 2017).
It can interact with other CD166 proteins as well as CDé, enabling cell-cell
adhesion during monocyte migration and leukocyte metastasis (Smith et al.,
2017). CD166 expression on OBs also correlates with their ability to maintain
HSCs due to its expression being directly correlated to Runt-related transcription
factor 2 (RUNX2) (Chitteti et al., 2013, 2014). While loss of CD166 expression on
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niche HSCs correlates with reduced long-term potential (Hooker et al., 2015;
Jeannet et al., 2013).

CD73 is a 5’-nucleotidase that metabolises adenosine 5’-monophosphate (AMP)
to adenosine and is critical in MSC immunosuppressive capability (Chandanala et
al., 2024; Colgan et al., 2006).

It is also expressed on MSCs, which have enhanced haematopoietic cytokine
expression and subsequently enhanced haematopoietic maintenance.(Galgaro et
al., 2021) Other MSC characteristics that correlate to increased CD73 expression
include enhanced proliferation rate, homing and migration, immunomodulation
and osteogenic potential, and decreased chondrogenic potential (Burand et al.,
2020; Galgaro et al., 2021; Ode et al., 2011; Suto et al., 2017).

CD146 (melanoma cell adhesion molecule [MCAM])

While it is expressed on endothelial cells (ECs), muscle cells and pericytes,
CD146 was first identified due to its high expression in many tumours (Joshkon et
al., 2020). In particular, overexpression is a hallmark of cancers, particularly
those that are progressive and metastatic, by enhancing interactions between
the cell and the ECM (Wang et al., 2020). Traditionally, its role is in cell
adhesion, migration and is highly linked to angiogenesis (Joshkon et al., 2020).
However, expression in MSCs correlates with differentiation and
immunoregulatory capacity (Ma et al., 2021; Wang et al., 2020). It can also
indicate MSC commitment to vascular smooth muscle cells and is upregulated in
normoxia but downregulated in hypoxia (Espagnolle et al., 2014; Tormin et al.,
2011).

1.1.1.2 Relevance and applications of MSCs
Regenerative medicine can be described simply as ‘the replacement or

regeneration of human cells, tissue or organ to restore or establish normal
function’ (Mason & Dunnill, 2008). It is in this field that MSCs are of great
interest as stem cell therapies, defined as systemic or local. Local therapies
involve the injection of cells close to the wound site, resulting in a large dose
with low amounts of non-specific dosing. Systemic therapies involve a non-local
administration, relying on MSCs travelling to the damaged site. This enables
treatment to invasive or inaccessible locations but often results in non-specific
dosing with many cells accumulating in organs like the kidneys (Sukmana et al.,
2023; Ullah et al., 2019).
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Systemic therapies are based on in vivo observations that MSCs have displayed
homing capabilities in response to signals produced after tissue damage and
migrate accordingly (Ponte et al., 2007; Ullah et al., 2019). They do so by
leaving their classic niche tissues and entering circulating blood, travelling and
accumulating at the site of injury, guided by a concentration gradient of stress
and inflammation-based chemokines and growth factors (Rochefort et al., 2006;
Xiao Ling et al., 2016; Yuan et al., 2022). They are of interest for regenerative
medicine because once homed to the site of damage, MSCs display
immunomodulatory and anti-inflammatory effects by inhibiting the M1
macrophage (which secretes pro-inflammatory cytokines) phenotype and
inducing M2 (which secretes anti-inflammatory cytokines) (Chandanala et al.,
2024; Yuan et al., 2022).

MSCs also have a highly complex secretome which acts as an intercellular
signalling system to communicate with other MSCs, as well as to cells involved in
immunosuppressive, regenerative and antimicrobial systems, among others
(Fernandez-Francos et al., 2021). This involves the secretion of pro-inflammatory
cytokines such as interleukin 6 (IL-6), cell regulatory cytokines such as stem cell
factor (SCF), and antimicrobial peptides like LL-37 (O’Hagan-Wong et al., 2016;
Saleh et al., 2015; Yagi et al., 2020).

Thanks to their secretory profile and broad differentiation capacity, MSCs are
being utilised in medical research for numerous illnesses. According to
clinicaltrial.gov, as of March 2025, there are currently over 1500 clinical trials
using MSCs. The broad areas of which are the immune, musculoskeletal,
cardiovascular and central nervous systems. (Yang et al., 2018) (Mousaei
Ghasroldasht et al., 2019; Piuzzi et al., 2017; Villa et al., 2016) (Xu et al., 2020)
(M. Ge et al., 2018)

1.1.2 Haematopoietic Stem Cells
Hematopoietic stem cells (HSCs) are a name given to the most primitive cells

within the haematopoietic system. First characterised in 1988 by Spangrude et
al., who demonstrated that HSCs could reconstitute the blood cells and
therefore save lethally irradiated mice (Spangrude et al., 1988). It wasn’t until
1994 that Morrison et al. separated and defined three separate populations
within this ‘HSC’ subset, defining long-term HSC (LT-HSC) and short-term (ST-
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HSC) populations, which have multilineage potential, and multipotent
progenitors (MPPs), which do not (Morrison & Weissman, 1994). We continue to
use their surface marker panel as guidelines to this day, with human HSCs being
described as lineage negative (Lin-) CD34+CD38-CD45RA-, while haematopoietic
stem/progenitor cells (HSPCs) are purely Lin-CD34+CD38- (Figure 1).

Over time, a long and highly complex hierarchy has been shown to exist, more
like a differentiation gradient, with increasingly more differentiated cells
originating from a highly quiescent, long-term population (Figure 1). Regardless,
there are still a few markers used to sort haematopoietic cells into sub-
populations. Lin- means a cocktail of antibodies was used to deplete the
population of cells committed to myeloid and lymphoid pathways (Thermofisher,
2025). CD34 is a surface marker expressed on just 1.5% of the BM mononuclear
population (Krause et al., 1996). Its exact purpose is still unconfirmed, but
there’s evidence to show it plays a role in cell adhesion and homing to the BM
(Healy et al., 1995; Nielsen & McNagny, 2009). Lin- mononuclear CD34+ cells
exhibit oligopotency but not necessarily multipotency. Multipotency is exhibited
within Lin-CD34+CD38- cells, with CD38 playing a role in cell activation and
proliferation (Morandi et al., 2019). Lastly is to separate this population based
on CD45RA and CD90. The function of CD45RA in HSCs is unknown; however, CD90
is involved in inflammation and wound healing (Kisselbach et al., 2009).
CD45-CD90+/CD90lo cells are considered LT-HSCs, with active cells having
engraftment capacity >3-4 months as well as CD90+ cells being able to produce
CD90- cells but not vice-versa, confirming the hierarchy (Cheng et al., 2020;
Majeti et al., 2007). However, there is an inconsistency in the literature, as in
some cases ST-HSCs, 1-HSCs and MPP are considered the same cell type classified
as CD90-CD45RA- and have no long-term recapitulation or self-renewal ability,
with those that do considered LT-HSCs (Stemcell Technologies, 2025; Laurenti et
al., 2015). In others, ST-HSCs are considered CD90+ but still grouped with MPPS
in terms of properties (Ribeiro-filho et al., 2019). While in other cases ST-HSCs
are considered separate from MPPS via CD49 expression, yet both are considered
CD90-CD45RA- (Mann et al., 2022). With alternate surface markers Flk2, CD150
and CD48, the expression of MPPs have been categorised and split into groups 1
to 4 (Pietras et al., 2015; Wilson et al., 2008). All are CD90-CD45RA-, though
MPP1 have recapitulative capabilities up to 4 months, have self-renewal

capabilities and are very similar to descriptions elsewhere of LT-HSCs. Whereas
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MPP 2-4 have limited reconstitution capabilities under a month, and no self-
renewal ability - more like historical descriptions of ST-HSCs. This functional
description is in line with observations that CD90-CD45RA- cells are still capable
of full haematopoietic recapitulation but require at least 7 times the cell
numbers compared to CD90+CD45RA- cells, which correlates to only 1 in 4 MPPs
having this ability (Majeti et al., 2007). However, this begs the question as to
how we define these various populations and whether we should base
subpopulations on functional capabilities rather than by surface marker
expression. It appears that over time, what was once considered a short-term
HSC with 1 month reconstitution ability is now widely considered to be an MPP,
while the ST-HSC population now resides closer functionally to LT-HSCs, but are
just lacking CD90 expression and the ability to produce other CD90+ cells.
Stemcell Technologies considers long-term Lin-CD34+CD38-CD45RA-CD90+CD49f+
cells as ‘true’ HSCs and Lin-CD34+CD38-CD45RA-CD90-CD49f- cells as MPPs
(Stemcell Technologies, 2025). As displayed in Figure1 this is the definition that
shall be adhered to heron unless additional refinement is specified, with the
abbreviation MPP encompassing MPP 2-4 - those without long-term reconstitution
and inability to enter quiescence - while multipotent stem cells/ MMP1
encompasses both I-HSCs and ST-HSCs as they all have the same reconstitution
properties, ability to enter quiescence, and are indistinguishable using the
markers described. To avoid confusion with MSCs (mesenchymal stem/stromal
cells), multipotent stem cells/MPP1 shall instead be referred to as ST-HSCs from
here on. The entire CD34+CD38- population will be referred to as HSPCs to
reflect the mixed population, and Lin-CD34+CD38-CD45RA- cells as HSCs as it
encompasses LT-HSCs, I-HSCs, ST-HSCs, and MPP1-4. Lin-CD34+CD38-CD45RA+ are
lymphoid progenitor cells (LPC). Lastly, CD34+ will be used to describe the

CD34+ mononuclear BM haematopoietic cells population.

In terms of population breakdown, the cell source is critical. For example,
Majeti et al.’s 2007 study showed that within the Lin-CD34+CD38- HSPC
population, for bone marrow, 30.3+18.9% were LT-HSCs, 37.7+14.1% ST-
HSCs/MPPs and 24.7+11.8% LPC, whereas in cord blood, this is 25.2+10.3% LT-
HSCs, 49.8+11.4% ST-HSCs/MPPs and 18.4+8.4% LPC (Majeti et al., 2007).

While we can’t know for certain, animal and computer models have enabled us

to gather approximations of the number of HSCs present in the body and the rate
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with which they expand and/or self-renew. However, these Figures have been

highly variable over the years. Caitlin et al. suggested in 2002 that the number

of HSCs per animal is conserved in mammals at around 10000, and then in 2011

suggested a replication rate of once every 40 (25-50) weeks and an adult

population around 11000, with around 1000 actively involved in haematopoiesis

(Abkowitz et al., 2002; Catlin et al., 2011).
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With the study of a 59-year-old man in 2018, Lee-Nix et al. estimate a number of
HSCs actively involved in cell production to be between 50,000 and 200,000
(Lee-Six et al., 2018).And finally, in 2023, Boyle et al. estimate the number of
cell divisions of primitive HSCs to be around 56 times over an 85-year lifespan,
with half of those divisions occurring within the first 24 years(Boyle et al.,

2023).

Considering CD34+ cell numbers in bone marrow of ~1.4x10°¢ cells kg and one
human having around 3 kg of marrow in their entire body, then one person has
roughly 4x10° cells kg™' CD34+ BM cells (Kasow et al., 2007; Nombela-Arrieta &
Manz, 2017). It is no surprise, then, that when trying to purchase BM-HSCs or BM-
CD34+ cells, they are at least £1000-£2000 for 1x10° cells (Lonza Bioscience,
2025). This makes them a very expensive cell type to use in either a clinical
setting or a research one. Prices of £1000 for 1 million cells for research
purposes are unsustainable to all but incredibly well-funded laboratories or
those that can access donations from hospitals.

In addition, HSCs are renowned for being poorly suited to culture under
traditional 2D cell-culture methods due to LT-HSCs' previously mentioned limited
proliferative capabilities. This results in senescence, differentiation, loss of
differentiation capacity and dilution of this population when cultured in vitro
(Bowman & Zon, 2009; Kumar & Geiger, 2017).

With clinically relevant numbers of HSPCs in limited supply, various in vitro HSPC
expansion methods have been developed, but so far with limited success. Initial
efforts used a cocktail of some HSC regulatory cytokines and transitioned into
specific HSPC expansion media (Costa et al., 2018; Qiu et al., 2004; Sei et al.,
2019). This then transitioned to more complex modelling systems to be covered
in section 1.4, but these methods of increasing complexity bring their own

inherent costs, making us no closer to a cost-effective way of accessing HSCs.

1.1.2.1 Relevance of HSCs
As the most primitive form of all cells, the body has no way of repopulating a

depleted stem cell population, whether this be due to disease, side effects of
medications or naturally through ageing. Further, the limited full-scale
recapitulative ability of the native LT-HSC pool means blood cell depletion due

to disease would take a long time to recover, if at all. This is why depleting the
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population is avoided, or if unavoidable, treated with an SCT. While the most
implemented use of HSCs in a clinical environment is widely as a marrow
transplant, in recent years, it is actually a transplant of HSPCs - a
haematopoietic stem cell transplant (HSCT) (Khaddour et al., 2023). In fact,
mobilising HSPCs into the peripheral blood (PB-HSPCs) and using granulocyte-
colony stimulating factor (g-CSF) to collect has made HSPC harvesting far less
invasive than BM-HSC harvesting, and is now more prevalent (Bolan et al., 2001).
The purpose of HSCT is for implanted cells to repopulate the bone marrow after
disease or treatments like chemotherapy deplete the original host population
(Lee & Hong, 2020). As a result, the implanted population must have full BM
recapitulation capabilities, and so samples are enriched purely for the CD34+
cells (Morgan et al., 2017). This is because while LT-HSCs are required for long-
term recovery, immediate recapitulation is thanks to more mature, proliferative
CD34+ progenitors (Cheng et al., 2020). Therefore, a mixture of all HSPCs must
be present in the sample. The number of cells required for HSCT is determined
by body mass, typically in the range of 2 to 10x10° cells kg' (Erdal et al., 2023).
However, as previously stated, clinically relevant numbers of HSCs are not easily
accessible, and further, to be used for HSCT, they must be a human leukocyte
antigen (HLA) match to the patient (Gragert et al., 2014).

HSCT can be autologous (use the patient’'s own cells) or allogenic (using cells
donated by another) (Aljagthmi & Abdel-Aziz, 2025; Khaddour et al., 2023). The
advantage of autologous transplants is that they lack the risk of donor
compatibility; however, while a useful option before a treatment that will
deplete the marrow population, like chemotherapy, it is not a viable option for
those with already diseased marrow cells, other illnesses or the elderly who have
already depleted marrow (Al Hamed et al., 2019).

Allogenic cells come from healthy donors; however, to minimise the risk of
rejection, donor compatibility is determined in the following order: HLA-
matched and related donor, HLA-matched but unrelated donor, cord blood and
finally haploidentical (half HLA-matched) (Bartenstein & Deeg, 2010). It is
access to cells of an appropriate HLA match that limits the availability of HSCT
treatment options, as only 25% of people have an HLA-matched relative, while
HLA-matched non-relative donors for ethnic minorities can fall as low as 10%

(Bartenstein & Deeg, 2010). There is also a significant risk involved with non-
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complete donor matches. These are most commonly graft-versus-host-disease
(GVHD), resulting in rejection of the transplanted cells/tissue, organ failure and

infections (Tanaka et al., 2016).

HSCs are also of great interest in research in the form of gene editing - the
process of correcting, disrupting or inserting a specific segment of DNA to alter
the properties and characteristics of an organism or cell (National human
genome research institute, 2019). Another advancement in the area is gene
editing. For HSCs, autologous transplants using cells which have had the
malignant mutation corrected can be carried out. For example, a 32-base pair
deletion in the CCR5 gene has been shown to result in resistance to 5-tropic
human immunodeficiency virus (HIV-1) infection (DiGiusto et al., 2016). While
gene correction of the sickle cell disease mutation in CD34+ cells could yield an
effective treatment and restore ‘normal’ functionality (Hoban et al., 2015).
However, in 2014, confirmed by various studies including the above, it appears
that gene correction is more efficient within less primitive sub-populations,
suggesting different approaches are required if aiming for full recapitulation

with the edited lineage (Genovese et al., 2014).

1.2 The bone marrow niche microenvironment and its

regulation of stem cell behaviour
Stem cells populate certain locales. The one most relevant to this work is known

as the bone marrow niche microenvironment (Figure 2). The niche is in red bone
marrow - a semi-solid tissue located in trabecular or ‘spongy’ bone -and is home
to a variety of cell types (Morrison & Scadden, 2014). Specifically, MSCs and HSCs
reside here in close proximity, along with their progeny. There are also two
distinct regions within the marrow - with a gradient between them - that exhibit
differences in stiffness and oxygen concentration and cell, ECM protein and
cytokine composition. These are known as the endosteal niche - the outer region
of the marrow closest to the bone - and the perivascular niche - areas
surrounding blood vessels (Braham et al., 2018; Nombela-Arrieta et al., 2013;
Tormin et al., 2011). In fact, it’s close to the vasculature within the endosteal
region where quiescent HSCs are believed to reside, with a combination of
features controlling their behaviour and maintaining each subpopulation.

Specifically, Itkin et al. reported that the arterial vessels support quiescent
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HSCs while sinusoidal vessels activate HSPCs and are responsible for trafficking

to and from the marrow (ltkin et al., 2016).

1.2.1 Cellular composition of BM and their extracellular profiles
The cellular component of the BM mostly comprises the progenitor cells of HSCs
and MSCs, like OBs, pericytes and lymphocytes. They primarily interact through
short-distance cytokine signalling, with long-distance signalling typically coming
from farther afield in response to things like injury (Bentley, 1981; Rebar, 1993).
The most widely reported cytokines associated with HSC regulation are displayed
in Table 1.
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Table 1. Summary of the commonly documented extracellular
molecules within the BM niche, their source, and their purpose
regarding HSC maintenance.

Perivascular cells
(Ding et al., 2012),
Osteoprogenitors
(Shah et al., 2017)

MSCS (Waskow, 2019).

Molecule Source(s) Purpose for HSCs

THPO OBs, MSCs(Yoshihara | Regulation of HSC quiescence
et al., 2007). (Yoshihara et al., 2007).

Ang-1 OBs, MSCs(Arai et al., | Induces HSC adhesion to bone,
2004; Chen et al., increases quiescence (Arai et al.,
2021). 2004).

SCF ECs (Ding et al., Regulation, migration,
2012), differentiation, prevents

apoptosis and in and induces cell
cycle entry of HSCs (Broudy,
1997; Domen & Weissman, 2000;
Shah et al., 2017)

SDF-1/CXCL12

Pericytes, OBs,(Jung
et al., 2006), BM

Homing of MSCs and HSCs to the

bone marrow, HSC maintenance

Myeloid cells
(Stirewalt & Radich,
2003).

MSCs(Schajnovitz et by regulating cell cycling (Ding
al., 2011). et al., 2012).

IL-6 Macrophages, Directs HSC production of
fibroblasts, T cells, progenitors and the myeloid
and MSCs (O’Shea et | lineage commitment of them
al., 2019). (Mirantes et al., 2014).

IL-3 T Cells, Macrophages | Promotes haematopoietic
(O’Shea et al., 2019). | progenitor cell growth (O’Shea

et al., 2019).
Flt-3 ECs, fibroblasts, Promotes HSPC proliferation and

CFU development (Stirewalt &
Radich, 2003).
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1.2.1.1 Cell types in the bone marrow
Osteoblasts.

Osteoblasts (OBs) line the endosteal region of the marrow where LT-HSCs reside,
although they are not frequently in direct contact (Malara et al., 2014; Nombela-
Arrieta et al., 2013). Animal research has shown that the reduction of OB
numbers in transgenic mice results in a substantial decrease in haematopoietic
progenitor cells (HPCs) (Visnjic et al., 2004). This is due to OBs secreting
numerous HSC regulatory cytokines thrombopoietin (THPO), angiopoietin (Ang-
1), SCF, Osteopontin (Opn) and C-X-C motif chemokine ligand12 (CXCL12) (Arai et
al., 2004; Jung et al., 2006; Yoshihara et al., 2007). Further, immature OBs with
high RUNX2 expression have been shown to promote HSC expansion (Chitteti et
al., 2013). As a result, OBs are considered integral for maintaining the LT-HSC

population.

Megakaryocytes.

Megakaryocytes (MKs) are responsible for platelet production and express
extracellular matrix components FN, laminin (LM) and collagen (Malara et al.,
2014). They are also integral to directing HSPC behaviour. By expressing C-X-C
motif chemokine ligand (CXCL4), MKs can regulate HSC cell cycle activity and
induce a quiescent state (Bruns et al., 2014). They also secrete Ang-1, stimulate
osteoblast proliferation and secrete IGF-1, which induces HSC proliferation
(Heazlewood et al., 2013; Zhou et al., 2015).

Endothelial cells.

ECs line the blood vessels and come in two forms in the BM. HSCs reside in direct
contact with vasculature within the endosteal region of the marrow (Nombela-
Arrieta et al., 2013). Sinusoidal endothelial cells (SECs) experience higher levels
of ROS and secrete CXCL12 (Maan et al., 2020). Arteriolar endothelial cells
(AECs) have been demonstrated as the core supplier of SCF in the marrow (Xu et
al., 2018). AEC SCF is expressed to maintain HSCs, as well as for expansion as
part of development. While deletion of SCF expression in AECs results in
depleted HSC numbers (Ding et al., 2012). AECs also express netrin-1, which
maintains quiescence and self-renewal in HSCs (Renders et al., 2021).

MSCs.

MSCs are found in various forms and sub-populations throughout the body. In BM,
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collectively these sub-populations secrete nearly all the critical HSC-maintaining
cytokines (CXCL12, SCF, Ang-1, THPO, Opn, IL-6), albeit not necessarily the
primary source (Fereydani et al., 2024). Therefore, the specific subpopulations
have differing roles in the haematopoietic pathway.

CD146+ MSCs have displayed trilineage capacity, reside closely to HSCs in the
niche, and their expression of key HSC-maintaining cytokines means their
addition in long-term culture (LTC) assays resulted in increased colony formation
over 8 weeks compared to conventional assays (Sacchetti et al., 2007; Sorrentino
et al., 2008). Nestin+ MSCs have been shown to promote HSC quiescence and
express SCF and CXCL12 (Kunisaki et al., 2013). CD271+ and CD271+/CD146low
MSCs line bone and are located in direct contact with and maintain quiescent
HSCs, while CD271+/CD146+ MSCs are perivascular and maintain the proliferative
HSC population (Fonseca et al., 2023; Tormin et al., 2011).

Perivascular Stromal Cells/Pericytes.

Cells that reside in the perivascular region of the marrow share largely the same
properties and surface markers as BM-MSCs, and in the past have been
considered the same cells (Mizuno et al., 2018; Sa da Bandeira et al., 2017).
However, pericytes are a cell type distinct from MSCs, typically further split into
CXCL12-abundant reticular (CAR), leptin receptor+ (LepR+) and nestin+ (Nes+)
cells (De Souza et al., 2016).

Defined by uncharacteristically high expression of CXCL12, CAR cells also express
high levels of SCF and possess adipogenic and osteogenic differentiation
capability (Aoki et al., 2021; Sugiyama et al., 2006). In accordance with this,
short-term ablation of CAR cells in mice impairs adipogenic and osteogenic
differentiation potential of marrow cells, secretion of SCF and CXCL12 and
resultant HSC health (Omatsu et al., 2010). Interestingly, leptin receptor-
expressing CAR cells are the sub-population with the greatest CXCL12 and SCF

expression and differentiation capacity (Aoki et al., 2021).

There is obviously an overlap between CAR and LepR+ cells, and therefore, the
properties are also similar. LepR+ cells express Ang-1, SCF and CXCL12, and
knockout variants of LepR+ cells impair HSC maintenance (Ding et al., 2012; Ding
& Morrison, 2013). They can differentiate osteogenically and adipogenically and

induce differentiation of both lineages in other stromal cells (Gao et al., 2023).
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Nes+ cells are rare - occupying-~0.002% of BM cells - but associate closely with
HSCs along arterioles and modulate HSC behaviour (Kunisaki et al., 2013). They
exist in a largely quiescent state, much like the HSCs alongside them; however,
they possess far greater CFU potential compared to Nes-. They share features
with other pericytes with multilineage differentiation capacity and high
expression of CXCL12 and SCF.

Adipocytes.

Development of ‘fatty marrow’ is a reversible process which occurs with age and
results in adipocytes establishing themselves within the red bone marrow. It was
initially shown that adipocytes inhibit haematopoiesis, and their presence within
the marrow correlates with decreased levels of HPCs (Naveiras et al., 2009).
However, over time, a greater understanding of the heterogeneity of adipogenic
populations has resulted in findings which indicate positive affiliations to a
healthy haematopoietic system (Tratwal et al., 2021). It is now believed that
while adipogenic progenitors and adipocytes cannot maintain haematopoiesis,
indicated by adipocyte-rich BM having reduced numbers of ST-HSCs and HPCs, it
does instead contain fully functional, CFU-capable LT-HSCs, indicating adipocytes
can maintain this long-term population (Wilson et al., 2018; Zhu et al., 2013;
Zinngrebe et al., 2020). This is only logical, as adipocytes are known to secrete
many HSC-regulating cytokines, such as CXCL12, IL-6, SCF (Coppack, 2001; Kim
et al., 2014; Zhou et al., 2017).

1.2.1.2 Cytokines
Ang-1 and its receptor Tie2.

Ang-1 induces HSCs' quiescence, protecting the cells from stress and apoptosis
and preserving their long-term recapitulative potential (Arai et al., 2004). In
fact, Tie2 - the receptor for Ang-1 -is uniquely expressed in the subpopulation of
HSCs, which are quiescent and adhere to osteoblasts in the niche. However, this
process is highly sensitive. Over-saturation with Ang-1 will impair the bone

marrow and lead to HSC senescence (Sim et al., 2021).

CXCL12 and its receptor CXCR4.

The fact that BM-HSCs were discovered in contact with cells highly expressing
CXCL12, also known as stromal-derived factor 1 (SDF-1), resulted in the CXCL12-
abundant reticular cell type being coined (Sugiyama et al., 2006). Deletion of

the CXCL12 receptor (CXCR4) resulted in release and subsequent loss of HSCs
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into the cell cycle (Sugiyama et al., 2006). In contrast, the addition of CXCL12
into HSC culture inhibits entry into the cell cycle and therefore maintains the
quiescent state in LT-HSC (Nie et al., 2008). It also enhances the engraftment of
cells with recapitulative capability, and it is critical for the homing of stem cells
to the bone marrow (Broxmeyer et al., 2003; Jung et al., 2006; Xiao Ling et al.,
2016).

IL-3 and 6.

Aged BM is a more inflammatory environment, and therefore, the concentrations
of inflammatory cytokines are higher (Jahandideh et al., 2020). The result of this
is increased proliferation and differentiation of HSPCs (King & Goodell, 2011).
Secreted by cells such as macrophages, T cells and mast cells, IL-3 directs the
proliferation and differentiation of HSPCs and mobilises quiescent HSCs (Nitsche
et al., 2003). While IL-3-supplemented cytokine media displays enhanced
proliferation (Bryder & Jacobsen, 2000). Similarly, IL-6 is secreted by a variety of
cells, such as macrophages, ECs and fibroblasts, and is upregulated 105-fold
during inflammation (Akira et al., 1993; Damas et al., 1992). However, the same
data suggest IL-6 will inhibit erythroid progenitor activity and yet, through
CCAAT/enhancer binding protein alpha (CEBPa) suppression, can increase HSC
self-renewal and proliferative ability (Schurch et al., 2014; Valletta et al., 2020;
Zhang et al., 2004).

Opn.

Opn is produced in the niche by osteoblasts and can direct the migration of HSCs
towards the endosteal region, and can suppress HSC proliferation (Nilsson et al.,
2005; Stier et al., 2005). Opn is therefore critical for stem cell pool size
maintenance; however, aged BM sees a reduction in Opn expression, and
therefore less control (Guidi et al., 2017). This is observable with Opn knock-out
HSPCs unable to reconstitute BM, and Opn-deficient marrow results in peripheral
blood containing increased lymphocytes and decreased erythrocytes (Li et al.,
2018).

SCF and its receptor c-KIT

SCFs' primary functions are to mobilise HSPCs from BM into the blood, encourage
cell cycle entry and increase both short and long-term recapitulative ability of
the circulating population (Broudy, 1997; Mcniece et al., 1994; Yan et al., 1994,

1995). It has long been deemed critical for HSC culture, as it is responsible for
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the activation of otherwise inactive progenitors (Bernstein et al., 1991).
Although some conflicting information does exist, for example, a dose of SCF
prior to lethal irradiation dose results in >80% survival, supposedly due to HSCs
entering a state of radioprotective quiescence (Zsebo et al., 1992). The SCF
receptor c-KIT is also expressed at different levels to enable subpopulations of
LT-HSCs to be distinguished. Quiescent HSCs that are highly proliferative when
transplanted possess intermediate levels of c-KIT, whereas high c-KIT expression
describes a population with limited expansion capability and no long-term

recapitulative ability upon transplantation (Grinenko et al., 2014).

THPO and its receptor, MPL.

Zhang et al. analysed the expression of 20,475 different genes in LT-HSCs,
HSPCs, MPPs and their progenies (Y. H. Zhang et al., 2018). They showed that LT-
HSCs express much greater levels of myeloproliferative leukaemia protein (MPL)
(the receptor for THPO) compared to HSPCs, MPPCs, monocytes, neutrophils,
erythrocytes and NK, T, and B cells. Therefore, MPL could be used as a marker of
LT-HSCs. THPO is critical for HSC maintenance by regulating the cell cycle, and
while MPL is found on quiescent HSCs, there is conflicting evidence as to
whether its role is to maintain quiescence or to induce self-renewal and
expansion (De Graaf and Metcalf, 2011) (Fox et al., 2002; Yoshihara et al., 2007;
de Graaf et al., 2010). Therefore, it is likely that time, concentration, synergy
with other cytokines or a mixture of all three that allows THPO to have such
wide control over HSC fate. Further, THPO induces angiogenesis, indicating it
enhances Tie2 expression and resultant adherence to osteoblasts (Arai et al.,
2004; Lamanuzzi et al., 2021). THPO also influences HSCs indirectly by
stimulating megakaryocytic proliferation and maturation, and lineage
commitment of HSCs (Kaushansky, 2009).

In contrast to the commonly held belief, there is evidence to suggest the
primary source of THPO in BM is extrinsic. The primary source of circulating
THPO is produced by liver hepatocytes, and the expression is more than double
that of osteoblasts and LepR+ cells (Decker et al., 2018). It was found that this
circulating form has greater regulatory behaviour over HSCs than any other. Links
between the liver and haematopoietic system are established, as a common
complication of liver damage is thrombocytopenia (Lim & Cuker, 2022). Defined

by reduced platelet numbers, thrombocytopenia in this case is caused by the
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reduction of THPO expression, subsequent reduced megakaryocyte proliferation
and maturation, and therefore a reduction in platelet production. This extends
to BM, as research shows that the lack of resilience to injury and infection in
those with thrombocytopenia is due to severely compromised BM-HSCs (De Graaf
& Metcalf, 2011; Nautiyal et al., 2024).

FLT-3 and its receptor, FLT-3R.

In healthy bone marrow, FMS-like tyrosine kinase 3 ligand (FLT-3) is expressed on
HSPCs but is lost upon commitment to B cells, T cells, megakaryocytes or
erythrocytes (Karsunky et al., 2003; Rosnet et al., 1996). However, mutation of
the Flt-3 gene is found in-30% of acute myeloid leukaemia (AML) cases, making it
one of the most common and has one of the worst prognoses (Stirewalt &
Radich, 2003). In fact, the receptor is found on most leukemic cell lines.(Anne
Turner et al., n.d.) Expression of FLT-3L is widespread in mature haematopoietic
lineage cells such as myeloid, B and T cells, as well as in endothelial cells and
fibroblasts (Quentmeier et al., 2003; Solanilla et al., 2000; Wodnar-Filipowicz,
2003). While it's agreed that FLT-3L is critical for HSPC growth, this is only when
used synergistically with other cytokines; studies have shown that FLT-3L does
little on its own (Banu et al., 1999; Brashem-Stein et al., 1996; Broxmeyer et
al., 1995). It’s believed that FLT-3L induces the mobilisation of HSPCs and their
subsequent expansion and differentiation. For example, one study found that
FLT-3L-deficient mice have a 10-fold decrease in CLPs and subsequently Band T
cell levels, while common myeloid progenitor (CMP) and HSC levels are
unaffected (Sitnicka et al., 2002). Though a different study saw reductions in
both CMPs and CLPs (McKenna et al., 2000).

1.2.1.3 EVs

First thought as waste carriers, it is now well documented that extracellular
vesicles (EVs) are secreted by nearly all types of cells (Johnstone et al., 1987;
Van Niel et al., 2018). Separated into two populations based roughly on size -
exosomes (30-150nm) or microvesicles (50-1000nm) - EVS contain many of the
components of their parent cell, such as nucleic acids and proteins (Batsali et
al., 2020; Zhou et al., 2020). As a result, EVs are an integral part of the
intercellular signalling system: acting as stable carriers of biological messages
throughout most, if not all, physiological processes (Simeone et al., 2020).

Subsequently, research into the use of EVs in targeted drug delivery and
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diagnostics has accelerated in recent years (Butler et al., 2018; Kumar et al.,
2024).

1.2.2 The ECM

The extracellular matrix (ECM) is a three-dimensional network that is secreted,
remodelled, and adhered to by the cells that reside there, dictating the physical
properties of a tissue and acting as a reservoir for proteins and cytokines (Frantz
et al., 2010). This relationship is symbiotic, and the ECM exerts influence over
the residing cells. The ECM can be broken down into two areas: the interstitial
matrix is the overarching structural component of the network, while the
pericellular matrix, specifically the basement membrane, is directly adjacent to
cells (Bandzerewicz & Gadomska-Gajadhur, 2022). Inspired by these two
regions, the wider physical cell environment, such as substrate stiffness, or local
environment like surface topography, can be used to direct cell behaviour in
vitro. Increasing surface stiffness can direct differentiation of MSCs into
neurons, adipocytes, chondrocytes, myocytes, and osteoblasts, while grooved
surfaces can improve nerve regeneration of Schwann cells (Lv et al., 2017;
Scaccini et al., 2021). Similarly, localised biological interactions have been
mimicked in vitro. Growth factors bound to the ECM are released in a controlled
fashion during remodelling, something replicated using hydrogels for use in cell

models (Bandzerewicz & Gadomska-Gajadhur, 2022; Wang et al., 2019).

1.2.2.1 Stiffness

Unlike most other tissues and organs, the bone marrow varies in stiffness over a
comparatively large range. The endosteal region close to the bone has a stiffness
of 40-50 kPa, the perivascular niche is around 3 kPa, and the central region is 0.3
kPa (Zhang et al., 2019). This is unlike other soft organs, which range from 5-10
kPa (Kidney), 20-40 kPa (Intestine) or 0.5-1 kPa (Fat) (Handorf et al., 2015).

An in vitro study showed HSCs undergo increased migration on stiffer gels (40-
100 kPa) than softer ones (<40 kPa), indicating a preference for the endosteal
niche (Lee-Thedieck et al., 2012). In agreement, stiffer 2D and 3D gels (35 kPa)
have also been shown to preserve LT-HSCs better than softer ones (2 and 8 kPa)
(Shi et al., 2024).

1.2.2.2 Fibrous Proteins
The interstitial ECM comprises two structural components: proteoglycans and

fibrous proteins (Frantz et al., 2010). Proteoglycans are the bulk component,
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forming a hydrated gel-like material in which fibrous proteins are embedded
(Alberts et al., 2002). However, it is the fibrous proteins which have material
characteristics, the main ones of which are: collagen, elastin and FN (Frantz et
al., 2010). The collagens are a family of proteins, the most prevalent being type
[, Il, 1ll, V and XI. They are the most abundant protein in mammals, and their
fibrils are woven in a variety of ways depending on the tissue in which they
reside to resist tensile forces. For example, in tendons, they align parallel,
whereas in skin, they form a mesh to withstand forces on any axis (Alberts et al.,
2002; Fratzl, 2008). Most ECM proteins also exist in a non-fibrillar form, which
inhabit the pericellular matrix. Collagen type IV, for example, is prevalent in the
pericellular matrix surrounding chondrocytes in cartilage (Bandzerewicz &
Gadomska-Gajadhur, 2022).

Elastin is the dominant protein in tissues with high elasticity, such as skin. It is
approximately one thousand times more flexible than collagen, and to stop
tissues from tearing, the fibres of the two are interwoven (Alberts et al., 2002;
Kristensen & Karsdal, 2016).

As a new ECM is made, FN is one of the first proteins assembled. This is because
FN fibrils initiate the assembly of and integrate with other ECM proteins, such as
collagen. FN also has RGD binding domains, which make it crucial for cell
interaction with the pericellular ECM through integrins (Alberts et al., 2002;
Dallas et al., 2006).

1.2.2.3 Oxygen gradient

The bone marrow is a hypoxic environment; however, there is a gradient of
oxygen (Figure 2). The lowest oxygen concentration is found in the deep
sinusoidal region >40um from bone; however, as a soft environment, this is not
suitable for HSC residence (Xiao et al., 2022). Spencer et.al. demonstrated that
in mice, the local oxygen tension in the endosteal perivascular region is roughly
1.8% and 1.3% in deeper sinusoidal regions (Spencer et al., 2014). Therefore, the
oxygen gradient within the bone marrow corresponds to areas of stiffness, and
the literature for humans agrees; the endosteal region possesses a low oxygen
concentration, high stiffness, and is home to the quiescent HSC population,
while the proliferative population is found in the highly vascularized and soft
perivascular niche (Mohyeldin et al., 2010; Nombela-Arrieta et al., 2013; Tormin
et al., 2011).
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It is well reported that stem cells (and others) respond to hypoxia with enhanced
self-renewal and long-term survival capabilities. The ability of cells to respond
to hypoxia is mediated via hypoxia-inducible factors (HIFs). HIF1-a inhibition
results in HSC activation, while HIF-1 stabilisation stimulates anaerobic glycolysis
(Wielockx et al., 2019). MSCs also respond to hypoxic environments, and distinct
subpopulations exist. For example, Tormin et al. demonstrated a CD271+ CD146-
/low population of MSCs residing in the endosteal region and supported
quiescent HSCs, whereas the CD271+ CD146+ population were found in the
perivascular region near a proliferative HSC population (Mohyeldin et al., 2010;
Tormin et al., 2011).

1.3 Bone marrow diseases
Diseases of the bone marrow are haematopoietic disorders. While the initial

malignancy often arises in an immature population, the symptoms become
apparent when such a malignancy is maintained in the progeny cell population,
or the progeny themselves are the disease and symptom-defining cells (Testa,
2010). Emergence over the last 25 years of age-related haematological disorders
is of great interest. Where an increase in lifespan has seen limitations to
haematopoiesis become evident, with reduced haematopoietic function and
regenerative capabilities in the elderly because of replicative senescence, and
therefore insufficient numbers of progeny cell types leading to diseases like
anaemia, or malignant genetic mutations leading to cancers (Dong et al., 2020;
Lee & Hong, 2020; Zhang et al., 2023). Further, the medications used to treat
diseases, such as chemotherapies, are often responsible for off-target effects,
resulting in widespread in vivo damage. This is particularly prevalent within the
bone marrow, potentially causing secondary cancer growths (Jaiswal et al.,
2014). It is in the grounds of marrow diseases that drives the need for readily
available stem cells for HSCT to treat bone marrow disorders, as well as for use
in testing to devise treatments which do not have detrimental effects on the

bone marrow cell population.

1.3.1 Leukaemia
Leukaemia is a disease that encompasses cancers of blood cells, and while

treatments for leukaemia’s are seemingly increasingly effective, there remains a
high chance of relapse in both adults and children (Fielding et al., 2007; Lee &
Hong, 2020; Oriol et al., 2010; Rheingold et al., 2024). The prognosis and chance



Chapter 1 26

of relapse are influenced by numerous factors such as age and type of cancer;
however, the prognosis of relapsed leukaemia in both adults and children is still
dismal (Fielding et al., 2007; Oriol et al., 2010; Rheingold et al., 2024). After
treatment, assessing the measurable residual disease (MRD) determines if
malignant cells are left. While relapse can occur in patients without MRD, there
is a correlation between MRD and relapse (Khaldoyanidi et al., 2022; Kruse et
al., 2020).

It is of recent discovery that often MRD, relapse, and the cancer as a whole are
often due to what is known as a leukemic stem cell (LSC). First discovered in
1999, LSCs are not necessarily stem cells that have mutated but cells which have
mutated to gain characteristically stem cell-like functionalities such as
quiescence, self-renewal, multipotent differentiation, and expansion capabilities
(Holyoake et al., 2001; Khaldoyanidi et al., 2022; Testa, 2010). Due to these
characteristics, drugs targeting highly proliferative cells - the hallmark sign of
cancers and focus of treatments - do not target LSCs, and as a result, drug and
clinical trials are focusing on targeting LSCs specifically, even if their quiescence

makes them poor at taking up drugs (Khaldoyanidi et al., 2022).

1.3.2 CHIP

Gene mutations within the haematopoietic system result in diseases such as
anaemia and leukaemia (Stieglitz & Loh, 2013; National Centre for Biotechnology
Information (US), 1998). Clonal haematopoiesis of indeterminate potential
(CHIP) occurs when a cell develops a gene mutation that results in unregulated
proliferation and dilution of the healthy cell population (Steensma et al., 2015).
Age-related gene mutation accumulation is a normal process; 10-20% of people
over 70 have CHIP clones within their haematopoietic system (Jaiswal & Ebert,
2019; King et al., 2019; Winter et al., 2024). That being said, having CHIP clones
does not guarantee CH, and CHIP mutations can also be caused by additional
factors like obesity or exposure to toxic chemicals through smoking or
chemotherapy (King et al., 2019; Weeks & Ebert, 2023). While CHIP mutations do
not guarantee illness, they are strongly associated with increased risk of
hematologic cancer, all-cause mortality (dying of any disease), coronary heart

disease and ischemic stroke (Jaiswal et al., 2014).
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1.3.3 Off-target effects

As LSCs and CHIP were identified, it became apparent that the gene mutations
were sometimes a result of off-target effects of widely used medications and
treatments. Chemotherapies are the go-to treatment for most solid-tumour
cancers by targeting proliferating cells rapidly (Nygren, 2001). They are highly
toxic and have a range of side effects (van den Boogaard et al., 2022). Over
time, we have learned that the side effects are a result of not just short-term
DNA damage, but long-term damage as well (Sjoberg et al., 2023; van den
Boogaard et al., 2022). For example, approved in 1978 and 1983 respectively,
Cisplatin and Etoposide have been used widely ever since as treatments for
numerous cancers such as brain, lung and testicular (Dasari & Bernard
Tchounwou, 2014; Reyhanoglu & Tadi, 2023). However, both have also been
directly linked to secondary leukaemia, and cisplatin causes anaemia, likely due
to genetic damage to HSCs (Brenez et al., 1990; American Society of Health-
System Pharmacists, 2024; Ezoe, 2012; Wood & Hrushesky, 1995).

1.4 Engineered models
When it comes to scientific research and product testing, there is an ever-

growing emphasis on the 3Rs:

Replace: substitute sentient beings with non-sentient alternatives wherever
possible.

Reduce: If animal use is unavoidable, the number used to obtain the required
information must be kept to a minimum.

Refine: Those animals being used must be treated in the most human way
possible (Hubrecht & Carter, 2019).

First put forward in 1959 by Russell and Burch of the Universities Federation for
Animal Welfare (UFAW), the original emphasis was catered more towards issues
long since rectified (Russell, 1959). Issues such as achieving ‘reduction’ by
reducing environmental variables or disease, now catered more towards efficient
experimental design, or ‘replacement’ of sentient beings with lesser forms such
as mammals for fish, rather than using non-sentient materials. While the 3Rs
were formed from an animal welfare perspective, the arguments for moving
away from the ‘gold standard’ of animal models are supported scientifically.
Results from animals are not fully translatable to humans, hence the need for
human trials post animal testing. Large numbers of products see no ill effect in

animals but are still unsuccessful in humans; of the 90% of drugs that fail during
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clinical trials, 50% of these are due to safety or efficacy (Dowden & Munro, 2019;
Takebe et al., 2018; Van Norman, 2019). As a result, in vitro human models are
deemed the next advancement in product testing as a complementary study to
animal testing, or maybe one day as a full replacement. This concept became
United States law in December 2022 as part of the FDA modernisation act 2.0,
which recognised alternative testing options that can be used to justify the
safety of a therapeutic for human trials (Stresser et al., 2023).

With recreating a whole human body an unrealistic goal, models instead aim to
mimic specific locations on a smaller scale, and in more recent times look to
combine elements from established models to form more complex and
physiologically comparable systems. It is in this area where medical research is
being directed, specifically the treatment of cancers, where the

microenvironment is so important.

1.4.1 Cell models

1.4.1.1 Pitfalls of traditional cell culture
The creation of a model must consider various in vivo characteristics of the

desired environment, such as those covered in 1.2, stiffness, cytokines and
other cells. From a traditional approach using 2D culture ware, there are
immediate pitfalls regarding comparability to in vivo environments. Firstly,
adherent cells in culture flasks grow in a monolayer with only sideways
interactions with neighbouring cells, while non-adherent cells will settle in a
layer on the bottom with equally minimal cell-cell contact (Kapatczynska et al.,
2016). Secondly, polystyrene and glass are the two most common cell culture
vessel materials. In comparison to human tissue, the stiffness of polystyrene (~1
GPa) and Glass (~70 GPa) is similar only to Bone (-5 GPa) and is orders of
magnitude greater than that of most tissues (1-50 kPa) (Fekete et al., 2018;
Handorf et al., 2015; Turner et al., 1999). This is problematic when research has
shown surface stiffness can direct differentiation, cellular senescence, and
various other cell behaviours (Handorf et al., 2015; Lv et al., 2017; Navarrete et
al., 2017). Thirdly is that the body is a dynamic environment (with specific
exceptions) with constant nutrient and oxygen exchange (Lipreri et al., 2022;
Ozturk et al., 2006). Cells are highly dependent on local paracrine signalling
molecules to communicate, and with a fluid environment, these signals can
reach further, faster. Leading to more dynamic behaviours. They also receive

signals from more distant areas of the body, from injury sites or hormones
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(Rochefort et al., 2006; Xiao Ling et al., 2016; Yuan et al., 2022). Finally, the
cell environment is also inhabited by numerous other cell types, all expressing
their own signals, and the synergistic relationships cannot be mimicked with
simple supplementation to the growth medium (Bowlin et al., 2024; Mehrasa et
al., 2014).

1.4.1.2 Cell aggregates
Cellular aggregates are referred to somewhat interchangeably in wider literature

as 3D cell cultures, organoids or spheroids (Simian & Bissell, 2017). However,
there are distinct differences. 3D cell cultures are the umbrella term for
alternative methods to traditional 2D monolayer culture, which include
aggregates, but also describe scaffolds, bioreactors, microfluidics and many
others (Cacciamali et al., 2022). Organoids are formed when stem or progenitor
cells grown on a 3D support form complex structures partially resembling,
genetically and histologically, an organ from which the cells originate. They
typically contain cells of various maturities, differentiated from the original
stem/progenitor parents, and can be cultured and expanded long term (Gunti et
al., 2021; Simian & Bissell, 2017; Corning, n.d.).

Spheroids, on the other hand, are a simpler construct, self-assembling without
structural support, and typically consisting of just one or two cell types that
remain heterogeneous. They cannot be expanded or regenerated, and do not
highly resemble their native tissue (Gunti et al., 2021; Simian & Bissell, 2017;
Corning, n.d.). They are, however, used extensively for the study of tumour sites
which are similar in their gradient of metabolic activity through the aggregate
(Halfter et al., 2016; Quereda et al., 2018; Tomas-Bort et al., 2020). They are
also used to temporarily maintain the properties of certain cell types, for
example, MSC spheroids have been shown to enhance HSC differentiation
potential and induce recovery from senescence (Frith et al., 2010; Krasnova et
al., 2023).

1.4.1.3 Co-culture, feeder layers and synergistic engraftment
When combining more than one cell type into a culture, it is typically as one of

two forms: feeder layers or as co-cultures.
Feeder layer cells are adherent cells that are grown underneath a non-adherent
culture or in/under a 3D structural support, which have a secretory profile

(either naturally occurring or through gene editing) that will support or direct
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the growth of the additional cells in the culture (Llames et al., 2015). They are
treated with radiation or mitomycin to prevent proliferation and therefore
supply a continuous supply of the desired secretome with less frequent media
changes (Ponchio et al., 2000). This is advantageous as proteins added to media
will degrade and/or be taken up over time, resulting in an inconsistent
concentration. It also means that for cell types like MSCs, intercellular signals
are not removed from culture regularly (Fernandez-Francos et al., 2021).
Feeder layers are of use because serum-free media supplementation is often
expensive, and cytokines are unstable for prolonged periods of time at 37 °C.
This leads to diminishing concentrations over time due to cellular uptake and
cytokine degradation, and therefore, concentrations are not controlled. In
comparison, a feeder layer will produce a continuous supply of cytokines into
solution, which are used and replenished at a rate dependent on the number of
feeder cells used. This provides much greater control compared to
supplementation in media changes.

Cocultures are used to investigate the interactions between two or more cell
types, either as a simple monolayer system or as part of a more complex 3D
system (Goers et al., 2014; Jing et al., 2010; Levorson et al., 2014). They are
also used to help improve the culturing ability of cell types like HSCs, which,
when grown under traditional 2D monoculture methods, do not exhibit in vivo
behaviours or characteristics. Co-culture also expands on the benefits of a
feeder layer by considering the changeable nature of cellular uptake of
supplements. If in co-culture, crosstalk between the cell types will direct how
much of a specific cytokine is produced, for how long, and this provides much
greater comparability to in vivo conditions. It also means you have two or more
cell types which are of use for analysis and further experiments, widening the
scope of the experiment.

MSCs have also been used alongside HSCs in synergistic SCT to enhance
engraftment and reduce GVHD. In 2021, Li et al. reviewed 19 studies and
concluded that MSC co-infusion improved engraftment and reduced GVHD (Li et
al., 2021).
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1.4.1.4 Nutrient exchange and dynamic culture
The progression from multicell systems was to mimic other biological functions,

such as flow rate and nutrient exchange, more accurately. Bioreactors utilise
dynamic conditions to mimic the flow of liquid environments like blood, or the
constant nutrient and oxygen exchange present in tissues due to interstitial fluid
(Lipreri et al., 2022; Ozturk et al., 2006). If demand for stem cells increases,
large-scale cell production for SCT will likely occur in a bioreactor format due to
the ease of scaling. This would typically be in the form of a spinner flask or
rotating bioreactor (K. et al., 2011). A different approach is using a perfusion
bioreactor with a fixed substrate through which the media flows (Rodling et al.,
2017). Also using dynamic conditions, ‘organ on-a-chip’ microfluidic devices are
widely utilised in research due to their highly customisable, micro-scale cultures
that are ideally suited for drug testing platforms and for labs with limited space.
It is possible to have multiple inlet tubes and compartments to alter media
composition, flow rates and connect separate cell populations (Aleman et al.,
2019; Glaser et al., 2022).

1.4.2 Hydrogels

The interest in hydrogels has risen exponentially over the last 50 years (Yahia et
al., 2015). They are formed using water-soluble polymers that are crosslinked to
form a viscoelastic 3D network. This new hydrophobic material has a high
capacity for water retention, without disrupting the structure (Abu Shmeis,
2022; Revete et al., 2022). Already fully integrated into society, hydrogels have
widespread uses in agriculture(Palanivelu et al., 2022) the food industry(Nazir et
al., 2017; Zhang et al., 2020) and extensively for biomedical applications such as
drug delivery (Qiu & Park, 2001), wound healing (Aswathy et al., 2020; Hancock
et al., 2011), tissue engineering and regenerative medicine (Lee & Mooney,
2001). As a result, many hydrogels are already known for their biocompatibility
and customisability, creating a solid foundation for future research. From a cell
research standpoint, hydrogels are typically used in either 2D as a substrate,
2.5D where cells are seeded on top or underneath a gel, or as a 3D scaffold
within which cells are seeded (Caliari & Burdick, 2016; Leisten et al., 2012;
Wang & Pelham, 1998). Whether they’re derived from natural sources or man-
made, the material properties of the gel, such as stiffness and porosity, are
integral to how the gel influences cell behaviour. However, the properties are

highly specific not just to the type of polymer used to form the gel but the
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concentration, temperature, pH and length of time during the cross-linking stage

of gel manufacture (Lee et al., 2014).

1.4.2.1 Synthetic gels
Polyacrylamide (PA) hydrogels have been widely used in biological sciences since

the 1960s for DNA separation via electrophoresis. However, since the 90s, it was
also utilised as a substrate for the growth of cells (Wang & Pelham, 1998). PA
gels can be synthesised to have stiffness across a full physiologically relevant
range from 0.3 to 300 kPa, tuneable viscoelasticity and porosity, while proteins
and cell binding motifs can easily be attached covalently to enable cell binding
and customisable growth conditions (Protick et al., 2022; Syed et al., 2015;
Wang & Pelham, 1998). While these properties were first utilised as 2D coatings
for cell culture, this has developed into 3D constructs and combination gels for
cell encapsulation (Rana et al., 2016; Shi et al., 2024). The stiffness flexibility
means PA gels are utilised from very soft bone marrow models to very stiff
vascularized bone models (Derkus et al., 2020; Shi et al., 2024).

A similar gel widely used in cell culture is polyethene glycol (PEG). It has the
same tunable properties as PA, and can also be customised to add binding
domains, proteins and growth factors. It is also highly biocompatible, enabling
cell encapsulation (Lin & Anseth, 2008). To modify the crosslinking density and
therefore stiffness, typically the concentration or molecular weight of PEG is
adjusted, and this results in easy formation of gels with stiffness from 200 Pa to
1000 kPa (Lee et al., 2014; Seitz et al., 2024). This also gives a wide range of
uses from modelling the blood-brain barrier to bone tissue engineering (Ahmad
et al., 2024; Si et al., 2024).

1.4.2.2 Gels formed from naturally occurring molecules
The most abundant protein in the ECM is collagen, and subsequently, collagen

hydrogels - typically type | collagen - have been investigated and reviewed
extensively for their use in cell culture (Antoine et al., 2014; Caliari & Burdick,
2016; Lee & Mooney, 2001; Shenoy et al., 2022). Other than being
biocompatible, an advantage of collagen is its tunability. For example, the
density of the collagen fibre network and therefore porosity can be increased
using higher pH or increased collagen concentration during cross-linking, with
lower pH also forming thicker fibres (Sarrigiannidis et al., 2021). Collagen also

contains naturally occurring cell-binding sites, which means no additives or
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modifications are usually needed to make a hospitable environment. Optimising
the fabrication process can therefore result in a wide variety of stiffness and
porosities. Antoine et al. used pH, concentration and temperature to form gels
with stiffness from 540 Pa to 10.7 kPa, with pore sizes from 1.2 to 3.2 pym, to
mimic normal and cancerous breast tissue, respectively (Antoine et al., 2015).
While Cummings et al. produced gels with stiffness of 191 to 242 kPa for use in

blood vessel substitutes (Cummings et al., 2004).

Similar in properties to collagen is fibrin. It is biocompatible, has cell binding
sites, and can make customisable hydrogels (Cummings et al., 2004; Mosesson,
2005). However, it is only useful for gels with relatively low bulk stiffness.
Increasing fibrin concentration results in increased strength but reduced cell
viability, and while stiffnesses up to 184 kPa were achieved by Linnes et al., this
involved a long acetone treatment, which would be toxic to cells if encapsulated
(Linnes et al., 2007). They are, however useful alternative for gels with a softer
desired stiffness of 0.9 to 30 kPa, or in a complementary mixture with other gels
(Cummings et al., 2004; Sanz-Horta et al., 2023). With uses as models with
compressive moduli akin to skin, or to induce chondrogenic differentiation in
MSCs and cartilage repair (Ho et al., 2010; Murphy, Whitehead, et al., 2017).

1.4.2.3 Alginate
Another naturally occurring molecule, and that of choice for this study, is sodium

alginate, a polysaccharide isolated from brown seaweed, which can be cross-
linked to form a highly biocompatible hydrogel with widespread uses from drug
and cell therapy delivery systems to soil conditioner (Aderibigbe & Buyana, 2018;
Lee & Mooney, 2012; Severino et al., 2019; Shin et al., 2023; Smith & Miri,
2010). It is the material of choice for this project due to it being the core
material for the product range of Atelerix - the stakeholder company for this
work (see 1.4.4.4) - who have been investigating it for a decade as a method to
encapsulate cells and induce quiescence (Swioklo & Connon, 2016). Other
benefits include it and all components for gelation and degradation being
animal-free, as well as being well established in the medical sector, which
should make it easier to translate work further down the line into
medical/modelling/testing applications. The hydrogel material itself lacks

binding domains, so it is usually modified to contain RGD domains or mixed with
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a secondary material such as collagen or Matrigel (Neves et al., 2020; Stowers et
al., 2019). Gelation time, temperature, type of crosslinker and crosslinker and
gel concentration are all able to influence the material properties of alginate,
while temperature and pH (as long as it’s over 4) have limited impact, making it
of interest for use at physiological conditions (Akbarzadeh Solbu et al., 2022).
Through tuning, alginate gels with a broad range of stiffnesses are possible, with
reports from 0.5 Pa in a mammary epithelium model to 900 kPa available (Chan
et al., 2011; Stowers et al., 2019).

The sodium alginate molecular structure consists of 1,4-linked residues of B-D-
mannuronic acid (M) and a-L-guluronic acid (G), which exist in blocks as
consecutive (-GGG-/-MMM-) or alternating (-GMGM-) monomers to form a
polymer chain (see Figure 3) (Andersen et al., 2015; Draget & Taylor, 2011). In
solution, these chains exist in a random coil secondary conformation due to the
electrostatic repulsion between the negative functional groups on adjacent
monomers, resulting in a viscous liquid (Andersen et al., 2015). When
crosslinked, the alginate contracts into a solid, with greater contractions

correlated to increased crosslinking (Ramdhan et al., 2019).

) - G

Figure 3. Skeletal formula of calcium alginate ‘GM’ repeat unit, where M is B-D-mannuronic

acid, and G is a-L-guluronic acid.
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When crosslinked ionically, solidification occurs instantaneously upon
introduction of the polymer and the cation. This typically occurs via the
formation of ion-bridges between G residues. Therefore, alginate with naturally
or artificially increased numbers of G units will crosslink more, a phenomenon
described by Drageta et.al., where greater numbers of GG residue blocks in
calcium-alginate chains increase stiffness, whilst greater numbers of MM blocks
increase elasticity (Drageta et al., 2001). In addition, this means that for 3D
alginate constructs, the ions need to reach throughout the gel to solidify fully.
This is achieved in one of two ways. Firstly, via diffusion over time from a larger
reservoir/bath within which the alginate solution is dropped and submerged,
allowing a short period of time for diffusion to occur relative to the size of the
construct (Ramdhan et al., 2019). This often results in high crosslinking density
on the surface, which decreases towards the centre (Paiboon et al., 2023). Or
secondly, via internal gelation, where gelation occurs via the release of cations
from a molecule suspended or dissolved within the sodium alginate, triggered by
an additive such as an acid (Paiboon et al., 2023). This offers a more uniform
crosslinking, but additives such as acetic acid, used to release calcium from
dissolved Ca-EDTA, would be toxic to cells (Paiboon et al., 2023). It is also of
note that the reactivity of ionic crosslinking ions typically falls with reducing

temperature, and this will result in slower crosslinking (Lee & Mooney, 2012).

Covalent crosslinking is also possible if the polymer backbone is modified to
contain the necessary functional groups. For example, methacrylate can be
attached and then crosslinked using a photo initiator and UV light (Andersen et
al., 2015). Carrying out covalent crosslinking alongside ionic crosslinking enables
further customisation of the gel properties. Covalently crosslinking the outer
layer of alginate microbeads makes them more stable in vivo due to the inability
of chelating agents to break the bonds, slowing the degradation rate of alginate-
based grafts with encapsulated islets aimed to treat type | diabetes (Somo et al.,
2020). However, the difficulty in breaking covalent bonds would generally
contradict a core reason why alginate is utilised in models and tissue engineering
- ease of gel degradation to enable biodegradation in vivo, retrieve cells or allow

cell remodelling.
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Ramdhan et.al. showed that with internal gelation (using CaCOs incorporated
alginate), increased crosslinking time results in a more homogenous gel, while
increased cation concentration results in quicker initial crosslinking, all plateau
around 2 hours (Ramdhan et al., 2019). By increasing the concentration of
polymer, you increase the number of potential crosslinking sites and therefore
can decrease the pore size of the gel. For example, Solbu et.al. showed that for
internally gelated alginate, pore size was <360nm for 2.0% w/v alginate,
<1230nm for 1.0% w/v and <1230nm for 0.5% w/v, with averages of 136+62nm,
172+110nm and 265+213nm, respectively (Akbarzadeh Solbu et al., 2022).
Similarly, increasing crosslinker concentration resulted in greater crosslinking
and decreased pore size. They also compared 20mM and 25mM CaCO3 with 1.5%
w/v alginate and found pore sizes of 92+80nm and 83+74nm, respectively.

While these trends are the same using diffusion, the pore size itself is
comparatively smaller. Simpliciano et.al. demonstrated an average pore size of
5.2+0.9nm for 1.5% w/v Na-alginate cross-linked with 1.5% w/v (0.1M) CaCly,
while Chen et.al. showed 1% w/v Na-alginate in 0.1gml"' (0.9M) CaCl; resulted in
beads with pore size ranging from 5 to 100nm, but dominant sizes being 30 to
50nm (W. Chen et al., 2013).

Regardless of crosslinking method, retaining pore sizes in the nm range is
important in biological applications to enable adequate nutrient diffusion in and
out of the gel to maintain cells. 3%w/v sodium alginate linked in 0.1M CacCl;
linked for 30 minutes, were created by Wells and Sheardown to determine the
release rates of BSA (66.4kDa), Lysozyme (14kDa) and Chymotrypsin (25kDa)
(Wells & Sheardown, 2007). After 10 hours, 90% of the BSA was released into the
surrounding solution, compared to 65% of lysozyme and 75% of chymotrypsin.
The BSA is electronegative and the others electropositive, so this indicates that
diffusion rates are dependent on charge and not just size. It also means that
molecules smaller than BSA should have no trouble diffusing in and out of

alginate.

The properties of alginate can also be altered by using different cations.
However, while smaller ions form stronger bonds and would typically displace
heavier ions from a complex, alginate has an affinity for heavier alkali earth
metals such that they bind with the following hierarchy: Ba?*>Sr?*>Ca2*>>Mg?*
(Key & Ball, 2014; Rucigaj et al., 2024). In addition, Ba?* can also bind to M
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residues, explaining the increased strength of the binding in Ba?* crosslinked
alginate (Zimmermann et al., 2007). This results in Ba?* forming more stable gels
than the more commonly used Ca?*, exhibiting reduced swelling when submerged
in saline, indicating crosslinks were held more effectively and reduced ion
diffusion out of the gel into solution (Darrabie et al., 2006). Further, by using
trivalent cations such as Fe3*, triple crosslinks can be used to greatly enhance

the strength of the gel beyond that of divalent cations (Rucigaj et al., 2024).

1.4.2.4 Uses of alginate hydrogels in medical bioscience
Historic wound dressings were designed to provide a physical barrier and keep

the wound dry, while modern wound dressings are now designed to also aid in
wound healing (Boateng et al., 2008). Many alginate dressings, such as
Kaltostat™ and Algisite™ are widely available commercially and are dry, fibrous
dressings that gel when absorbing wound fluid, and then reapply this moisture as
water to the affected area and even promote tissue formation (Algisite M
Calcium Alginate Dressing - MedicalDressings, 2025; Kaltostat Sterile Alginate
Haemostatic Dressing - MedicalDressings, 2025; Boateng et al., 2008). Some
more complex dressings are functionalised to be bioactive and are therefore
more specialised, with examples reducing scar formation by binding SDF-1 or
having increased antimicrobial properties by incorporating silver (Rabbany et al.,
2010; Wiegand et al., 2009).

Alginate encapsulation can be used as a carrier for drugs, proteins and cells with
tunable release profiles and can also be used to present cells for microarray,
high-throughput screening systems (Lee & Mooney, 2012). For example, the
release of cells can be controlled by varying degradation rates, drug release can
be customised by the method of attachment to the polymer and can also
reversibly attach growth factors like VEGF (Lee & Mooney, 2012; Sun & Tan,
2013). An early method of cell therapy via cell encapsulation is of pancreatic
islets, which are released upon gel degradation, whilst anti-inflammatory drug
flurbiprofen can be released via diffusion and chemotherapy doxorubicin can be
released by hydrolysis (Lee & Mooney, 2012). As a drug testing format,
encapsulated MCF-7 cells can be treated with chemotherapeutic drugs,
doxorubicin and paclitaxel (Sabhachandani et al., 2016). Alginate for bone
regeneration typically utilises a combination of MSCs/osteo-induced MSCs and

bone-inducing proteins such as BMP-2 to direct bone re-growth at the injury site
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(Kanczler et al., 2010; Weng et al., 2006). Similarly, regeneration of cartilage
can be carried out by encapsulating chondrogenesis-induced MSCs and TGF-B8 (Ma
et al., 2003; Park et al., 2009).

1.4.3 HSC expansion and/or maintenance models/systems
General limitations of both 2D and 2.5D cultures can be directly translated to

the difficulty with culturing HSCs. Limitations which have resulted in extensive
investigation into 3D methods of improving the expansion and/or maintenance of
HSPCs. Attempts to culture HSCs take primary inspiration from BM. As covered in
1.2.1, the influence of MSCs within the HSC niche is well established, and
therefore co co-culture methodology and reasoning is well refined.

It is agreed that serum-free medium with the supplementation of cytokines and
an MSC feeder layer or coculture is necessary to increase CD34+ proliferation

and reduce apoptosis (Bowlin et al., 2024; Mehrasa et al., 2014).

While additional cytokines are sometimes used, it is generally agreed that
cytokine supplementation for HSC maintenance should include SCF, THPO and
Flt-3 (Costa et al., 2018; Flores-Guzman et al., 2013; Mehrasa et al., 2014). The
use of feeder layers was verified by the finding of 3 distinct groups of HSCs
developing when cultured on an MSC monolayer, with more mature cells in
suspension, cycling HSCs above the MSCs and primitive cells below the MSCs
(Jing et al., 2010). However, the specific source of the MSCs was somewhat
overlooked until a comparative study in 2021 by Bucar et al. showed that A-MSCs
are preferable to BM-MSCs and UC-MSCs (Bucar et al., 2021). In addition,
clinical trials have demonstrated that MSC feeder layer expanded HSPCs show

enhanced engraftment ability during HSCT (de Lima et al., 2012).

1.4.3.1 Small molecules and EVs
In addition to culturing with the standard conditions, numerous small molecules

have been investigated to expand LT-HSC populations for HSCT, with some even
entering clinical trials (Branco et al., 2024; Cohen et al., 2023; de Lima et al.,
2008; Parikh et al., 2018; Wagner et al., 2016). They typically look to inhibit LT-
HSC differentiation or ST-HSC and progenitor proliferation pathways and/or
promote expansion of LT-HSCs. UM171 inhibits lysine-specific histone
demethylase 1A (LSD1), which in turn blocks differentiation while maintaining
consistent proliferation rates, resulting in propagation of LT-HSCs (Subramaniam

et al., 2020). This led to successful clinical trials in 2023 that demonstrate
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enhanced patient survival with UM171-expanded HSCT compared to non-treated
(Cohen et al., 2023). While nicotinamide (NAM) inhibits sirtuin 1 (SIRT1) and
therefore differentiation, but also enhances proliferation of progenitors with
enhanced bone marrow homing and engraftment (Peled et al., 2012). NAM
expanded HSPCs were used successfully in a 2018 phase I/1l clinical trial for
treatment of sickle cell disease, while the phase 3 trial study, completed in
2025, demonstrated enhanced engraftment across patients with a variety of
haematological disorders (Parikh et al., 2018; Wagner et al., 2016; Horwitz,
2021).

MSC-derived EVs have been demonstrated as regulators of both healthy and
malignant haematopoietic systems.(Butler et al., 2018) In fact, EVs isolated from
MSCs in malignant environments will induce malignant haematopoiesis in healthy
cells, while healthy MSC EVs can restore normal haematopoiesis (Batsali et al.,
2020). Further, exosomes will induce proliferation in ST-HSCs, while

microvesicles expand LT-HSCs (Budgude et al., 2025).

1.4.3.2 Hydrogels in HSC models
The core component for many models is a biomaterial to form the structural

component of the niche, with customisable stiffness and porosity lending itself
to use as a scaffold. Thought must be given to ensure the pore size will enable
cells to migrate into the material if desired, or if encapsulated, small enough to
keep cells within. CB-derived CD34+ (CB-HSPCs) cells cultured in highly porous
scaffolds of PCL, PLGA, fibrin and collagen were easily removed by pipetting
(Ventura Ferreira et al., 2012). The MSC supported models showed enhanced
expansion compared to those without, while the fibrin scaffolds showed the
greatest CD34+ expansion, phenotype maintenance, morphological, migratory
and adhesive properties and highest engraftment and multilineage
differentiation in transplanted mice. While by encapsulating MSCs within
collagen hydrogels and seeding HSPCs on top, their migration into the construct
can be observed (Leisten et al., 2012). The population that does not migrate are
mature, committed and proliferative progenitors, while those that do are a
primitive, clonal population. A smaller pore size for these collagen gels meant
the two populations were easily separated as cells were retained within the gel
once migrated. These gels also showed that UC-MSCs were inferior to BM-MSCS at

maintaining primitive HSPC phenotype.
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1.4.3.3 Multifaceted model approaches
The progression from gel + cell systems was to mimic other biological functions,

such as flow rate and nutrient exchange, more accurately (Chatterjee et al.,
2021). Song et al. encapsulated BM-MSCs within alginate micro-gels and cultured
them in a rotating wall bioreactor with HSPCs and saw increased CFU, CD34+ and
total cell numbers compared to static and lone HSPC with cytokine cultures (K.
et al., 2011). Rodling et al. colonised a PEG hydrogel with MSCs and HSCS, which
was then placed inside a perfusion bioreactor (Rodling et al., 2017). Static
conditions were observed to favour CD34 maintenance, while dynamic conditions
encouraged erythroid lineage commitment and loss of CD34+; logical
observations based on the residency of these cell types within the
haematological system.

Aleman et al. connected four chambers, each with cell populations from
different regions of the bone marrow, to assess homing preferences of normal
and malignant HSPC populations (Aleman et al., 2019). While Glaser et al.
encapsulated ECs, BM-MSCs and HSPCs in a fibrin hydrogel and inserted them
inside a device that mimicked both the endosteal and perivascular environments
(Glaser et al., 2022).

1.4.3.4 Maintaining a quiescent phenotype
Most literature searches regarding the in vitro culture of quiescent HSCs involve

gene editing or forced gene expression, for example, by forced expression of F-
box and WD-40 domain protein 7 (Fbxw7) (Iriuchishima et al., 2011). However,
low serum, low cytokine, high fatty acid and hypoxic conditions do render
quiescent HSC culture possible (Kobayashi et al., 2019; Shiroshita et al., 2022).
In particular, higher TPO and SCF concentrations can trigger cell cycle entry and
differentiation. The HSCs can be isolated and selected using flow or artificially
inducing quiescence using CRISPR-Cas9 genome editing, which grants a higher

yield but lacks full physiological comparison.

1.4.4 Cell storage

1.4.4.1 Traditional cryopreservation
When storing and transporting cells, the typical storage technique is that of

cryopreservation. This technique uses dimethyl sulfoxide (DMSO) as a
cryopreservation agent (CPA) with a cooling rate of 1°C per minute to a

temperature below -135 °C. Cells are then thawed rapidly at over 100 °C a
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minute to 37 °C (Rowley, 2009). However, this technique has pitfalls, the most
prevalent of which is ice crystal formation. Mazur et al. first hypothesised that it
was intracellular ice formation causing decreased viability (Mazur et al., 1972). A
theory now widely accepted and reviewed, it is commonplace to use CPAs to
inhibit ice crystal formation along with other issues such as solute effects,
osmotic shock and supercooling among others (Chang & Zhao, 2021; Elliott,
2013; Gurruchaga et al., 2018; Lin et al., 2023; Murray & Gibson, 2022; Poisson
et al., 2019). However, CPAs are often toxic and can cause severe side effects if
cells frozen with them are used for transplants (Berz et al., 2007; Hornberger et
al., 2019; Morris et al., 2014). There also remains debate over whether
cryopreservation impacts cell properties and functions, with MSCs reviewed
thoroughly by Bahsoun et al. and their opinion being that methods vary too
greatly in research to make a solid conclusion (Bahsoun et al., 2019). Further,
HSCs are renowned for variable recovery after cryopreservation. Recovery of
mobilised PB CD34+ cells post cryopreservation was reported as 73.7% and 68.1%
for autologous and allogenic samples, respectively (Rimac et al., 2023). While in
general, these figures lie between 40 and 80%, they are mostly around 70%
(Gokarn et al., 2023; Johannsen et al., 2016; Purtill et al., 2020; Rimac et al.,
2023; Turney et al., 2019). Cell recovery is critical, as recovery of HSPCs can be
considered a strong indicator of the functionality of the population, as well as
disrupting the dosage a patient would receive (Cottle et al., 2022; Lee et al.,
2008).

1.4.4.2 Hypothermic storage
Attempts to utilise hypothermia in a clinical setting started in the early 50’s,

based on the assumption that reduced temperature would reduce metabolism
and therefore prolong cell life out of the body (SWAN et al., 1955). By the 90s, a
preservation solution to maintain refrigerated whole organs was used for various
organs, and by the 2000s, isolated cells were now stored short-term at 4 °C
(Olinga et al., 1997; Southard & Belzer, 1995). For BM-MSCs, Veronesi showed
that 18 hours at 4 °C in saline maintained viability above 80% (Veronesi et al.,
2013). While CB-HSPCS, PB-HSPC and BM-HSPCs are maintained better at 4 °C
compared to 20 °C (Fry et al., 2013). However, viability does not guarantee
functional capacity. A second study showed these conditions resulted in

decreased CFU-forming and tri-lineage differentiation potential compared to
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fresh (Sohn et al., 2013).

Subsequently, less rudimentary buffers were implemented and gave improved
results. Using combinations of human serum albumin (HSA), glucose, and platelet
lysate allowed storage for two days (Galvez et al., 2014; Galvez-Martin et al.,
2014). While using 40 mM trehalose enabled UC-MSCs to remain 90% viable for 7
days and 70% viable after 3 weeks (Di et al., 2012).

There is also reason to believe that 4 °C may not be the optimum hypothermic
storage temperature, as studies with a variety of cell types have indicated that
ambient temperatures may be more suitable. For example, the optimum storage
temperature for epithelial cells and hamster ovary cells in suspension was 16 °C
and 17 °C, respectively (Hunt et al., 2005; Pasovic et al., 2013).

1.4.4.3 Hydrogels as a storage method
Hydrogels have been used as anti-freeze agents for a range of applications.

Primarily as a coating, Zhiyuan et al. formed an anti-freeze hydrogel by grafting
PDMS chains onto a polyelectrolyte network (He et al., 2020) while Guo et al.
created a PMAA multilayer hydrogel to control ice nucleation and propagation
(Guo et al., 2018). However, hydrogels have also been used to protect cells
during freezing for storage (Chang & Zhao, 2021; Gurruchaga et al., 2018; C.
Zhang et al., 2018).

Encapsulation of cells within hydrogels as a cryoprotectant has also been
investigated using synthetic polymers, such as Jain et al., using a dextran-based
polyampholyte gel (Jain et al., 2014). However, the most widespread use is that
of Alginate (Zhang et al., 2018).

The first example of alginate being used as a cryoprotectant was presented in
1996 by Inaba et al., who encapsulated rat islets and then stored them in liquid
nitrogen (Inaba, 1996). While Malpique et al. used alginate encapsulation to
store brain cell neurospheres in liquid nitrogen, resulting in reduced recovery
time post-thawing and less fragmentation (Malpique et al., 2010). Gryshkov et
al. also used alginate to encapsulate MSCs and demonstrated that on thawing,
they have greater metabolic activity compared to those not encapsulated
(Gryshkov et al., 2014). However, hydrogels are not frequently reported to be
used as room temperature storage for cells. Chen et al. stored mouse embryonic
stem cells (ESCs) and human MSCs for 5 days at 18-22 °C in calcium alginate (B.
Chen et al., 2013). And gorodestsky et al. used fibrin hydrogels to encapsulate
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and store cells in a sealed cryovial for 6 days at 24 °C (Gorodetsky et al., 2011).
While my stakeholder company, Atelerix, is the dominant reporter of this use,
with primary examples for A-MSCs and keratocytes (corneal stromal cells)
(Isaacson et al., 2018; Swioklo et al., 2016).

1.4.4.4 Atelerix
Atelerix “provide patented alginate hydrogel technology to stabilise cells,

tissues, blood products, viruses and vectors at room temperature” (About Us |
Atelerix, 2025). Their products are of interest to those seeking short-term
storage of biological material without access to cold-chain transport
infrastructure. The methodology utilises hypothermic temperatures and a non-
adherent environment due to alginate encapsulation to induce quiescence in
cells. Atelerix gels are also animal-free and contain no toxic components,
making them safe to handle and dispose of. They each come with protocols, and
the biological material can be recovered quickly and is ready to use. 6 products
are currently available: CYTOSTOR™ for the storage of cells, viruses, vectors
and mRNA-LNPs, LEUKOSTOR™ for storing fresh leukapheresis, TISSUEREADY™ for
organoids, spheroids and microtissues, TISSUEREADY PLUS™ for tissue,
WELLREADY™ for storing cells in a well-plate format, and BLOODREADY™ for

blood samples (Atelerix: Innovative Cell Preservation, n.d.).

They have produced research papers to demonstrate their findings for mouse
embryonic stem cells, A-MSCs and corneal epithelial cells (Branco et al., 2022; B.
Chen et al., 2013; Wright et al., 2012). In addition, on the compatibility section
of their website, they define the recommended product, storage temperature,
seeding density and storage length for a large variety of sample types (Samples

Preserved | Atelerix, n.d.).

1.5 Conclusions
Investigation into the bone marrow niche microenvironment over the last 25

years has seen revelations in the way we perceive stem cells and how they may
be utilised in broader applications than commonly used transplants. A highly
complex environment, modelling the bone marrow has become the go-to method
for research into the cell populations residing there in vivo. These models have
become increasingly refined; however, there is a lack of a reliable and widely
accepted method for creating one.

While an ageing population has accelerated research into age-related diseases
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and regenerative medicine, a more ethically aware society has driven the
conversion to increasingly sustainable methods, materials and practices.
However, these practices are more complex than traditional animal models, and
with complexity comes cost. To make them a viable alternative, in vitro human
models must give both improved results as well as competitive pricing. Further,
while feasible in research, a highly complex system may be less favourable in
pharmaceutical or medical settings where high-throughput testing is required.
Therefore, a compromise must be made between ethicality, complexity,
accuracy and cost. One way to do so is to utilise materials already approved for
use in the medical setting, rather than creating novel materials that could fail at
one of the countless stages of the approval processes. Another is to make cells
more available to enable research, form a greater understanding of the bone
marrow and therefore the components which can be cut to form cheaper,
simpler, yet equally effective methods for current and future treatments.

This advancement is imperative because the importance of HSPCs within the
medical sector is well established, along with the benefits of MSC spheroids over
single cell MSCs, and yet their uses are far from maximised. Being able to
transport these cells without cold-chain infrastructure would enable treatments
and research in developing countries, whilst also being more environmentally
friendly. In turn, increased cell accessibility should lead to decreased costs,
again encouraging their use and future development.

Atelerix have displayed the methodology for short-term storage of cells within a
biocompatible, FDA-approved material. However, the variability in viable
encapsulation time for different cell types means there’s no guarantee this
system works universally. Therefore, there remains a need to determine if this

will work on HSCs and MSC spheroids.

1.6 Aims and objectives
The following thesis intends to investigate the effects of alginate encapsulation

on primary human BM-MSC spheroids and primary human CD34+ BM-HSPCs, with
emphasis on aligning with the precedent set out by the training programme
within which this project is facilitated in minimising the use of animals in
research and providing research with direct, real-world applications. Use of
alginate rather than other biomaterials is advantageous because all components

used for both gelation and gel degradation are biocompatible and animal-free;
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the natural lack of binding sites prevents cell interaction with the matrix and
helps induce quiescence, and gelation and gel degradation is quick, simple, and
is not harmful to cells. Primary stem cells will be used exclusively so that any
findings are directly applicable to increasing the availability of primary stem
cells for use in research and medicine.

To do this, the impacts of encapsulation of single-cell MSCs will first be explored
using viability and flow cytometry. Secondly, viability and flow cytometry will be
performed on HSPCs. Next, the same will be performed on MSC spheroids. The
result would be to demonstrate whether HSPC and MSC spheroid encapsulation
would be a viable method of alternate storage, and in extension, whether they
would be adequate as a ready-to-use drug testing platform. With consideration
of transport and experiment length, a time criterion of 2 weeks was decided for
functional cell survival, with this not being a viable method if this timeframe

was not met.
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Chapter 2. Materials and methods

2.1 Isolation of cells from donor samples and donor

identification
All cells used for this work were from donated primary bone marrow samples

from either Queen Elizabeth University Hospital, Glasgow or the University
Hospital, Ayr and were anonymised by the School of Infection & Immunity,
Glasgow, before use.

Samples were run through a 70 pum mesh strainer, washed with Dulbecco’s
Modified Eagle Medium high glucose with sodium pyruvate, without glutamine
(DMEM) (Gibco, Cat# 21969035) and added to a Ficoll Paque (Merck, Cat#GE17-
1440-02) gradient solution. The mononuclear layer was then extracted, washed
with flow buffer (2mM EDTA (Invitrogen, Cat# 15575-020), 0.5% Bovine Serum
Albumin (BSA) (Sigma Aldrich, Cat# A7906-100G) in 9.88gL"" Phosphate Buffered
Saline (PBS)), and the CD34+ population selected using a MACS positive selection
kit. CD34+s were frozen in Alburex20 Human Albumin (CSL Behring) with 0.11
gml' Dimethyl sulfoxide (DMSO) (Sigma Aldrich, Cat#34869-100ML) or used
immediately, while the CD34- population was seeded into tissue culture flasks.
MSCs and other adherent cells were cultured until distinct colonies of MSCs
formed. As other adherent cells in the population are more adherent, a short
trypsinisation using Trypsin-EDTA (ThermoFisher Scientific/ Invitrogen,
Cat#15400054) could then be used to remove the MSCs, which were then

reseeded.

HSC Donors 1, 2 and 3 are patients 2345, 2346 and 2437, donor 5 was a pooled
population of donors 2506 and 2507, donor 6 was a pooled population of donors
2502 and 2501. Donor 4 was a vial purchased from StemCell Technologies Cat#
70002.4. Records were not kept for all MSC donors.

A large number of MSC donors were used throughout this study, and there was no
donor continuity between experiments, so each shall be referred to as a
‘biological replicate’ to avoid confusion. In contrast, the six HSC donors were
assigned their own number, colour and symbol to demonstrate continuity

between experiments.

2.2 Cell Culture

Any adherent cell cultures were passaged at 70% confluence using Trypsin-EDTA
(ThermoFisher Scientific/ Invitrogen, Cat# 15400054), unless before flow
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cytometry, in which case TrypLE was used instead.

Primary MSCs were expanded using DMEM (Gibco, Cat# 21969035), supplemented
with 0.27 pgml' of Amphotericin B (Gibco, Cat# 5290-026), 89 units/89 pgml' of
penicillin-streptomycin (Sigma Aldrich, Cat# P0781-100ml), 2.4 mM L-Glutamine
(Sigma Aldrich, Cat# G7513-100ml) 1X dilution of 10X Non-Essential Amino Acids
(Gibco, Cat# 11140-035) and 20% Fetal Bovine Serum (FBS) FBS (Gibco, Cat#
A5256701). The cells were transitioned to 10% FBS (Gibco, Cat# A5256701) at
Passage 5, and this was used thereafter.

S1/S1 fibroblasts were cultured using 172 units/172 pgml' of penicillin-
streptomycin (Sigma Aldrich, Cat# P0781-100ml), 4.8 mM L-Glutamine (Sigma
Aldrich, Cat# G7513-100ml) and 12.5% FBS (Gibco, Cat# A5256701).

M2-10B4 fibroblasts were cultured using 172 units/172 pgml™" of penicillin-
streptomycin (Sigma Aldrich, Cat# P0781-100ml), 4.8 mM L-Glutamine (Sigma
Aldrich, Cat# G7513-100ml) and 9% FBS (Gibco, Cat# A5256701).

On the day before their experiment, frozen primary CD34+s were thawed and
cultured overnight using Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco,
Cat# 12440053) supplemented with 10% BIT (Stemcell technologies, Cat# 09500),
10 ngml™' Recombinant Human SCF (Peprotech, Cat # 300-07), 10 ngml™’
Recombinant Human Flt-3 (Peprotech, Cat# 300-19 and 5 ngml"' Recombinant
Human THPO (Peprotech, Cat# 300-18). Fresh CD34+ cells were encapsulated

without culture.

2.3 Spheroid formation, culture and collection
MSCs were thawed and grown for at least 2 weeks before use, and the media was

changed every 3-4 days. AggreWell™ 400 24-well plates, with each well
containing 1200 micro-wells, were used to form spheroids of approximately 200
cells per spheroid. The protocol followed is provided by Stemcell technologies
(Stemcell technologies, 2017). Anti-adherence solution (Stemcell technologies,
Cat#07010) was added to each well of the AggreWell™ 400 plate and centrifuged
at 1300g for 5 minutes. Each well was rinsed twice with 0.5ml of pre-warmed
9.88 gL' PBS and then with 200 pl of DMEM (Gibco, Cat# 21969035). Finally, 1ml
of a 2.4 x 10> MSCs per ml solution of cells was added to each well, and the cells
were allowed to settle by gravity into the microwells. The plate was then
centrifuged at 100g for 3 minutes and then placed into an incubator.

After allowing 2 days to aggregate, the spheroids were removed from the plate
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and encapsulated within alginate at 10,000 spheroids per ml of gel (See 2.2.4).
When handling spheroids, plasticware was either rinsed with 2% FBS (Gibco, Cat#
A5256701) to prevent spheroids from adhering. The beads were stored at 15+/-
0.5°C, or at 20+/- 0.5°C, while the control spheroids were kept in the plate at
37 °C, with media changes every 3-4 days.

2.4 Hydrogels
Alginate hydrogel beads from the Atelerix BeadReady™ kit (Atelerix, Cat# BR-

MNS) were prepared using the Atelerix BeadReady™ protocol. Component A was
mixed 1:1 with the cell suspension, and 100 pl of gel mix was then added
dropwise from above through a 21G needle to an 800ul bath of crosslinker and
stored in 1.1ml of media (or scaled appropriately) (Atelerix, n.d.). The seeding
density of each cell type/aggregate was determined using the guide provided by
the company and scaled appropriately so that the diameter and subsequent
volume the cells would occupy, so as not to destabilise the network and
properties of the gel.

This protocol produced alginate beads of approximately 2.5 mm in diameter. To
recover cells/aggregates from gel beads, the storage media was removed and
replaced with an equal volume of the dissociation buffer. The vessel was re-
sealed and agitated gently for ~ 10 minutes until the beads had dissolved, then

centrifuged at 350 rcf for 10 minutes to pellet cells for use.

The temperature or the experiment storage conditions were strictly controlled,
with the use of a fridge at 4 +/- 1 °C, another at 15+/- 1 °C, room temperature
controlled using an insulated storage box inside a cupboard in an
environmentally controlled laboratory set at 20 °C and measured to remain

within +/- 1°C and a cell incubator for 37 +/- 1 °C.

2.5 Cell encapsulation density
Cell density for encapsulation was based on previous experiments by Atelerix and

the median recommended density from the Bead Ready Protocol - for MSCs, this
is around 2x10° cells ml'. However, this was halved for this project to 1x10° cells
ml-'. (Damala et al., 2019; Swioklo & Connon, 2016).

Using this density, the recommended total cell volume was calculated. For MSCs,
the average diameter of suspension MSCs is anywhere from 15 to 30um (Drobek
et al., 2023; Ge et al., n.d.; Zanetti et al., 2015). Therefore, a rough mean

estimate was decided as 22pm, and the total volume of 1x10° cells was 5.6 pl.
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For HSCs, a diameter of around 8 pm would suggest a seeding density of
2x107cells ml"'; however, due to cell availability, this number was not practical
(Y. Gao et al., 1998). Therefore, HSCs were seeded at 1x107 cells ml"' and
occupied a volume of 2.6 pl.

The diameter of 200 cell spheroids was measured to be around 100pum (Figure
5), which resulted in a seeding density of 1x10*spheroids ml' occupying a

volume of 5.2 pl.

2.6 Viability

2.6.1 Single cell viability
As per the protocol provided by Thermofisher, 0.5 pl Calcein AM solution and 2 pl

ethidium homodimer-1 solution (LIVE/DEAD™ viability/cytotoxicity kit, for
mammalian cells, ThermoFisher Scientific/Invitrogen, Cat#L3224) were
combined in 1ml of cell storage media (to maintain structural integrity of the
gel) to make a staining solution. 4 alginate beads were washed with 1X
Dulbecco’s phosphate-buffered saline (DPBS) with Calcium and Magnesium
(DPBS++) (Gibco, Cat# 14040133), submerged in 400 pl of staining solution and
incubated for 30 minutes at 37 °C. The gels were then washed with PBS++ and
imaged using an EVOS M7000 microscope.

The imaging was carried out using the z-stack function to take three 50-slice
stacks of each gel, totalling 9 stacks per batch. The number of live (green) and
dead (red) cells for each stack was counted, and the live cells were divided by
the total cell number to give a percentage viability (see Figure 4). As the rate of
Calcein hydrolysis will increase in more metabolically active cells, the intensity

of the signal can also be compared to determine cell activity.

200 pm 200 pm

Figure 4. Single-cell MSC viability example of z-stack image of IMDM gels on day 1 for a)

green (alive), b) red (dead), c) merged channel stain.
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2.6.2 Spheroid viability

The staining solution for spheroid viability was 1ul Calcein AM and 4pl ethidium
homodimer-1 (LIVE/DEAD™ viability/cytotoxicity kit, for mammalian cells,
ThermoFisher Scientific/Invitrogen, Cat# L3224) in 1ml cell storage media. To
stain, 4 beads were submerged in staining solution for an increased time of 1
hour at 37 °C (see Figure 5). 1 hour staining gave a brighter signal due to
increased time for dye to be hydrolysed; therefore, less exposure was required
for imaging, and less background is present. They were then washed with DPBS++
(Gibco, Cat# 14040133), and the gels were separated into individual wells of a
96-well plate. 200pl of dissolution buffer was then added to each bead, and the
plate was agitated for 10 minutes to dissolve the gel. Spheroids were allowed to
settle on the base of each well and then imaged on an EVOS M7000 microscope.
Each spheroid was imaged using a z-stack, with the bounds set to the top and
bottom of the spheroid. This provided an image of the most intense regions
through the spheroid, the brightness of which could then be quantified to

provide a ratio between the green and red fluorescence intensity.

Figure 5. Example MSC spheroid viability staining z-stack images. Figures 5.1) 30 min stain

and 5.2) 1 hr stain, with a) merged, b) dead, c) live.
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2.7 Flow cytometry

2.7.1 Staining procedures
Antibody and dye volumes assume 1 ‘test’ representing 50,000 cells. Anhydrous

Zombie Violet dye was resuspended in 100 pL of DMSO (Sigma Aldrich, Cat#
34869-100ML) to create a working solution, which was then used at a
concentration of 0.05 pl per test. Sytox blue viability dye was also used at 1pl
per test but does not require pre-hydration. Thermofisher antibodies were used
at 1 ul per test, and Miltenyi Biotec antibodies were used at 0.4 pl per test.
Gating strategy and panels displayed in 2.7.2.1. Measurements taken on an
Attune Nxt flow cytometer (ThermoFisher Scientific/Invitrogen, SN:
2AFC234440621).

2.7.1.1 Antibody compensation
UltraComp eBeads (Compensation Beads) (ThermoFisher Scientific/Invitrogen,

Cat# 01-2222-42) were first vortexed thoroughly, and Eppendorf’s labelled - one
for each antibody used in the panel. One drop of the beads was added to each
tube, and then 1 pl of the respective antibody was added. This was then
vortexed and centrifuged briefly to settle it to the bottom of the tube. They
were then incubated for 30 minutes in the dark at 4 °C. Finally, 1 ml of flow

buffer was added and mixed thoroughly before use.

2.7.1.2 Viability dye compensation
When using amine-reactive beads

Using the ArC™ Amine Reactive Compensation Bead Kit
(ThermoFisher/Invitrogen, Cat# A10346), positive amine-reactive beads were
vortexed thoroughly, and one drop was added to an Eppendorf with 0.1 pl of
viability dye. The tube was vortexed and centrifuged briefly. It was then
incubated at room temperature for 30 minutes in the dark. After, the negative
control beads were vortexed, and one drop was added to the Eppendorf with the
positive beads, along with 1 ml of PBS. This was mixed briefly and then vortexed
thoroughly before use.

When using cells

2 ‘tests’ of cells were washed with PBS. One was then stored at 4°C and the
other centrifuged and resuspended in 100 pl of 0.04gml' formalin (37%
paraformaldehyde (PFA) stabilised with 10% methanol) (Sigma Aldrich,
Cat#F8775). These cells were then incubated at 37 °C for 30 minutes.
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Afterwards, 500ul of PBS was added, mixed briefly and then centrifuged at 450g.
This was then resuspended in 50l flow buffer. Then, the test cells stored at 4 °C
were centrifuged and resuspended in 50 pl of flow buffer. Once both samples
were ready, a viability dye working solution was made using flow buffer at 0.5pl
of dye in 500ul of buffer. 50ul of the viability dye working solution was then
added to both samples and incubated at room temperature in the dark for 30
minutes. They were then washed with 500pul flow buffer and resuspended in

500pl flow buffer. They were then vortexed thoroughly before use.

2.7.1.3 Staining cells
3 test of cells were split between 3 Eppendorf tubes and washed with PBS.

A zombie dye viability dye master mix of 0.2l of dye in 200ul of PBS was pre-
made, of which 50ul was added to each tube of cells. They were stained in the
dark at room temperature for 30 minutes, during which an antibody master mix
was prepared. The master mix contained three tests’ worth of each antibody in
the panel, with the mix made up to 150 pl with flow buffer. After viability
staining, the cells were then washed with flow buffer. Then, 50ul of the antibody
master mix was added, the cells were resuspended, and then stained in the dark
at 4 °C for 45 minutes. The cells are then washed with flow buffer once more,
resuspended in 500pl of flow buffer and analysed.

If using Sytox Blue, the antibody mastermix was prepared the same as above,
but also included three tests of Sytox Blue dye, and the viability staining
occurred as part of the antibody staining panel. The rest of the process was the
same. If any Super Bright stains were used, 1 pl per test of Super Bright buffer

was added to the master mix to avoid non-specific binding of the fluorophore.

If using spheroids.

Before staining, spheroids were dissociated using pre-warmed TryplE at 100 pl
per 1000 spheroids, by aggregating them gently at 37 °C until they dissociated.
Once dissociated,10% FBS in DMEM with a volume double or greater than that of
the TryplE volume was added to neutralise it and then centrifuged at 250 rcf for

5 minutes.

2.7.2 MSC gating strategies

2.7.2.1 MSC gating strategy 1
The gating strategy and panel utilised across Figures 12-15 for monolayer MSC

experiments is presented in Figure 6. Unstained cells were gated based on side
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scatter - area (SSC-A) and forward scatter - area (FSC-A), and then FSC-A and
forward scatter- height (FSC-H) to remove debris. Next, cells were gated for a
negative response to the cell viability dye (Sytox Blye dead cell stain,
ThermoFisher Scientific, Cat# S34857) (which permeates into dead cells, not live
cells) for laser VL1. Then, cells were gated for a negative response to the HSC
lineage cocktail (HSC Lineage Cocktail, ThermoFisher Scientific, Cat# 22-7778-
72) for laser BL1 and CD34 (CD34-APC, Miltenyi Biotec, Cat# 130-113-176) for
laser RL1 to remove any non-mesenchymal-lineage cells. The remaining cells
were then assessed for positive expression for CD166 (CD166 PE, ThermoFisher
Scientific, Cat# 12-1668-42) for laser BL2, CD73 (CD73 PerCP-eFluor 710,
ThermoFisher Scientific, Cat# 46-0739-42) for laser BL3, CD146 (CD146 PE-Cy7,
ThermoFisher Scientific, Cat# 25-1469-42) for laser BL4, CD90 (CD90 AlexaFlour
700, ThermoFisher Scientific, Cat# 56-0909-42) for laser RL2, CD105 (CD105 APC-
eFluor 780, ThermoFisher Scientific, Cat# 47-1057-42) for laser RL3, CD44 (CD44
eFluor506, ThermoFisher Scientific, Cat# 69-0441-82) for laser VL2, CD271
(CD271 Super Bright 600, ThermoFisher Scientific/Invitrogen, Cat# 63-9400-42)
for laser VL3 and CD29 (CD29 Super Bright 702, ThermoFisher Scientific, Cat# 67-
0299-42) for laser VL4.

The following were omitted from the gating panel due to compensation issues -
For biological replicate 1: CD45 (BL1), CD166 (BL2), CD90 (RL2), CD44 (VL2),
CD271 (VL3)

For biological replicate 2: CD90 (RL2), CD44 (VL2), CD271 (VL3)

For biological replicate 3: CD90 (RL2), CD44 (VL2), CD271 (VL3)

These values were omitted due to the viability dye being used -Sytox Blue-
exhibiting substantial spectral overlap with these channels, and this resulted in

false-positive results.
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Figure 6. MSC flow panel Gating strategy used in Figures 12, 13, 14 and 15 for monolayer
MSC flow cytometry panel, FSC - Forward scatter, SSC - Side scatter A - area, H - height. Cells
gated to remove debris, multiplets, negative gating for negative marker mix, negative gate
for CD34. Positive expression for other markers was recorded from this gated population.

Sytox Blue is used as the viability dye.

2.7.2.2 MSC gating strategy 2
The gating strategy and panel utilised across Figures 17-20, and 26-29 for

encapsulated MSC and MSC spheroid experiments is presented in Figure 7.
Unstained cells were gated based on side scatter - area (SSC-A) and forward
scatter - area (FSC-A), and then FSC-A and forward scatter- height (FSC-H) to
remove debris. Next, cells were gated for a negative response to the cell
viability dye (Sytox Blye dead cell stain, ThermoFisher Scientific, Cat# $34857)
(which permeates into dead cells, not live cells) for laser VL1. Then, cells were
gated for a negative response to the HSC lineage cocktail (HSC Lineage Cocktail,
ThermoFisher Scientific, Cat# 22-7778-72) for laser BL1 and CD34 (CD34-APC,
Miltenyi Biotec, Cat# 130-113-176) for laser RL1 to remove any non-
mesenchymal-lineage cells. The remaining cells were then assessed for positive
expression for CD166 (CD166 PE, ThermoFisher Scientific, Cat# 12-1668-42) for
laser BL2, CD73 (CD73 PerCP-eFluor 710, ThermoFisher Scientific, Cat# 46-0739-
42) for laser BL3, CD146 (CD146 PE-Cy7, ThermoFisher Scientific, Cat# 25-1469-
42) for laser BL4, CD90 (CD90 AlexaFlour 700, ThermoFisher Scientific, Cat# 56-
0909-42) for laser RL2, CD105 (CD105 APC-eFluor 780, ThermoFisher Scientific,
Cat# 47-1057-42) for laser RL3, CD44 (CD44 eFluor506, ThermoFisher Scientific,
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Cat# 69-0441-82) for laser VL2, CD271 (CD271 Super Bright 600, ThermoFisher
Scientific/Invitrogen, Cat# 63-9400-42) for laser VL3 and CD29 (CD29 Super
Bright 702, ThermoFisher Scientific, Cat# 67-0299-42) for laser VLA4.

The following were omitted due to compensation issues - Biological replicate 1:
Negatives (BL1), CD166 (BL2), CD90 (RL2), CD44 (VL2), CD271 (VL3)

Biological replicate 2: CD90 (RL2), CD44 (VL2), CD271 (VL3)

Biological replicate 3: CD90 (RL2), CD44 (VL2), CD271 (VL3)

These values were omitted due to the viability dye being used -Sytox Blue-
exhibiting substantial spectral overlap with these channels, and this resulted in

false-positive results.
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Figure 7. Gating strategy for the MSC flow cytometry panel for single and spheroid MSCs used
in Chapter 4, Figures 17, 18, 19, 20, 26, 27, 28 and 29. FSC - Forward scatter, SSC - Side
scatter A - area, H - height. Based on unstained control (UC), cells were gated to remove
debris, multiplets, negative gating for CD34, and negative gating for negative marker mix.
Positive expression for other markers was recorded from this gated population. Sytox Blue is

used as a viability dye.

2.7.2.3 MSC gating strategy 3

Issues with the viability dye used in initial experiments, analysed using gating
strategies 1 and 2 (Figures 6 and 7), resulted in a change to zombie violet and a
change in instrument and analysis setup displayed in Figure 8, for data displayed
in Figures 30 and 31. Unstained cells were gated based on side scatter - area
(5SC-A) and forward scatter - area (FSC-A), and then FSC-A and forward scatter-
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height (FSC-H) to remove debris. Next, cells were gated for a negative response
to the cell viability dye (Zombie Violet Fixable Viability Kit, BioLegend, Cat#
423113) (which permeates into dead cells, not live cells) for laser VL1. Then,
cells were gated for a negative response to the HSC lineage cocktail (HSC
Lineage Cocktail, ThermoFisher Scientific, Cat# 22-7778-72) for laser BL1 and
CD34 (CD34-APC, Miltenyi Biotec, Cat# 130-113-176) for laser RL1 to remove any
non-mesenchymal-lineage cells. The remaining cells were then assessed for
positive expression for CD166 (CD166 PE, ThermoFisher Scientific, Cat# 12-1668-
42) for laser BL2, CD73 (CD73 PerCP-eFluor 710, ThermoFisher Scientific, Cat#
46-0739-42) for laser BL3, CD146 (CD146 PE-Cy7, ThermoFisher Scientific, Cat#
25-1469-42) for laser BL4, CD90 (CD90 AlexaFlour 700, ThermoFisher Scientific,
Cat# 56-0909-42) for laser RL2, CD105 (CD105 APC-eFluor 780, ThermoFisher
Scientific, Cat# 47-1057-42) for laser RL3, CD44 (CD44 eFluor506, ThermoFisher
Scientific, Cat# 69-0441-82) for laser VL2, CD271 (CD271 Super Bright 600,
ThermoFisher Scientific/Invitrogen, Cat# 63-9400-42) for laser VL3 and CD29
(CD29 Super Bright 702, ThermoFisher Scientific, Cat# 67-0299-42) for laser VL4.
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Figure 8. MSC Flow Gating strategy for Figures 30 and 31. MSC flow cytometry panel using an
unstained control. FSC - Forward scatter, SSC - Side scatter A - area, H - height. Cells were
gated to remove debris, multiplets, negative gating for viability dye, negative marker mix,
and analysed using positive gates for other markers.

Zombie violet is used as the viability dye.
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2.7.3 HSC gating strategies

2.7.3.1 HSC gating strategy 1
The gating strategy and panel utilised in Figure 22 for encapsulated HSC

experiments is presented in Figure 9. Unstained cells were gated based on side
scatter - area (SSC-A) and forward scatter - area (FSC-A), and then FSC-A and
forward scatter- height (FSC-H) to remove debris. Next, cells were gated for a
negative response to the cell viability dye (Sytox Blye dead cell stain,
ThermoFisher Scientific, Cat# S34857) (which permeates into dead cells, not live
cells) for laser VL1. Then, cells were gated for a positive response to the HSC
lineage cocktail (HSC Lineage Cocktail, ThermoFisher Scientific, Cat# 22-7778-
72) for laser BL1 and CD45 (CD45 APC eFluor770, Miltenyi Biotec, Cat# 130-110-
635) for laser RL3. The remaining cells were then assessed for expression of
CD34 (CD34-APC, Miltenyi Biotec, Cat# 130-113-176) for laser RL1, and CD38
(Anti-human CD38 PE-Cy7, ThermoFisher Scientific/Invitrogen, Cat# 25-0388-42)
for laser BL4.
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Figure 9. HSC Flow panel used in Figure 22. Gating strategy for HSC flow cytometry panel,
FSC - Forward scatter, SSC - Side scatter A - area, H - height. Cells gated to remove debris,
multiplets, negative gating for viability dye, negative marker mix and CD38, positive gate for
CD45 and CD34. Sytox Blue is used as the viability dye.
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2.7.3.2 HSC gating strategy 2
Issues with the viability dye used in initial experiments resulted in a change to

zombie violet and a change in instrument and analysis setup for data obtained in
Figure 9, along with a change in gating strategy and panel to accommodate a
more complex analysis with additional surface markers. The gating strategy and
panel utilised in Figure 33 for encapsulated HSC experiments is presented in
Figure 10. Unstained cells were gated based on side scatter - area (55C-A) and
forward scatter - area (FSC-A), and then FSC-A and forward scatter- height (FSC-
H) to remove debris. Next, cells were gated for a negative response to the cell
viability dye (Zombie Violet Fixable Viability Kit, BioLegend, Cat# 423113) (which
permeates into dead cells, not live cells) for laser VL1. Then, cells were gated
for a positive response to CD45 (CD45 APC eFluor770, Miltenyi Biotec, Cat# 130-
110-635) for laser RL3. The remaining cells were then assessed in a series of
cross-gates for expression of CD16 (CD16 Monoclonal Antibody (eBioCB16(CB16)),
ThermoFisher Scientific/Invitrogen, Cat# 69-0168-42) for laser VL2 and
CD41/CD61 (CD41/CD61 Monoclonal Antibody (PAC-1), ThermoFisher
Scientific/Invitrogen, Cat# MA5-44123) for laser BL1, then for CD38 (Anti-human
CD38 PE-Cy7, ThermoFisher Scientific/Invitrogen, Cat# 25-0388-42) for laser BL4
and CD7 (CD7 Monoclonal Antibody (4H9) eBioscience, ThermoFisher
Scientific/Invitrogen, Cat# 46-0078-42) for laser BL3, then for CD34 (CD34-APC,
Miltenyi Biotec, Cat# 130-113-176) for laser RL1, and finally for CD45RA (CD45RA
Monoclonal Antibody (HI100), ThermoFisher Scientific/Invitrogen, Cat# 63-0458-
42) for laser VL3 and CD90 (CD90 AlexaFluor 700, ThermoFisher
Scientific/Invitrogen, Cat# 56-0909-42) for laser RL2.
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Figure 10. CD34+ Flow Gating strategy for Figure 28. HSC flow cytometry panel using an
unstained control. FSC - Forward scatter, SSC - Side scatter A - area, H - height. Cells gated to
remove debris, multiplets, negative gating for viability dye, negative marker mix and CD38,

positive gate for CD45 and CD34. Zombie violet is used as the viability dye.
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2.8 Nanoindentation
Experiments were performed, and data sets cleaned and analysed using the

protocol established by Ciccone et al. in 2022 for the Chiaro nanoindentor
(Ciccone et al., 2022). The probe was selected with the following specifications:
Geo Factor in air 2.99, 3000 nm radius, 0.47 Nm™' elastic constant (OpticsID life,
Cat#P240253M). Samples were attached to the surface of a culture dish using MP
Biomedicals™ Fixogum Rubber Cement (FisherScientific, Cat# 11430456) and
submerged in DPBS++ (Gibco, Cat#14040133). A matrix scan of 20 points (5X and
4Y) was performed on each sample, with a distance between points (dx) of 6nm

(the width of the probe, so measurements do not overlap).

2.9 LTC-IC

Colony-forming assays were designed and analysed using the protocols ‘Human
Colony-Forming Unit (CFU) Assays Using Methocult™ (and ‘Human Long-Term
Culture-Initiating Cell (LTC-IC) Assays’ by Stemcell Technologies™ (Stemcell
technologies, 2019). S1/51 and M2-10B4 fibroblasts were seeded onto collagen-
coated 6-well plates, and the day before the experiment, treated with
Mitomycin-C (Biotechne, Cat# 74142) to halt proliferation. The HSCs were
resuspended in Human Long-term Culture Medium (Myelocult™ H5100) (Stemcell
technologies, Cat# 05150) supplemented with 1 yM Hydrocortisone
hemisuccinate (Stemcell technologies, Cat# 74142) and added on top of the
fibroblast feeder layer. Half of the media changes were performed once per
week for 5 weeks, and then the CD34+s were removed and resuspended in
Methocult™ H4435 (Stemcell technologies, Cat# 4435) growth medium. They
were seeded in fresh plates and allowed to colonise for 14 days before colony
counting. Colonies were categorised into CFU-E, BFU-E, CFU-GM and CFU-GEM
(see Figure 22).

2.10 Experimental time-point set-up
During initial experiments, the day of cell encapsulation is categorised as day 0

(D0). This was consistent throughout this thesis. However, MSCs were aggregated
two days before seeding as spheroids. As MSCs were characterised pre-
aggregation and again on day 0 - to determine effects of aggregation as well as
encapsulation - a day minus 2 (day-2) timepoint was introduced to avoid

confusion and maintained throughout.
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2.11 Statistical methods

In general, experiments were carried out in triplicate, and as three data points
are not enough to justify an assumption of normality, and to minimise
assumptions, non-parametric statistical tests were used. Further, data sets were
independent and possessed similar variance. Therefore, Mann-Whitney U tests

were used to measure statistical differences between individual data sets.

Assuming normality in data with limited replicates is not uncommon. By
considering the central limit theorem, which says that as the number (N) of
observations increases, a distribution must approach normality. Therefore, for
many data sets, assuming normality is justified. However, due to the nature of
cells and the limited three data points (from different biological
replicates/donors) per data set, this is not suitable for most of the data
presented in this work.

From a mathematical standpoint, GraphPad offers 4 different tests for
normality: the D’Agostino & Pearson test, the Anderson-Darling test, the Shapiro-
Wilk test and the Kolmogorov-Smirnov test (GraphPad Prism 10 Statistics Guide -
Choosing a Normality Test, n.d.). All but the Shapiro-Wilk test say N=3 is too

small to assess normal distribution, and therefore not to assume normality.

From an observational standpoint, as each replicate is a different donor, it
cannot be assumed that they are behaviourally similar. As examples, many MSC
donors were deemed not suitable for this work because they failed to aggregate
into spheroids and/or demonstrated decreasing surface marker expression during
culture/lost it entirely. While these criteria were met before a donor was used
for experiments, it cannot be guaranteed that donor variability would not lead
to different results based on the experimental conditions. For example,
inconsistent surface marker expression between donors when aggregated could
lead to variable results, but be due to donor variability, rather than
experimental technique. However, this data would still be expected to approach
a normal distribution over time. More importantly, as explained during the
introduction, within a seemingly homogenous stem cell population, several
potential subpopulations exist instead. Therefore, it is probable that with
enough replicates, data points would cluster into groups based on common traits
rather than exhibiting a normal distribution encompassing all of them. This

variability is particularly apparent for HSPCs, which, due to needing to be used
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immediately without any culture (other than overnight thawing if frozen), did
not undergo any observation or screening other than the CD34 magnetic cell
sorting as part of the isolation process. Therefore, as is presented later in this
work, the cells do indeed exist in subpopulations with different properties, and
therefore, assessing them collectively would be incorrect, as data would likely
cluster based on the weighting of the subpopulations. It is therefore more useful

to compare the donors individually.

The exceptions are for figures 30, 31 and 32. Figures 30 and 31 were carried
out with the same cell donor and represent three experimental replicates. In
this case, as conditions and the donor were both constant, it is more reasonable
to assume normality, as behavioural features should be consistent. For Figure
32, the donor was irrelevant, as the cell/spheroid number was consistent
between each other, and the donor would not impact the properties of the gel.
With this, all variables were controlled, and sub-populations and clustering
would be unlikely. Therefore, a normal distribution can be assumed.

To compare the means of the figures 30, 31 and 32 data sets, t-tests were
performed. While the starting cell gel population is the same, the same gel is
not measured at both time points, and so the data sets are unpaired. While it is
likely that with increasing N, the standard deviations of each population would
trend to a similar value, the populations do not have equal standard deviations;

therefore, Welch’s correction was applied.
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Chapter 3. Single Cell Encapsulation

3.1 Introduction
Reports of alginate used for cell encapsulation were first published at the end of

the 70’s when pancreatic islets were encapsulated and cultured at 37 °C for up
to 4 months, maintaining their morphology and functionality (Zimmerberg et al.,
1980). Since then, this use has been recorded for a variety of cell types;
however, this is usually under the pretence of culture at 37 °C (Eleftheriadou et
al., 2022; Sarker et al., 2015; Swioklo et al., 2016; Wright et al., 2012). Further,
when used for adherent cell types, the gel is usually customised to contain RGD
binding sites (Bonani et al., 2020; Sarker et al., 2015). Aside from culture,
alginate encapsulation is also used as a delivery system, with cell-laden bead
implantation used to enable controlled release from therapeutic cells or to
enhance engraftment (Bhujbal et al., 2014; Kavand et al., 2024).

Use as a protectant under hypothermic or cryogenic temperatures, however, is
usually due to a non-functionalised alginate. Although even at 37 °C,
encapsulated myoblasts cultured for a week remain rounded and enter
quiescence (Hejbal et al., 2017). Encapsulation within alginate not only helps to
induce a reduced metabolic state; it acts like biological bubble wrap. Its
porosity enables nutrients and toxins to enter and disperse from the cell, while
also stabilising the membrane, which is disrupted as temperatures decrease.
However, hypothermic storage is not commonplace, as covered in Section 1.4. In
fact, other than Chen et al.’s 2013 study, where MSCs were stored at 20 °C for 5
days and retained-80% viability, most work has been performed by Atelerix and
Newcastle University (B. Chen et al., 2013). They have demonstrated
hypothermic cell storage, typically for a few days (Atelerix, 2022). Further, the
exact storage temperature is variable, with the optimal being from 4 °C to 25
°C. However, while information at the start of the project indicated that 15 °C-
25 °Cis optimal for 2 to 3 weeks, this has since been amended to be specifically
at 15 °C, and 14 days for A-MSCs and 7 days for BM MSCs (Atelerix, 2022; Swioklo
et al., 2016). This chapter intends to validate these findings and investigate
surface marker expression during the encapsulation process.

It was difficult to find examples of HSCs being encapsulated in alginate for
storage purposes, with them instead being cultured in or on gels, such as for In

vitro culture of hematopoietic stem cell niche using angiopoietin-1-coupled
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alginate hydrogel, and in vitro expansion of hematopoietic stem cells in a porous
hydrogel-based 3D culture system (Lee et al., 2022; Liu et al., 2023). This
chapter intends to develop an understanding of HSC encapsulation in alginate

and whether there are potential applications.

3.1.1 Aims and objectives
As Atelerix have the storage conditions for MSCs defined, the encapsulation

technique should be validated by replicating their data. It was also necessary to
start testing conditions that will likely be used for CD34+s and spheroid
encapsulation further in the study. This chapter aims to determine if conditions
optimal for MSC storage were matched by CD34+s by testing viability
temperatures and whether serum-free media supplementation was beneficial to
the HSCs. If it were not, then this would drastically reduce the cost of
encapsulation. This will be carried out using viability staining and surface marker
analysis using flow cytometry.

The base hypotheses were that BM-MSCs would be viable under encapsulation
(favouring 15 °C) and that quiescence-capable HSPCs would also be viable under

the same conditions.

3.2 Results

3.2.1 MSC viability - temperature
To confirm that MSCs remained viable within the gels up to 21 days at 15°C, as

stated by the manufacturer, some preliminary work was undertaken to confirm
this (Figure 11); these were only performed with one biological replicate.
Viability of MSCs encapsulated at 4 °C was poor, falling to 62% after a single day,
20% after a week and with no viable cells after 21 days, see Figure 11a. For 15
°C, however, viability was 82% on day 1 and fell to 67% after 14 days. There was
a more substantial drop over the final 7 days to 53%. Therefore, there was a 15%
difference in viability from 15 to 4 °C after just a single day, falling to 72% by day
7. Figure 11b shows starting viabilities around 94, 94 and 95% for 15, 20 and 37
°C, respectively. A different donor was used for this experiment, and so
differences between both 15°C results were expected. By Day 21 at 37 °C, the
gels had degraded; however, after 7 days, viability was at 56% (a 42% decrease)
and at 39% (a 59% decrease) by day 14. By day 14, 20 °C gels had fallen to 45%

viability (a 53% decrease) compared to 68% (a 29% decrease) for those at 15 °C.
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While viability was 68% (a 28% decrease) and 45% (a 52% decrease) for 15°C and
20°C respectively. Therefore, by day 14, there was a 34% difference between 15
°C and 20 °C; however, as the only two temperature conditions with viable

populations after 21 days, these two conditions were progressed.

3.2.2 MSC culture in IMDM and DMEM

As HSCs require IMDM, studies were undertaken to determine the effects of
media on encapsulated MSCs. Initially, the aim was to determine if priming the
MSCs by transitioning to the alternate media would affect the cells (Figures 12
and 13); in particular, changes from day 1 to day 7 for each media. For CD29,
105 and 73 (Figure 12a, c and e), DMEM saw greater expression intensity

relative to IMDM at both day 1 and day 7.

Viability of Encapsulated Single MSCs at 4 a  Viability of Encapsulated Single Cell MSCs b

and 15°C at 20,37 and 15°C
100+ -

- 4o 100 20°C
> 90 = 15°C Fq 90+ - 37°C
;;U 80 ;; 80 = 15°C
~ 70 < 70+
8’ 60 gﬂ 60-
£ 507 £ 50~
g 409 S 40
S 301 & 30
£ 20 &  20-

101 = 10-
0 T T T T c T T T T
Day 1 Day 7 Day 14 Day 21 Day 1 Day 7 Day 14 Day 21
Measurement Time Point Measurement Time Point

Figure 11. MSCs encapsulated within alginate hydrogels.

N=1 study to replicate the literature and consolidate the experimental technique (Swioklo et
al., 2016). No statistics performed due to N=1. Error bars display mean +/- one standard
deviation of 9 technical replicates.

Percentage viability of MSCs encapsulated in alginate hydrogel beads for 21 days.

a) Viability of MSCs encapsulated at 15 °C and 4 °C to compare with traditional non-frozen
storage conditions.

b) Viability of MSCs encapsulated at 15, 20 and 37 °C for 21 days to compare with room
temperature and body temperature.

21 Day timepoint was not recorded for 37 °C as gels had degraded.
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This trend was less apparent for CD90 and CD166 (Figure 12d and f), where
expression at day 7 was the same between media types. CD146 (Figure 12b) was
the only marker to show increased expression in IMDM relative to DMEM at day
14. All marker expression was upregulated at day 7 relative to day 1.

However, replicate variability was particularly noticeable when plotting the data
sets separately (Figure 13). For example, CD146 (Figure 13b) was upregulated
far more at day 7 for biological replicate 3 than the other two replicates. Whilst
for CD73 (Figure 13e), biological replicate 1 exhibited a noticeable increase at
day 7, whereas other donors remained in line with day 1 results. Further,
biological replicate 1 for CD166 (Figure 13f) displayed day 7 IMDM expression
greater than day 7 DMEM - in contrast to trends throughout the rest of the data.
However, error bars for this value are large, and so with additional experimental
replicates, this could have fallen back within the general trend.

For biological replicate 1, the intensity of expression was higher for DMEM at day
0 for all markers, but by day 7, the intensity of expression under IMDM was
greater than DMEM for CD29, CD146, CD90 and CD166 (Figures 13a, b and f).
However, the intensity did increase from day 0 to day 7 for all markers,
independent of media type. For replicate 2, DMEM was greater than IMDM for
CD29, CD105, CD90 and CD166 (Figures 13a, c, d and f) at both day 1 and day 7.
DMEM intensity was higher at day 1 for CD146 (Figure 13b), but IMDM was then
higher at day 7. In contrast, IMDM was higher at day 1 for CD73 (Figure 13e), but
DMEM was then higher at day 7. For replicate 3, day 7 intensity was higher than
day 1 intensity for both DMEM and IMDM, and DMEM was greater than IMDM at
both day 1 and day 7 for CD29, 105, CD90, CD73 and CD166 (Figure 13a, c, d, e,
f).

Analysing the gating strategy by graphing the percentage of population gated as
positive for each marker showed no significant difference between the
population percentages with negative CD45 expression, nor between the CD34
negative populations (see Figures 14 and 15). However, it was noted that the
graphs for all markers (Figures 14c-h and 15c-h) were nearly identical to the
CD34 gated graph (Figure 14b and 15b), except for the biological replicate 1,
CD146 expressing population (Figure 14d and 15d).

When analysing the donors individually, the percentage of cells expressing
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(Figure 15) for IMDM is much lower than for DMEM for replicate 1 on day 1, but
after 7 days, it recovers back to a percentage higher than DMEM. Biological
replicate 2 shows a greater percentage for DMEM compared to IMDM at both day
1 and day 7 for all markers (Figure 15). However, the percentage of cells
expressing at day 7 decreases relative to day 1 for both media types. Lastly,
replicate 3 displays an increase in percentage at day 7 compared to day 1 for
each media type. However, while the percentage of expression at day 7 is
roughly the same for both media types, at day 1, IMDM has more cells expressing

than DMEM for all surface markers.
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Figure 12. Fluorescence intensity geometric mean measured by flow cytometry of monolayer
MSCs 1 and 7 days after seeding in either IMDM or DMEM, normalised to the day 1 DMEM
condition.

Super plots depict expression of the following markers a) CD29, b) CD146, c) CD105, d)
CD90, e) CD73, f) CD166 in the live, CD45- and CD34- gated data sets.
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Error bars indicate the mean +/- one standard deviation of biological replicate data points.
Brighter, larger points depict the mean value for that biological replicate, while the paler
colours indicate the technical replicates.

Significance was calculated for comparison of data from the same media type and same

measurement time point by using the Mann-Whitney U test with bounds of non-significance

p>0.05.
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Signal Intensity Relative to Day 1 DMEM for monolayer MSCs
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Figure 13. Fluorescence intensity geometric mean measured by flow cytometry of monolayer

MSCs 1 and 7 days after seeding in either IADM or DMEM, normalised to the day 1 DMEM

condition. Biological replicates separated for graphs a-f in Figure 12 and replotted for a)
CD29, b) CD146, c) CD105, d) CD90, e) CD73, f) CD166 in the live, CD45- and CD34- gated

data sets. Graphs show the mean +/- one standard deviation; they are N=1, so no significance

is calculated.
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Percentage of live population not expressing CD45 in
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Figure 14. Percentage of monolayer MSC population expressing the specified marker 1 and 7
days after seeding in DMEM or IMDM, measured by flow cytometry. Super plots for the
following markers: a) CD45 gated for live cells, b) CD34 gated for live cells and CD45-, c)
CD29, d) CD146, e) CD105, f) CD90, g) CD73, h) CD166 gated for live, CD45- CD34- cell
populations.

Error bars indicate the mean +/- one standard deviation for pooled data points.

Brighter, larger points depict the mean value for that biological replicate, while the paler
colours indicate the technical replicates.

Significance was calculated for comparison of data from the same media type and the same
measurement time point by using the Mann-Whitney U test with bounds of non-significance
p>0.05.
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Percentage of live, CD45- population not expressing CD34 in monolayer MSCs
grown for 7 Days in DMEM or IMDM. Split biological replicates.
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Figure 15. Percentage of monolayer MSC population expressing the specified marker 1 and 7
days after seeding in DMEM or IMDM, measured by flow cytometry. Biological replicates
separated for graphs a-h in Figure 14 and replotted for a) CD45 gated for live cells, b) CD34
gated for live cells and CD45-, c) CD29, d) CD146, e) CD105, f) CD90, g) CD73, h) CD166
gated for live, CD45- CD34- cell populations. Graphs show the mean +/- one standard

deviation; they are N=1, so no significance is calculated.
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3.2.3 MSC encapsulation media comparison
When investigating the effects of single MSC encapsulation, the effects of DMEM

and IMDM on cell viability (see Figure 16) were compared first. Whilst a greater
decrease in viability for biological replicate 3 was observed, the results trended
the same way, independent of media type. Percentage decrease from day 1 to
day 14 was: biological replicate 1: DMEM 9% and IMDM 6%, biological replicate 2:
DMEM 11% and IMDM 14%, biological replicate 3: DMEM 47% and IMDM 43%.

200 pm 200 pm

Percentage viability of encapsulated single cell MSCs in DMEM and
IMDM measured at day 1 and day 14
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Figure 16. Single cell MSC viability comparing IMDM and DMEM media on encapsulated
samples. Images depict Day 1 IMDM samples that are a) green (alive), b) red (dead), c)
merged channel stain, while graph d) shows the percentage viability of 3 donors
encapsulated MSCs in DMEM and IMDM-based gels for 14 days. N=3 biological/experimental
replicates, N=9 technical replicates (9 z-stacks analysed per condition). Significance was
calculated for comparison of data from the same media type and the same measurement

time point using the Mann-Whitney U test with bounds of non-significance p>0.05.
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3.2.4 Monolayer and encapsulated MSCs
This experiment was carried out to determine if encapsulation impacted surface

marker expression. Firstly, the percentage of the population gated as positively
expressing was plotted (Figure 17). Based on the averages from the merged
graphs, one observes that the number of cells expressing was slightly higher for
the day 12 monolayer for CD29, CD105 and CD73 (Figures 17a, c and d)
compared to day -2. For CD29 and CD73 (Figures 17a and d), the number of
expressing cells increased for encapsulated cells, but not as highly as the
monolayer, whilst for CD105 (Figure 17b), there was a decrease; however, this
was only small at around 10%. CD146 (Figure 17c) showed a similar decrease for
both day 12 conditions compared to day -2, and finally CD166 (Figure 17e)

showed an increase for both.

There was a large variability between donors, which is better visualised by
plotting the replicates separately (Figure 18). Replicate one has a greater
number of cells expressing at day 12 monolayer than at day -2, and a lower
number expressing when encapsulated compared to day -2 for CD29, CD105 and
CD73 (Figures 18a, b and d). For CD146, there are fewer cells at day 12
encapsulated compared to day -2 as well, but the day 12 monolayer then
decreases further. Replicate 2 has fewer expressing cells for day 12 encapsulated
than day 12 monolayer for all surface markers; however, for CD29, CD73 and
CD166, both are higher than day -2 levels. In contrast, for CD105 and CD146, day
-2 has the largest number of positive cells, followed by the day 12 monolayer
and then the day 12 encapsulated. Biological replicate 3 has more encapsulated
cells expressing relative to both monolayers for CD29, CD73 and CD166 (Figures
18 a, d and e), but the opposite for CD105 and CD146 (Figures 18 b and c).

Relative peak fluorescence intensity was then plotted (see Figure 19) for this
data set. There was an increased trend for day 12 monolayer compared to day -2
for CD29, CD105, CD73 and CD166 (Figures 19a, b, d and e). Further, the day 12
encapsulated cells showed decreased intensity compared to the day 12
monolayer for all donors, although this decrease was more noticeable for CD105
and CD146. Whilst this was the case, encapsulated expression only decreased
relative to the day -2 condition for CD105 and CD146, and it increased for the

other markers.
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Percentage of live, CD34-, lin- single cell MSCs expressing specified surface marker at day -2
vs day 12 monolayer and encapsulated
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Figure 17. Percentage of MSC population expressing the specified marker on day of seeding
and after 14 days of culture in a monolayer or encapsulated, measured by flow cytometry.
Super plots for the following markers a) CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated
for live, CD45- CD34- cell populations.

Error bars indicate the mean +/- one standard deviation for biological replicate data points.
Brighter, larger points depict the mean value for that biological replicate, while the paler
colours indicate the technical replicates.

Significance was calculated for comparison of data from the same media type and the same
measurement time point using the Mann-Whitney U test with bounds of non -significance
p<0.05.
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Relative to day -2, replicate 1 displayed decreased intensity by day 12
monolayers and a further decrease by day 12 encapsulated cells for all measured
markers (Figure 20). In contrast, replicate 2 showed increased intensity for day
12 monolayers compared to day -2, and was higher than encapsulated cells for
all markers. However, for CD29, CD73 and CD166, the intensity of encapsulated
cells also increased relative to day -2, whereas for CD105 and CD146 it
decreased. Replicate 3 showed increased intensity by day 12 monolayers
compared to day -2 for all markers except CD146, which decreased. However,
for CD29 and CD73, encapsulated cells had greater intensity than both
monolayers. Although for CD105 an CD146 encapsulated cells had the lowest

intensity.

Percentage of live, CD34-, lin- single cell MSCs at day -2 vs day 12
monolayer and encapsulated expressing specified surface marker
with biological replicates split.
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Figure 18. Percentage of MSC population expressing the specified marker on day of seeding
and after 14 days of culture in a monolayer or encapsulated, measured by flow cytometry.
Biological replicates separated for graphs a-e in Figure 17 and replotted for a) CD29, b)
CD105, c) CD146, d) CD73, e) CD166 gated for live, CD45- CD34- cell populations. Graphs

show the mean +/- one standard deviation; they are N=1, so no significance is calculated.
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Peak geometric mean signal intensity for specified surface marker of live, CD34-, lin- single

cell MSCs at day-2 vs day 12 monolayer and encapsulated
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Figure 19. Fluorescence intensity geometric mean measured by flow cytometry of MSCs on

the day of seeding and after 14 days of culture in a monolayer or encapsulated, normalised

to the day-2 monolayer condition.
Super plots for the following markers a) CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated
for live, CD45- CD34- cell populations.

Error bars indicate the mean +/- one standard deviation for biological replicates.

Brighter, larger points depict the mean value for that biological replicate, while the paler

colours indicate the technical replicates.

Significance was calculated for comparison of data from the same media type and the same

measurement time point using the Mann-Whitney U test with bounds of non-significance

p>0.05.
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Peak geometric mean signal intensity for specified surface marker of live, CD34-,
lin- single cell MSCs at day-2 vs day 12 monolayer and encapsulated. Biological

replicates are separated.
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CD146 Split Biological Replicates
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Figure 20. Fluorescence intensity geometric mean measured by flow cytometry of MSCs on
the day of seeding and after 14 days of culture in a monolayer or encapsulated, normalised
to the day-2 monolayer condition. Biological replicates for graphs a-e in Figure 19 are
separated and replotted for a) CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated for live,
CD45- CD34- cell populations. Graphs show the mean +/- one standard deviation; they are

N=1, so no significance is calculated.
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3.2.5 Single CD34+ encapsulation

Initial plans were to replicate the single-cell MSC studies with CD34+s. However,
as CD34+s cannot be grown under ‘standard’ culture conditions without
proliferation of progenitors and dilution of the original sample, non-
encapsulated controls were not possible. Viability of cells at 37 °C was 0 by day
7, so this condition was ruled out (See Figure 21). 15 and 20 °C saw decreases in

viability of roughly 40% over 14 days, with 20 being slightly worse.

Viability of HSCs in Alginate Beads
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Figure 21. Proof of concept percentage viability of CD34+s cells encapsulated in alginate
beads over 14 days at 20 °C (Controlled room temperature), 15 °C, 37 °C.

N=1, so no statistical analysis was carried out.
Error bars display mean +/- one standard deviation for 9 technical replicates.
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Following this, the next experiment aimed to establish the surface marker
expression of the population pre-encapsulation and post-encapsulation at 15 °C
or 20 °C, with or without (+/-) cytokine supplementation (Figure 22). The data
was gated based on the gating strategy presented in Figure 9. The population
was gated to split the group into four sub-populations using CD34 and CD38,
which signify distinct phenotypes (see Figure 1). It is worth noting that CD34+
donors 1 and 2 were encapsulated fresh and without cryopreservation. However,
due to a lack of donors, CD34+ donor 3 was a cryopreserved sample. Donor 3
showed different results from the other replicates, showing a decreased
population percentage in the CD34+CD38+ sub-population (Figure 22a) at day 14
for all conditions and a far greater population percentage in the CD34-CD38-
sub-population (Figure 22b) at day 14 for all conditions. This is unexpected, as
no mononuclear HSPC sub-population exists as CD34-CD38-, which would
therefore suggest an error in the staining or imaging procedure. It was also the
only donor which exhibited a decrease in the percentage of CD34+CD38- cells
(Figure 22d). This is shown more clearly in Figure 22f, where the data is
normalised, and whilst donors 1 and 2 show similar increased trends, donor 3
shows the opposite. As would be expected with such varied data, there was no
difference between the CD34+CD38- data when plotted together (Figure 22e).
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Percentage (%)

Number of cells in specified CD34+ sub-population as a percentage, relative to
the total number of cells analysed, at day O and at day 14 while encapsulated
at 15 or 20 °C, with or without cytokine supplementation.
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Figure 22. Flow cytometry data of CD34+s pre and post 14-day encapsulation. Samples were
split into 4 conditions: 15 and 20 °C (RT), with or without cytokine supplementation.
Samples were then analysed after 14 days encapsulated under these storage conditions for
CD34 and CD38 expression, and plotted as sub-populations into graphs a-d. Biological
replicates are plotted separately for graphs a), b), c), d), and f).

Graphs show the mean +/- one standard deviation and indicate the percentage of live,
lineage marker -, CD45+ population separated by donor for a) CD34+ CD38+, b) CD34- CD38-,
c) CD34- CD38+ and d) CD34+ CD38-. Graph e) is a pooled data set to determine any
statistical significance between the conditions, and f) represents fold change in % of
population expressing CD34+CD38- relative to day O.

Significance for e) was calculated for comparison of data from the same media type and the
same measurement time point using the Mann-Whitney U test with bounds of non-
significance p>0.05. For the rest, as they are separated donors, they are N=1, so no

significance is calculated.
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3.3 Discussion
3.3.1 MSC viability

The optimal temperature for gel-encapsulated MSC storage in the literature lies
at 15 °C, in line with observations from Figure 11. A 2018 study demonstrated
that multipotent progenitor cells were viable after encapsulation for 72 hours at
4 °C and 15°C and able to enhance corneal wound healing (Al-Jaibaji et al.,
2018). Encapsulated limbus-derived MSCs (l-MSC) were shown to be 76.9% viable
after 5 days stored at room temperature (Damala et al., 2019). More specifically,
A-MSCs encapsulated at 2x10° cells ml™" at 4 and 15 °C after 72 hours had 65% and
86% viability, respectively (Swioklo et al., 2016). These results are comparable to
what was observed after 1 day in Figure 11a; however, by day 7, a greater
decrease was observed, suggesting the cells may last a short period of time
before viability decreases more significantly. Further, this study does not provide
an initial viability as a control, and therefore, the decrease relative to post-
encapsulation viability may in fact be comparable to that observed in this study
(Swioklo et al., 2016). In extension to this, A-MSCs were then stored for 7 days in
3D printed constructs at 15°C and then cultured for 14 days at 37 °C with

seemingly no negative effects (Kostenko et al., 2023).

3.3.2 Gel stability at different temperatures
Once gelated, alginate stability is sensitive to changes in both ion concentration

and temperature. They are degraded by polar solvents, changes in ion
concentration that occur during artificial nutrient exchange - media change or a
dynamic system - or in vivo. Resultant ion-exchange in a water-based solution
with an ion concentration lower than that of the gel results in the degradation
(Barcelo et al., 2022). This process renders the gels structurally compromised
and is the core principle as to how alginate hydrogels are absorbed by the body
when used in medical practices (Cunniffe et al., 2015).

Serp et al. theorised that increases in temperature result in increased
crosslinking, ion mobility, chain rotation and subsequent re-organisation of the
ionic network (Serp et al., 2002). This re-organisation decreased bead diameter
and porosity and increased mechanical resistance. This was then confirmed by
SEM, where they observed highly variant pore sizes in unheated alginate
compared to the dense, highly uniform pore sizes in heated gels. A different
study also showed that alginate gels increase in stiffness by 10% from 23 to 37 °C
(Ganachaud et al., 2013).
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This temperature effect is the opposite trend to that observed in Figure 11b,
where enhanced temperature resulted in gel degradation. It’s believed that
degradation was a result of the cells remaining active at 37 °C and degrading the
gel, as opposed to the temperature. This is a similar observation to Hunt in
1988, who encapsulated and cultured fibroblasts in 2% and 5% w/v alginate
(Hunt, 1988). They saw a reduction in loss modulus by 95 and 97%, respectively,
and in storage modulus over 99% across 28 days. The degradation rate was
significantly increased with the presence of cells for both gels, indicating that

cell secretions enhance the dissociation of metal ions from the network.

3.3.3 MSC priming

The compositions of IMDM and DMEM are very similar, with the only differences
being some amino acids and buffer salts (Gong, 2023). However, DMEM has been
the recommended medium for MSC growth since the 2000s (Sotiropoulou et al.,
2006; Wang et al., 2009). Follow-up studies assessed common traits such as
morphology, proliferation, surface marker retention and differentiation capacity
(Bidarra et al., 2011; Pieri et al., 2011). There is a slight disagreement as to
whether IMDM can support MSC culture at all, or whether it can cause an initial
proliferative boost before surface marker loss. For example, Pieri showed that
over the first passage, IMDM cultured cells were more proliferative (Pieri et al.,
2011). However, they also showed IMDM culture decreased expression of CD73,
105, 90, 166, 29 and 44.

The expected observations of this experiment were that surface marker
expression would be better for DMEM rather than IMDM; however, within media
types, expression could increase over 7 days. This is due to the cells recovering
from the trypsinisation and reseeding process, which can damage cell membrane
proteins (Nowak-Terpitowska et al., 2021). To avoid this damage before flow
analysis, the cells were dissociated with TryplE which is a gentler method of
detaching cells from cultureware. However, more commonplace Trypsin-EDTA
was used during the seeding of cells at the start of the experiment and could

result in reduced surface marker expression initially.

For replicate 1, the increase in signal intensity (Figure 13) generally increased
over 7 days in culture; however, the number of cells expressing (Figure 15)
remained consistent for DMEM but increased for IMDM between the two

timepoints. Yet, by day 7, the number of expressing cells for the two media
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types was similar. This would suggest that IMDM was less effective at recovering
any marker expression in cells initially, to give a lower number of cells
expressing at day 1, but between day 1 and day 7, it was able to recover a
similar number of cells, and, like DMEM, enhance their marker expression. In
fact, IMDM resulted in a slightly higher number of both cells recovered and their
intensity, at day 7, compared to DMEM for CD29, CD105, CD90 and CD166
(Figures 13a, c, d and f and Figures 15c, d, f and h).

Like replicate 1, all markers displayed increased intensity at day 7 compared to
day 1 for replicate 2. In contrast, for replicate 2, DMEM gave increased intensity
and percentage of cells for DMEM compared to IMDM at both timepoints for
CD29, CD105, CD90 and CD166 (Figures 13a, c, d and f and Figures 15c, d, f
and h). Further, while the number of cells expressing was higher for DMEM
compared to IMDM at both time points, the numbers decreased from day 1 to
day 7. In this instance, while there was a high number of cells expressing
markers at day 1, the average intensity was low. As cells with lower marker
expression lost expression over time, the cells in the decreased population then
had a higher average intensity. However, at both time points, DMEM had a larger
number of cells and a greater average signal intensity than IMDM. Therefore, this
donor exhibited better cell recovery than replicate 1 under IMDM conditions, but
had decreased longevity of the whole population, with only cells with strong
marker expression lasting till day 7.

Replicate 3, like the other two, displays increased signal intensity at day 7
relative to day 1, with DMEM intensity higher than IMDM for all but CD146.
Furthermore, the percentage of cells expressing increases for day 7 compared to
day 1 as well, showing that this replicate was slower to recover from re-seeding,
but was able to recover equally for both IMADM and DMEM. The primary difference
between IMDM and DMEM is therefore the intensity, with DMEM being
preferential.

Overall, the intensity of marker expression was consistently higher for DMEM
compared to IMDM at both time points, and increased from day 1 to day 7,
suggesting that time in culture was encouraging the recovery of surface markers
and subsequently more natural MSC properties. The percentage of cells positive
for each marker showed less consistency, and shows how replicate variability can
result in cell populations that recover at different rates, and maintain surface

marker expression for different lengths of time. Further, while the intensity of
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expression and the percentage of cells expressing correlated for replicate 3, it
did not for the other two replicates, showing that the number of cells expressing

may not be indicative of the abundance of a surface marker.

3.3.4 MSC encapsulation media comparison
Investigation of the viability of encapsulated single cell MSCs (Figure 16) showed

considerable donor variability; however, the trends were generally in line with
those observed in Figure 11, where viability decreased by 18% over 14 days of
encapsulation. In fact, two biological replicates with less than 15% decrease
would suggest that if the donor cells are suitable, alginate-encapsulated BM-
MSCs are viable for twice the 7-day length stated by Atelerix (Atelerix, 2022). In
addition, while DMEM showed benefits for maintaining cell expression and
behaviour compared to IMDM under culture conditions, this is not the same once
encapsulated. The lack of difference between IMDM and DMEM viabilities
suggests that media nutrients are no longer required, indicating the cells have

entered the reduced metabolic state of quiescence (Swioklo et al., 2016).

3.3.5 Monolayer and encapsulated MSC surface marker expression
It was expected that being encapsulated in a gel without binding domains would

result in altered cellular surface marker expression due to the lack of physical
interaction with its environment, as demonstrated on A-MSCs in 2016 (Swioklo et
al., 2016)

Replicate 1 shows a greater number of cells expressing (Figure 18), but with
decreased expression intensity (Figure 20), for day 12 monolayer cells compared
to day -2 monolayer across all markers except CD146, contradicting observations
from 3.3.3. However, there were then fewer positive encapsulated cells than at
day -2 for all surface markers, which correlated with decreased expression
intensity compared to both monolayer conditions. So, whilst day 12 monolayers
did not maintain earlier trends, the anticipated impact of encapsulation did
occur.

Replicate 2 showed considerable correlation between signal intensity and the
percentage of cells expressing. For example, for CD29, CD73 and CD166 (Figures
18a, d and e), day 12 monolayer had the largest number of expressing cells,
followed by day 12 encapsulated cells and then day-2 cells, which correlated the

signal intensity being highest for day 12 monolayer, followed by encapsulated
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cells and then day -2 cells for the same markers (Figures 20a, d and e). This
correlation between percentage and intensity existed for CD146 as well, albeit
with a slight decrease from day -2 to day 12 monolayer to day 12 encapsulated.
The exception was CD105, which displayed intensity that trended the same as
CD29, CD73 and CD166, but the percentage of cells expressing decreased slightly
from day -2 to day 12 monolayer to day 12 encapsulated, like CD146.

However, a theme throughout this replicates data was that day 12 monolayer
cells had a larger percentage and intensity compared to day 12 encapsulated
cells for all surface markers, with the exception of percentage expression for
CD105 and for both intensity and percentage for CD146. This observation as a
whole would suggest that rather than diminishing surface marker expression
when encapsulated, it simply prevents recovery to the same degree as under
monolayer culture, which is logical, as a reduced metabolic state would prevent
the synthesis of new proteins, and in turn surface markers (Markides et al.,
2019).

Whilst the expected trend of an increased percentage of cells expressing at day
12 monolayer and a decrease for day 12 encapsulated cells was observed for
CD105 and CD146 (Figures 18b and c) for replicate 3, this trend was only
matched in the intensity for CD146 (Figure 20c). Further, more encapsulated
cells expressed CD29, CD73 and CD166 (Figures 18a, d and e) than both
monolayer conditions, and this was replicated in intensity for CD29 and CD73
(Figures 20a and d). However, replicate 3 did show increased intensity by day 12
monolayers compared to day -2 for all markers except CD146, which decreased.
As a result of these observations, only CD146 was impacted in the anticipated
way by encapsulation and time in culture. All other surface markers showed
intensities and percentages of expressing cells that would suggest there is no

negative impact from encapsulation.

Therefore, unlike Figure 12, there was not a consistent increase in longer-term
monolayer surface marker expression compared to day -2 for this experiment;
however, variability in the percentage of cells expressing seemed to correlate
with the intensity of expression for replicates 2 and 3. There was also more
variability in the percentages of expression, suggesting less dependence on the
gating criteria used compared to Figures 12-15. Some interesting similarities

occurred between the replicates for CD29 and CD73, which showed matching
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trends for all donors for both percentage and intensity (Figures18a and d,
Figures 20a and d), suggesting that there may be some relationship between

the two. This similarity did not exist between any other replicates.

3.3.6 HSPC viability

CD34+ encapsulation in alginate has occurred minimally; instead, hydrogels are
typically used as a substrate or with CD34+s cultured on top (covered in Section
1.4.2). Further, these cultures are at 37 °C, and CD34+s can migrate in and out
of the gel. In this model, the CD34+s are immobilised within the gels and do not
migrate out.

The viability being poor in Figure 21 is likely a result of the heterogeneous cell
population. Isolating haematopoietic mononuclear cells by CD34+ results in a
population with cell types in varying levels of metabolic activity, and only some
of those populations will be able to enter a quiescent state (see Figure 1).
Further, at 37 °C, immature cells were unable to enter quiescence, while a lack
of nutrients and oxygen prevented growth, resulting in no viable cells after 7

days.

3.3.7 CD34 Flow

Evidence for 3.3.5’s observations could be reinforced using flow cytometry to
characterise the CD34 population. By gating for live cells, lin- and CD45 positive
expression, CD34 v CD38 (Figure 9) expression pairings can be plotted (Figure
22a, b, ¢, d). If the hypothesis were true, relative to the total live cell
population, an increase in cell number in the HSPC population and a decrease in
the number of CD34+CD38+ would be anticipated.

The data in Figure 22 is inconclusive, as while for two donors an increase in
HSPC/ decrease in the CD34+CD38+ (Figure 22a and d) population is observed,
for donor 3, both populations decrease, and instead a CD34-CD38- population
arises (Figure 22b). Interestingly, donors 1 and 2 were the only CD34s used fresh
from harvesting without cryopreservation - something which was initially
intended before the supply of cells became irregular. It is possible, then, that
the profiles of the cells are altered upon freeze/thaw and should be investigated
further. The trend for donors 1 and 2 also indicates that room temperature
better maintains both the HSPC (Figure 22d) and the CD34+CD38+ (Figure 22a)

population; however, for donor 3, 15°C is better.
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3.3.7.1 Cytokine supplementation
Cytokines expressed by MSCs that facilitate HSC culture were highlighted in

1.2.1; however, their role in that sort of system does not necessarily translate to
mine. Subsequently, the effect of these cytokines and, in extension, MSCs on
encapsulated HSCs should be considered. For example, some, like Ang-1, CXCL12
and THPO, maintain the quiescent phenotype in HSCs (Arai et al., 2004; Nie et
al., 2008; Yoshihara et al., 2007). Therefore, one should consider whether their
presence, as a supplement or from co-encapsulated MSCs, would improve the
ability of the system to induce quiescence or be redundant if the gel and
temperature do this effectively on their own. While others, such as SCF, FLT-3,
IL-3 and IL-6, stimulate or facilitate HSCs to produce progenitors and CFUs
(Broudy, 1997; Dorronsoro et al., 2020; Mirantes et al., 2014; O’Shea et al.,
2019; Stirewalt & Radich, 2003). A function that is not necessary if cells are
quiescent, and certainly not something that should be stimulated when the goal
is to maintain immature phenotypes. Figure 22a shows a slight trend that
suggests cytokine-supplemented media is better than without; however, this
cytokine mix is that used in ‘gold-standard’ HSC maintenance culture, not
targeting quiescent HSCs specifically. Therefore, with increased optimisation or
perhaps with live MSCs rather than supplementation, this impact could be made

more effective.

3.4 Summary
There is a negative impact of IADM on MSCs in culture (Figures 12, 13, 14 and

15) but not when encapsulated (Figure 16d), which would indicate that the
metabolic rate of the cells is indeed slow, as the nutrient uptake required during
culture is no longer necessary. This metabolic rate decrease is paired with a
trend towards decreased expression, or perhaps the inhibition of surface marker
recovery, when encapsulated (Figures 17, 18, 19 and 20) - a phenomenon
touched upon in literature but with limited investigation. The percentage of
cells expressing specific MSC markers in Figures 14 and 15 was seemingly
dictated by the gating strategy, which would suggest fairly homogenous
populations that, after passing the gating criteria, were then positive for every
surface marker. In contrast, Figures 17 and 18 exhibit less consistency between
the percentage of cells expressing each marker, which would in turn indicate a
more mixed population of cells, with some expressing certain markers and not

others. This brings into question the applicability of this as a metric for analysing
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flow cytometry data, especially when presented alone. Different conclusions can
be made by comparing this information to the intensity of expression. For
example, replicate one shows that an increased number of cells being positive
for expression does not correlate with those cells expressing intensely, and
therefore, the number of surface marker antigens on the cell is fewer.

Also of interest was that after 7 days in monoculture, independent of the media,
the percentage of cells and the signal intensity showed a strong correlation,
indicating that the expression of the cells increased over the culture time
(Figures 13 and 15) (Nowak-Terpitowska et al., 2021). However, this consistency
was not present for the 14-day experiments (Figures 18 and 20), which suggests
that expression is changing, and this may correlate to functional/phenotypical
changes of some/all cells in the population - potentially towards osteogenic or
adipogenic lineages. A consideration is that this could also be due to donor

variability and, therefore, should be monitored going forward.

For CD34+s, a survival bias appears to be present when encapsulated towards
the immature phenotypes (Figure 22), which could provide useful secondary
applications of the system to refine the most primitive population. This helps to
explain the poor viability as more mature cells die, while immature cells were
able to enter quiescence and survive (Figure 21).

Difficulties arose in the study due to cell access. Fresh CD34+s are not
consistently available in the numbers required in this lab, and therefore, frozen
will be used from here on. However, it's possible that fresh vs frozen/thawed
could negatively impact the feasibility of this study. Based on initial data, the
fresh samples display better population maintenance compared to the frozen
sample (Figure 22). As the dual aim of this would be to encapsulate CD34+’s
fresh to use as storage but also be able to use them from frozen as a bone
marrow model, it is important to determine what differences there are. Further,
there also seems to be large donor variability, and therefore, the optimal
conditions are inconclusive. To rectify this, much larger technical and donor
replicate numbers are required. While it varies based on experimental conditions
such as number of experimental replicates, analytical replicates, number of cells
measured, etc, it is generally agreed that 6-12 provide more robust statistical

conclusions and should be used where biological/donor variance is large.
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Unfortunately, that would be outside the financial and time scope of this study,
and so a lack of statistical significance is to be expected.

In conclusion, following the hypotheses in 3.1.1, encapsulation is a viable option
for BM-MSCs, but with reduced surface marker expression when encapsulated.
Contrastingly, with a mixed CD34+ population, this system is not viable.
However, it appears that more primitive subpopulations of CD34+ cells have
potential for use in this system, but a more stringent purification procedure to

isolate them could yield better overall results.



106

Chapter 4. Culture and storage of MSC spheroids

4.1 Introduction
As mentioned, 2D monolayer cell culture techniques are not an effective way to

mimic the in vivo cell environment. A simple and well-reported way to combat
this is to use cell types with self-assembling ability and instigating the formation
of cellular aggregates known as spheroids, as mentioned in section 1.4.1.1
(Kouroupis & Correa, 2021; Lin & Chang, 2008). One such cell type is MSC
spheroids, with methods for their spheroid formation well-reported (Baraniak &
McDevitt, 2012; Bartosh et al., 2010b; Frith et al., 2010; Vu et al., 2020).

In addition, as mentioned in 3.1, single MSCs have a viable encapsulated period
of 7 days (Atelerix, 2022). 7 days is not a sufficient time period for use as a
ready-made drug testing platform. Subsequently, as an alternate and more
resilient form of MSCs, spheroids may provide additional advantages to simple in
vivo comparability. Whether MSC spheroids can be maintained whilst
encapsulated in alginate, like single-cell MSCs, will be investigated in this

chapter.

4.1.1 MSC spheroid culture

Techniques generally use the lack of a binding surface to encourage cell-cell
adherence and vary in culture length suitability. For example, the ‘hanging-drop’
method and microwell plates utilise gravity to cluster cells and induce
aggregation; however, neither is suitable for long-term culture (Baraniak &
McDevitt, 2012; Bartosh et al., 2010). Whereas long-term culture is ideal in the
constant mixing of a bioreactor or spinner flask (Bhang et al., 2011; Frith et al.,
2010).

Compared to a monolayer of cells grown on a stiff substrate with limited cell-
cell contact, spheroids are a cadherin and integrin, cell-cell interaction
dominant environment with stiffness more like that of native tissue and
morphologically different (Cesarz & Tamama, 2016; Lin et al., 2006). For
example, Baraniak et al. showed in spheroids 600 cells in size, the stiffness was

below 0.1 kPa, a Figure in line with the stiffness of BM (Baraniak et al., 2012).

4.1.2 Spheroid size
The number of cells used to form the spheroid is directly related to its size and

is also integral to the properties it displays (Xie et al., 2021). Smaller spheroids

have adequate nutrient and oxygen exchange to all cells within them, median-
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sized spheroids display three distinct cell regions - a hypoxic core, a
quiescent/senescent layer and a normoxic proliferative outer layer- while larger
spheroids see a transition from a hypoxic to a necrotic core (see Figure 23)
(Rovere et al., 2023). There is, however, a lack of consistency throughout the
literature as to what these cutoff points are for MSC spheroids. With sizes for
hypoxic core formation ranging from as few as 250 cells to as many as 250,000
cells (Kaitlin C. Murphy et al., 2017; Schmitz et al., 2021; Vu et al., 2020).
Defining core formation criteria is important as it is the core that results in
upregulation of hypoxic-related factors (Hazrati et al., 2022). Studies on
spheroids often give variable results based on differences in spheroid size, and

therefore, it is important to make conclusions on data with this in mind.

4.1.3 Advantages of spheroids
The spheroid hypoxic core cells show enhanced angiogenic potential with

expression of numerous molecules like CXCL12, HIF1-a and IL6(Hazrati et al.,
2022). While various studies have shown aggregated human A-MSCs have
increased secretion of angiogenic factors such as hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF) and fibroblast growth factor 2
(FGF2) in spheroids 100-350 pm in diameter (Bhang et al., 2011; Cho et al.,
2017; Shanbhag et al., 2020).

Figure 23. Representative figures of a) a small spheroid with a mixture of ~ 200 live and
dead cells, b) a medium spheroid of ~ 10,000 cells with a hypoxic core and proliferative
layer, c) a large spheroid of ~ 250,000 cells with a necrotic core, hypoxic layer and

proliferative layer. Figures not to scale. Created in biorender.com
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MSCs have also shown anti-inflammatory and immunomodulatory properties,
with these enhanced when aggregated; spheroid MSCs secrete tumour necrosis
factor-inducible gene 6 protein (TSG-6), stanniocalcin 1 (STC-1) and leukaemia
inhibitory factor (LIF) at higher concentrations than monolayer MSCs, and this
expression remains elevated after dissociation (Bartosh et al., 2010a;
Zimmerman & Mcdevitt, 2014). This has been translated to a mouse model
where TNF-a expression and secretion in macrophages were significantly
decreased in the presence of spheroid MSCs compared to monolayer MSCs. In Xie
et al.’s study, prostaglandin E2 (PGE2) was shown to increase 40-fold in 400 pm
diameter spheroids compared to monolayer MSCs, a gene associated with tuning
pro-inflammatory M1 macrophages into an anti-inflammatory M2 phenotype,
preventing the activation of lymphocytes and suppressing the proliferation of T-
cells (Najar et al., 2010; Vasandan et al., 2016; Xie et al., 2021; Ylostalo et al.,
2012). They also demonstrated that larger spheroids exhibited enhanced T-cell
suppression and macrophage tuning to M2 than smaller ones, a theme matching
that reported by Bhang et al., who saw increased expression of angiogenic
factors as spheroid size increased from 200 to 400pm.(Bhang et al., 2012)
Upregulation of PGE2 has been documented by many, including Zimmerman et
al., who also showed upregulation in other immunomodulatory cytokines such as
TGF-B8 and IL-6 (Zimmermann & Mcdevitt, 2014).

Pluripotency markers sex determining region Y-box2 (SOX2), Octamer-binding
transcription factor 4 (Oct-4), and NANOG are significantly upregulated in 150-
200 pm diameter MSC spheroids, which then demonstrate enhanced osteogenic
and adipogenic differentiation capability (Baraniak & McDevitt, 2012; Shanbhag
et al., 2020).

More recent exploration has revealed that spheroid MSCs show enhanced
survivability compared to 2D-grown cells. Specifically, they show resilience
during the engraftment process and respond better to oxidative, hypoxic and
inflammatory environments. This is postulated to be due to reduced apoptosis
through ROS suppression and autophagy induction (Bhang et al., 2012; Regmi et
al., 2020). It is also possible to recover senescent MSCs by aggregating them
(Krasnova et al., 2023). Subsequently, aggregated spheroids provide a more

resilient alternative to single-cell MSCs for several applications.
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4.1.4 Clinical applications
Much of the modern clinical research with MSC spheroids aims to use and

improve core discoveries covered in section 1.1.1.1 regarding single cell MSCs,
utilising their regenerative, immunomodulatory and homing abilities (Griffin et
al., 2022). For example, compared to single cells, spheroids result in denser
bone mineral formation upon implantation into defects, can better help glucose
level control in diabetes models and lead to faster remission in rat adjuvant
rheumatoid arthritis models (Findeisen et al., 2021; Lee et al., 2021; Miranda et
al., 2019). In addition, transplanted spheroids were found in greater numbers
than single cells in the peri-infarcted area in a rat experimental myocardial
infarction (heart attack) model, where they were incorporated into newly
formed vessels (Wang et al., 2009). The vessels formed were of greater density
and resulted in reduced infarct size and superior heart function. Similar trends
were found when transplanting spheroids and single cells into the kidneys of rats
with ischemia-reperfusion-induced acute kidney injury. Spheroids gave enhanced
protection against apoptosis, promotion of vascularisation and recovery of renal

function compared to their single counterparts (Xu et al., 2016).

4.1.5 Spheroid encapsulation
When MSC spheroids are encapsulated in gels, the aim is usually to improve the

culture conditions. In Matrigel, cells migrate out of the spheroids to connect
with others within 24 hours, and there is full spheroid migration to form clusters
within 72 hours (Kim et al., 2022). When using alginate, the gel is usually
functionalised with RGD binding domains. MSC spheroid culture in encapsulated
alginate without functionalisation will exhibit significant cell death after 5 days,
but in functionalized alginate, they exhibit loss of aggregation, increased
migration and elongation, and better viability (Gionet-Gonzales & Leach, 2018;
Ho et al., 2016). Further, while remaining viable, disaggregation and migration
will not occur after 5 days in alginate gels with slow viscoelastic relaxation
times, but extensive migration and disaggregation will occur in fast-relaxing gels
(Wu et al., 2023).

4.1.6 Material characterisation of alginate beads
As covered in 3.4.2, there are various factors that can result in the mechanical

properties of alginate changing. Also to consider are differences in local and bulk

properties, as well as the inherent differences in the mechanical properties of
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3D shapes. For example, the physical properties of spheres are isotropic and
therefore not comparable to any other shape. A general rule for material
characterising equipment is that the surface being measured needs to be flat,
which renders measurements of beads complicated. Subsequently, the method of
nanoindentation was chosen, as at the micro-level the surface of a sphere can
be considered flat, and this allows for measurements to be taken without

altering the 3D shape, and therefore properties, of the gel.

4.1.7 CFU cell/colony types
A common way to assess the functionality and phenotype of haematopoietic cells

is to perform CFU assays, while to assess the immaturity of HSPCs, an extended
form coupled with LTC-IC can be undertaken (Lessard & Hoang, 2016; Pamphilon
et al., 2013).

CFU assays use semi-solid methylcellulose medium, which encourages colony
formation and cell growth, allowing assessment of the multilineage capacity of
cells within the population. By visually discriminating between colony types
based on cell morphology, colour, granularity, and colony size, lineage bias and
functionality can be assessed. This establishes the samples’ ability for full
recapitulation and, therefore, if the sample is healthy (if direct from the
patient) or remains in vivo comparable (if the sample has been under
experimental conditions). The common breakdown of cell types is based on a

hierarchy shown in Figure 24, and at the top lie LT-HSCs.
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Figure 24. Examples of different colony types: a) CFU-E, b) CFU-GM, c) BFU-E, d) CFU-GEM.
e) Simplified HSC Hierarchy specifying which cells give rise to which CFU colony type.
LT-HSC Long-term HSC, CFU - Colony Forming Unit, BFU - Burst Forming Unit,

GEM - Granulocyte/Erythroid/Macrophage/Megakaryocyte, MPC - Myeloid progenitor cell,
GM - Granulocyte/Macrophage, GMPC - Granulocyte/ Macrophage progenitor cell,

G -Granulocyte, M - Macrophage,

EMk - Erythroid/Megakaryocyte, MEPC - Megakaryocyte/ Erythrocyte progenitor cell,
E-Erythroid, Mk - Megakaryocyte
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However, culture medium induces differentiation and expansion into CMPs - the
most immature colony-forming cell type assessed in CFUs - resulting in the
formation of CFU-GEM (Granulocyte/Erythroid/Macrophage/Megakaryocyte)
(Figure 24d). This population is multipotent and highly proliferative, producing
numerous large colonies with multiple different cell types.

GMPs produce CFU-GM (Granulocyte/Macrophage) (Figure 24b), which are large
colonies of granulocytes and macrophages. While typically counted as one, this
population can be broken down further into CFU-G or CFU-M.

MEPs produce CFU-Mk, which are not formed unless specific methylcellulose
formulations are used, and BFU-E (Burst-forming unit - Erythroid). Called ‘burst’
forming because of the large colonies formed, BFU-E cells will, in turn, produce
CFU-E colonies (Figure 24c). CFU-E are the most mature colonies and have
limited proliferative ability (Figure 24a) (Schippel & Sharma, 2023).

LTC-IC is performed before CFU and uses a proliferative media composition that
encourages mature cells to expand, and their population dies out, while
maintaining immature phenotype cells with long-term recapitulation capabilities
(Ponchio et al., 2000).

4.1.8 Aims and objectives
This chapter will comprise two parts. The first will assess the viability of MSC

spheroids when encapsulated in alginate beads. The type of media and
temperature were characterised using viability staining. Once the preferred
conditions were selected, the surface marker expression of MSC spheroids was to
be analysed and compared to that of cells grown in a monolayer. Next, the
stability of the gels was to be assessed using nanoindentation. Surface stiffness
of beads without cells, single cells, spheroids, and spheroids and single cells was
to be measured on day 1 and day 14 to ensure that there were no changes during
the encapsulation period.

Secondly, the functional ability of CD34+s pre- and post-encapsulation would be
assessed using LTC-IC and CFU assays and flow cytometry and compared to the
results from Chapter 3. This should determine if there were any effects of
freezing on the behaviour and/or composition of the HSPC populations and
whether refinement of the population would give insight into the previously

gathered data.



Chapter 4 113

Hypotheses for spheroids were that they would have worse surface marker
retention compared to monolayers, as suggested by the literature, but improved
viability compared to monolayer cells, and be more resilient to temperature
changes (Kim & Adachi, 2021). For HSPCs, it was anticipated that more primitive
HSC phenotypes would have greater survivability under encapsulation compared
to less primitive HSPC subpopulations due to their greater ability to enter
quiescence. Further, it was hypothesised that the fresh samples would be less

stressed, and therefore more likely to remain viable under encapsulation.

4.2 Results

4.2.1 Viability and radius
MSC spheroids encapsulated in IMDM and DMEM showed trends between

comparative timepoints and media (Figure 25h). Data was normalised to
controls, which were kept in the spheroid plate culture rather than
encapsulated. The percentage change for day 1 DMEM, day 1 IMDM, day 14 DMEM
and day 14 IMDM was 5% decrease, 16% increase, 37% decrease and 14%
decrease, respectively. Day 14 control spheroids lacked structural integrity, and
only those for donor 2 remained intact after the staining process and transfer
from the spheroid plate into a dish for imaging. Fluorescence of live cells was
greater for IMDM at both day 1 and day 14, and therefore, IMDM was chosen to
move forward.

Viability of spheroids in IMDM at 15 and 20 °C showed a decrease between day 1
and day 14, but no difference between 15 and 20 °C (Figure 25i). The
percentage change relative to day 1 for 15 °C was a 32% decrease, and a 31%
decrease for 20 °C, indicating viability changes were independent of
temperature.

The radius of spheroids (Figure 25g) was calculated by measuring the
circumference of each spheroid stained for viability in Figure 25h. Radius
decreases were observed from the control to the other conditions; similarly,
DMEM spheroids were smaller than those in IMDM. However, there was no
difference between day 1 and day 14 DMEM spheroids nor between day 1 and day
14 IMDM spheroids, indicating that spheroid size is maintained during the

encapsulation process.
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Figure 25j, k and | show the relative fluorescence intensity as the two

individual channels, showing how the decreased viability ratio observed for

Figure 25h is a result of increasing red intensity and decreasing green at day 14

relative to day 1. The main outlier was donor 1, which saw day 14 DMEM with a

far greater increase in red intensity than the other two donors for that

condition.
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Figure 25. Viability analysis of encapsulated spheroids. Example z-stack images of spheroids
from the following conditions: a) D1 Control, b) D1 DMEM, c) D1 IMDM, d) D14 Control, e) D14
DMEM, f) D14 IMDM

g) Radius in micrometres (um) of MSC spheroids one day and fourteen days post
encapsulation in INDM or DMEM-based alginate beads, normalised to Day1 control spheroids
(not encapsulated).

h) Viability of MSC spheroids one day and fourteen days post encapsulation in IMNDM or DMEM-
based alginate beads, normalised to Day 1 control spheroids (not encapsulated)

i) Viability of MSC spheroids one day and fourteen days post-encapsulation in IMDM-based
alginate beads at 15 or 20 °C.

j,k,l) Separate green and red intensity for spheroids plotted in g) and h)

Any pairing not displayed statistically was non-significant. Error bars indicate the mean value
+/- one standard deviation for the merged data set.

Significance calculated using the Mann-Whitney U test with bounds of non-significance
p>0.05.
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4.2.2 Flow cytometry
As in figures 19 and 20, mean fluorescence peak intensity was normalised to the

day-2 monolayer to assess fold change. Fold changes in expression intensity were
plotted into a heatmap (Figure 26a), which demonstrated that spheroid
conditions resulted in reduced surface marker expression, particularly for CD146
and CD105. This data was then plotted graphically to show significance (Figure
26b-f). Biological replicate 3, day-14 monolayer data sets were increased
relative to other donors for all surface markers, most noticeably for day 14
monolayers. While this could be an error from antibody concentration or
instrument settings, it seems unlikely given that the same master mix was used
for day 14 spheroids. CD29 (Figure 26b) displayed no significant changes,
although spheroid expression did generally trend lower than the comparative
monolayer. The data sets seemed to trend slightly down from the day-2
monolayer. This was, however, skewed due to two outlying data points,
biological replicate 2 on day 0 monolayer and biological replicate 3 on day 14
monolayer, which drastically increased the mean for their data sets. The same
pattern arose for CD166 (Figure 26f); expression generally trended downwards
for spheroid conditions. CD73 (Figure 26d) had changes in intensity that were
less clear; however, the trend of monolayers showing higher expression than the
spheroids was retained, although the comparison was more evident at day 0 and
less so by day 14. CD105 showed the clearest decrease in signal for spheroids
compared to the monolayer at both time points. While the monolayer conditions
remained consistent across all time points (Figure 26c). The same pattern was
observed for CD146 (Figure 26d), with a decrease for spheroids relative to day -

2 and their comparative timepoint monolayer.

When analysing trends of specific replicates (Figure 27), replicate one exhibited
a slight decrease in expression intensity of monolayers over time, but the
comparative spheroid condition was lower. In particular, CD105 (Figure 27b) had
nearly no expression at all by day 14. CD146 (Figure 27c) showed quite a large
decrease in expression for day 14 spheroids compared to the monolayer, but not
to the same extent. CD29 and CD73 (Figures 27a and d) intensity decreased, but
it was less substantial than for the other markers. Control spheroid intensity was
higher than day 14 encapsulated for CD105 and CD146, but the opposite for CD29
and CD73.
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Replicate 2 showed a decrease for day 14 monolayers compared to day -2 for
CD29, CD73 and CD166, but an increase for CD105 and CD146. However, the day
0 monolayer intensity was higher than both for CD29, CD105, CD73 and CD166.
Once again, spheroids were less intense than the respective monolayer, other
than for day 14 CD166. In addition, the expression of spheroids decreased from
day 0 to day 14 for CD29, CD105 and CD73, but increased for CD146 and CD166.
Replicate 3 showed increased intensity for the day 14 monolayer relative to day -
2 for all markers; however, for CD105 and CD146, the day monolayer decreased
relative to day -2, although the error bars were large and may follow the trend
of CD29, CD73 and CD166, with it being higher if additional replicates were
performed. Spheroid intensity was lower than the respective monolayer for all
markers other than day 0 CD29, where it was the opposite. Further, the
expression for spheroids increased from day 0 control to day 14 encapsulated for
CD29, CD146, CD73 and CD166, but decreased for CD105.

The percentage of cells expressing showed a slight decrease in spheroid
conditions relative to day -2 for all markers (Figures 28a-e). Further, the
number of day 14 spheroids was lower than that of day 0 spheroids for all
markers except CD166. The number of monolayer cells expressing increased for
CD29 and CD73 (Figures 20a and d) for day O relative to day -2 but decreased
slightly from day 0 to day 14. The number stayed consistent for CD105 (Figure
20b), and for CD146 (Figure 20c) decreased for day 0 and then increased
slightly for day 14. For CD166 (Figure 20e), the day 14 monolayer increases to
day 0 and again for day 14.

For replicate 1, more spheroids were positive at day 0 than the monolayer for
CD105 and CD146, and the opposite for CD29 and CD73. Whereas at day 14, more
spheroids were positive than monolayers for CD29 and CD73, and the opposite
for CD105 and CD146. Monolayer expression of CD29 and CD73 increased slightly,
but was higher at day 0 than at day 14. While it increased at day 14 relative to
day -2 for CD105, it decreased for day 0. Similarly, expression decreased at day 0
for CD146 monolayers, and while it increased for day 14, it remained lower than
day -2. Spheroid expression was higher than monolayer at day 0 for CD105 and
CD146, but both were lower than day -2. By day 14, the monolayer was higher
than the spheroids; however, CD146 did not recover to day-2 levels, whilst CD105

did. In contrast, for CD29 and CD73, fewer cells were positive at day 0 spheroids
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than day -2 and day 0 monolayer; however, by day 14, more cells were

expressing for spheroids than monolayer.

For replicate 2, the monolayer cells show an increased percentage of positive
cells compared to the corresponding spheroid condition for all markers.
However, day 14 monolayer numbers for CD29 and CD73 are lower than those at
day -2, which in turn are lower than those at day 0, whilst spheroids both stay
below day-2. For CD105, the numbers for monolayers are consistent, and the
numbers for spheroids decrease from day 0 to day 14. For CD146, spheroids show
so few cells expressing that they're not visible on the graph. Day 14 monolayers
have similar numbers of cells expressing as at day-2, but the number decreased
for day 0.

Replicate 3 monolayers show increased numbers of cells expressing from day -2
to day 0 to day 14 for CD29, CD146, CD73 and CD166, but for CD105, the number
remains consistent for day 0 and increases slightly for day 14. Spheroids at day 0
have more cells expressing than day -2 and day 0 monolayers for CD29, CD105,
and CD73. For CD29 and CD73 at day 14, whilst spheroids were now higher than
both day 0 conditions, the day 14 monolayer was now higher than spheroids.
CD146 displayed spheroid numbers that decreased relative to day -2, and then
decreased further by day 14. CD166 also saw a decrease for day 0 spheroids
compared to day -2, but the numbers then increased for day 14 spheroids

relative to day 0.
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Peak geometric mean signal intensity for specified surface marker of live, CD34-,
lin- MSCs expressing specified surface marker for spheroids pre and post
encapsulation and monolayer controls
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Figure 26. Fluorescence intensity geometric mean measured by flow cytometry on day of

seeding, on day of spheroid encapsulation and 14 days post-encapsulation, normalised to

day-2 monolayer control.
a) heatmap displaying fold change relative to D-2 monolayer. CS Control spheroid, M

Monolayer, SD Spheroid Gels. Super plots for the following markers b) CD29, c) CD105, d)

CD146, e) CD73, f) CD166 gated for live, CD45- CD34- cell populations.

Error bars indicate the mean +/- one standard deviation for pooled data points.

Brighter points depict the mean value for that data set, while the paler colours indicate the

individual values themselves.
Significance was calculated for comparison of data from the same media type and same

measurement time point by the Mann-Whitney U test with bounds of non-significance

p>0.05.
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Peak geometric mean signal intensity for specified surface marker of live, CD34-,
lin- MSCs expressing specified surface marker for spheroids pre and post
encapsulation and monolayer controls. Split biological replicates.
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CD166 Split Biological Replicates
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Figure 27. Fluorescence intensity geometric mean measured by flow cytometry on day of
seeding, on day of spheroid encapsulation and 14 days post-encapsulation, normalised to
day-2 monolayer control. Biological replicates separated for graphs a-e in Figure 26 and
replotted for a) CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated for live, CD45- CD34-
cell populations. Graphs show the mean +/- one standard deviation; they are N=1, so no

significance is calculated.
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Percentage of live, CD34-, lin- MSCs expressing specified surface marker for spheroids
pre and post encapsulation and monolayer controls
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Figure 28. Percentage of MSC population expressing the specified marker measured by flow

cytometry on the day of seeding, on the day of spheroid encapsulation and 14 days post-

encapsulation.

Super plots for the following markers a) CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated
for live, CD45- CD34- cell populations.

Error bars indicate the mean +/- one standard deviation for pooled data points.

Brighter points depict the mean value for that data set, while the paler colours indicate the

individual values themselves.

Significance was calculated for comparison of data from the same media type and the same

measurement time point by using the Mann-Whitney U test with bounds of non-significance

p>0.05.
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Percentage of live, CD34-, lin- MSCs expressing specified surface marker for
spheroids pre and post encapsulation and monolayer controls. Biological
replicates are split.
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CD166 Split Biological Replicates e
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Figure 29. Percentage of MSC population expressing the specified marker measured by flow
cytometry on the day of seeding, on the day of spheroid encapsulation and 14 days post-
encapsulation. Biological replicates separated for graphs a-e in Figure 28 and replotted for a)
CD29, b) CD105, c) CD146, d) CD73, e) CD166 gated for live, CD45- CD34- cell populations.
Graphs show the mean +/- one standard deviation; they are N=1, so no significance is

calculated.

4.2.3 MSC spheroid flow - experimental replicate
Flow analysis of surface marker expression on day-2 monolayer control vs day 14

encapsulated spheroids was performed in Figures 30 and 31. While the
percentage of cells generally decreased (Figure 30), there was no significant
difference for CD29, CD34, CD90, CD146, CD166 and CD271. There was a
significant difference for CD44, with expression decreasing close to 0, although
the expression for replicates 2 and 3 was nearly 0 at day -2 already. The
decrease in CD105 was less than 10%, and this was the same for CD73, except for
replicate 1. CD271 had low lying expression, which fell to roughly 0 by day 14,
while expression of CD34 was 0 for replicates 2 and 3, but increased
substantially by day 14. In previous experiments, CD34 was used to negatively

gate the samples, but because at day-14 such large numbers of cells were
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positively expressing, it was instead included as a condition for analysis (Figure
30h).

Replicate 1 showed an increase in the percentage of cells expressing from day-2
to day 14 for CD29, CD90 and CD105 (Figures 30a, d, and f). It’s worth noting
that the range of change is within 5% and would therefore be less impactful
compared to markers CD73, CD44, CD146 and CD166, which matched the
decreasing trend for other donors but with a far greater decrease of 50%, 75%,
70% and 95%, respectively. In contrast, replicates 2 and 3 showed a decreased
number of cells expressing at day 14 for CD29, CD73, CD90, CD146, CD105, and
CD166 (Figures 30a, b, d, e, f and g); however, the decrease for CD29 and CD73
was small (Figures 30a and b). Expression for all replicates for CD271 (Figure
30i) was near 0 at day 2 and was 0 by day 14 (albeit higher at day -2 for
replicate 1), and this was the same for CD44 (Figure 30c).

The fluorescence intensity of positive-expressing cells significantly increased for
CD44 (Figure 31c). Intensity decreased for all other markers - CD29, 73, 90, 146
and 105 (Figure 31a, b, d, e and f), with decreases in intensity by 66%, 37%,
80%, 55% and 90%, respectively. Replicates showed matching trends for all
markers, although replicate 2 had the highest day -2 intensity for CD29, CD73
and CD90.

Percentage of MSCs with positive expression of specified surface marker
after encapsulation as MSC spheroids for 14 days compared to day-2
monolayer.
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Figure 30. Percentage of MSC population expressing the specified marker measured by flow

cytometry on the day of seeding and 14 days post-encapsulation.
Data points plotted depict technical replicates as individual data points, superimposed by the

biological replicate - the mean of these points - and finally with error bars displaying the

mean +/- one standard deviation of the pooled experimental replicates.
Super plots for the following markers: a) CD29, b) CD73, c) CD44, d) CD90, e) CD146, f)
CD105, g) CD166, h) CD34, i) CD271, gated for live, negative marker cocktail - cell

populations. Significance was calculated using Welch’s t-test with bounds of ns p>0.05, *

p<0.05.



Chapter 4 129

Geometric mean signal intensity of MSCs encapsulated as MSC spheroids
after 14 days compared to day-2 monolayer.
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Figure 31. MSC fluorescence intensity geometric mean measured by flow cytometry on the
day of seeding and 14 days post-encapsulation as spheroids.

Data points plotted depict technical replicates as individual data points, superimposed by the
experimental replicate - the mean of these points - and finally with error bars displaying the
mean +/- one standard deviation of the pooled experimental replicates.

Super plots for the following markers: a) CD29, b) CD73, c) CD44, d) CD90, e) CD146, f)
CD105, gated for live, negative marker mix negative cell populations.

Significance was calculated using Welch’s t-test with bounds of: ns p>0.05, * p<0.05, **
p<0.005, *** p<0.0005, **** p<0.00005
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4.2.4 Nanoindentation
To assess the physical properties of the gels during the encapsulation process,

the stiffness of the gels without cells with single cells, spheroids, or single and
spheroid cells (Figure 32). Single-cell gels saw a decrease in stiffness, while the
other three conditions saw a slight increase. There was one potential outlier
noticeable in this data; replicate 1 for mixed single cells and spheroids, day 14.
The day 1 stiffness of all conditions shows a large range with highly variable
results. While spheroids were slightly softer and no cell gels were slightly stiffer,
there was no significance. Accounting for this result, gel stiffness is likely
between 12 and 16 kPa, and additional replicates should be undertaken to

determine differences between cell conditions.

Stiffness of gel beads on day one and day fourteen post-gelation
measured by nanoindentation.
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Figure 32. Average surface stiffness of gel beads one and fourteen-days post-gelation. Values
calculated using nanoindentation.

N of 3 biological replicates plotted with individual colours. Error bars indicate the mean
value +/- one standard deviation. Significance was calculated by the Welch’s t-test with

bounds of non-significance p>0.05.
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4.2.5 CD34+ phenotype (Flow)

Three new donors were used for this chapter compared to those in Chapter 3.
However, as the original 3 donors were utilised to give an N=6 for some
experiments in this chapter, the new donors were assigned their own colour and
a black outline to their symbol to assist in distinguishing them.

HSPC recovery ranged from 1 to 7%, as seen in Table 3. Donor 6 having poor
recovery was not surprising, as the overnight recovery period showed a decrease

of over twice that of Donors 4 and 5, see Table 2.

Table 2. Numbers of viable cells recorded post-thawing of the
CD34+ vial and after an overnight recovery period at 37 °C.

DO Overnight
D-1 Thawing Encapsulation viable cell
viable cell viable cell number
number number decrease (%)
Donor 4 3.975x106 3.12x106 21.51
Donor 5 4.0x10°6 3.0x10¢ 25.00
Donor 6 3.15x10° 1.4x106 55.56

Table 3. Number of viable CD34+ cells pre- and post-encapsulation
for 14 days at 15 °C.

Cells Cells Percent (%)

encapsulated recovered Recovery
Donor 4 1.1x10° 4.75x10* 4.75
Donor 5 1.4x10° 4.24x10* 7.14
Donor 6 6.0x10° 6.0x103 1.00

This data was gated using the strategy presented in Figure 10, and due to poor
cell recovery, day 14 flow was not performed on donors 4 and 6. However, day 0
composition was performed for all three donors. There was no significant
difference between the samples; however, the number of CD34+s (Figure 28a) in
the live cell population matched the trend for LT-HSC (Figure 28 b) cell nhumber,
but this was only 1-5%. The percentage of HSPCs that were LT-HSCs was roughly
between 38% and 43% (Figure 28c).

Plotting the donors from the initial single cell flow in 3.3.4. alongside those
from this experiment, we can see that the number of HSPCs within the CD34+

population is around 5-10% (Figure 28d).
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Donor 5 had sufficient cells to perform flow, and the number of HSPCs in the live
population post-encapsulation rose from roughly 8.6% to 32.4% (Figure 28e).
Interestingly, though, the LT-HSC population relative to HSPCs decreased from
41.6% to 25.3% (Figure 28e). The number of LT-HSCs as part of the total live cell
population also did not follow the size of the trend of the HSPC population.
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Donor 4 DO to D14 surface marker Size of subpopulation of CD90/CD45RA expression
expression comparisons relative to HSPCs or within the total live
population for Donor 4
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Figure 33. Graphs of CD34+ flow cytometry data.

a) Number of CD34+CD38- (HSPC) cells in the live and CD45+ population as a percentage, b)
Number of CD90+CD45-, CD34+CD38- cells (LT-HSCs) in the total live population as a
percentage, c) Number of CD90+CD45RA- cells in the CD34+CD38- population as a
percentage d) number of CD34+ cells in the total live population e) Number of cells that are
CD34+CD38- (HSPCs) in the full donor population at DO for all HSPC donors used in chapter 3,
figure 22 - denoted as Exp 1 (experiment 1) - and chapter 5 - denoted as Exp 2 (experiment
2) - 5 f) Number of Donor 2 CD34+CD38- cells (HSPCs) relative to the live and CD45+
population as a percentage, number of CD90+CD45RA-, CD34+CD38- cells (LT-HSCs) relative
to the live and CD45+ population as a percentage, and the number of CD90+CD45RA- (LT-
HSCs) and CD34+CD38- cells relative to CD34+CD38- (HSPC) population. g) size of
CD90/CD45RA subpopulation for donor 4 at DO and D14 relative to the live and HSPC
populations.

Error bars indicate the mean +/- one standard deviation.

Significance was calculated for comparison of data from the same media type and the same
measurement time point by using the Mann-Whitney U test with bounds of non-significance
p>0.05.
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Table 4 shows that of the cells expressing CD34+CD38- at day 0, 11.4% of them

survived to day 14. Further, it shows how of the cells that would be deemed the
most primitive in the population - CD90+CD45RA-, only 6.9% of them survived to

day 14. Therefore, the populations that were assumed to enter quiescence more

preferably had a worse recovery than the CD34+CD38- population that were

initially thought to enter quiescence less preferably.

Table 4. Number of cells expressing specified markers at day 0 and

day 14 for donor 4.

% of
Average Number of cells expressing
percentage of Number of | that are cells that
cells expressing cells expressing the survived to
marker (%) counted marker D14
34+38- day 0 8.577375333 1400000 120083.2547 11.4260607
34+38- day 14 32.36034333 42400 13720.78557
90+45RA- day 0 | 3.572958333 1400000 50021.41667 6.936663367
90+45RA- day 14 | 8.183531333 42400 3469.817285
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4.2.6 CD34+ CFU

Colonies counted for donor 4 day 0 were on average 1.3, 1.6, 12.3 and 0.3 for
CFU-E, BFU-E, CFU-GM and CFU-GEM, respectively (See figure 29). Colonies for
other conditions were not viable at the analysis timepoint due to a lack of water

in the incubator, drying the colonies the week before analysis.

Donor 1 HSC Colony Type and Number

207 CFU-E
L 18] = BFU-E
£ 167 CFU-GM
2 14] + CFU-GEMM
(] 12-_

S 10-
© 107
2 8
§ e
(2}- .%. .-i. ¥
C 9 & QO'
Colony Type

Figure 34. Graph of the number of colonies counted for donor 1 day 0 CD34+ CFU.

The graph depicts 3 technical replicates with error bars showing the mean +/- one standard
deviation. CFU - Colony Forming Unit, BFU - Burst Forming Unit, GEM -
Granulocyte/Erythroid/Macrophage/Megakaryocyte, GM - Granulocyte/Macrophage, E-
Erythroid.
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4.3 Discussion

4.3.1 Viability
The control spheroids used were not encapsulated and left for a further day

within the AggreWell™ plate. Subsequently, it’s anticipated that the cells in the
control spheroids would be more metabolically active than those encapsulated
at hypothermic temperatures. To become fluorescent, Calcein AM must
permeate the membrane and be hydrolysed into its fluorescent form.
Subsequently, one would expect that once encapsulated, the green intensity
would decrease and would do so further over time, while the red intensity
should stay fairly stable if cells were remaining viable Figure 25. A non-
encapsulated control was used for the IMDM vs DMEM test to observe this
behaviour (Figure 25a). That overall trend was not observed. Instead, the
intensity of the dead signal increased between day 1 and day 14 for all three
biological replicates for both media types (Figure 25j, k and ). This would
suggest that increased apoptosis is occurring, and that viability is not completely
maintained over 14 days of encapsulation. In comparison, the expected trend did
occur for biological replicate 3 with a decrease in green intensity in all
encapsulated conditions; however, biological replicates 1 and 2 instead trended
the other direction, with both day 1 and day 14 IMDM conditions seeing an
increase in green intensity. This would indicate increased activity and does not
align with the expected reduced activity state of spheroids and encapsulated
cells.

The difference from day 1 to day 14 for DMEM and IMDM (Figure 25a) was a 68%
decrease and 70% decrease, respectively, suggesting that while the INDM
viability was higher, the decrease over time was similar, and therefore, there
was no benefit to either media. This agrees with observations from Figure 11d,
where we previously established that media composition does not impact the
viability of single-cell MSCs. In contrast, the optimal encapsulation temperature
of 15 °C for single cell MSCs in 3.3.4. was not replicated in Figure 25b. Instead,
there was only 1% difference between 15 and 20 °C, and therefore these
temperatures do not have an observable impact on spheroids. This is not
unexpected, as resistance to temperature changes has resulted in a few recent
publications. In 2024, Trufanova et al. demonstrated that A-MSCs could be stored
up to 7 days at 22 °C without a negative impact on functionality (Trufanova et
al., 2024). Similarly, BM-MSCs and E-MSCs (embryonic) are viable after 7 days
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across a range of temperatures from 10-37°C thanks to decreased metabolism
and proliferation (YS et al., 2016). Most drastically, Qiu et al. 2024 study
demonstrated that MSC spheroids can be stored for 7 days at 12 °C, with greater
viability and differentiation capacity relative to single cell MSCs (Qiu et al.,
2024). Overall, the encapsulated spheroids display little difference in different
media compositions or temperatures, and therefore, the condition optimisation

can be flexible for future work.

4.3.2 Size and morphology
The spheroids held their spherical shape (Figure 25a-f) with no evidence of cell

spreading and therefore interaction with the scaffold, in consolidation with work
by Ho et al. in 2016 and 2017 (Ho et al., 2016, 2017).

In addition, in my own study, there was constriction of the spheroids upon
encapsulation relative to the control (Figure 25g). This phenomenon was also
observed in Wu et al.’s 2023 paper, where they postulated that additional
contraction occurred due to the viscoelasticity of the gel (Wu et al., 2023).
Based on Figure 25g, the diameter of spheroids used was typically 100-160 pm.
No necrotic core formation was observed; instead, the spheroids were formed of
both live and dead cells dispersed evenly throughout, except for day 14 controls
(Figure 25d), which seemed to lose dead cells from the spheroid
exterior/constrict to create a tight core of live cells. This is in line with the
literature, which, while seemingly inconclusive on the minimum threshold on
size and cell number for core formation, suggests that the minimums are above
what was used in my study. Specifically, Vu et al demonstrated that while the
hypoxic core was not formed for spheroids of 250 cells, it was present in
spheroids of 500 and 1000 cells (Vu et al., 2020). Whereas Rovere et al showed
that in spheroids of 1000 cells around 200 pm in diameter, the hypoxic core was
not formed, but was present in spheroids of 2600 cells and 300 pm in diameter,
with 200 um being the generally agreed threshold (Rovere et al., 2023). Finally,
Daster et al. showed that a diameter of 500 pm with multiple thousands of cells
is required to have an observable necrotic core, an observation seconded by
Murphy et al. in 2022 (Daster et al., 2016; Murphy et al., 2022). Although not
before they’d presented data in 2016 showing 500 pm diameter and 30,000 cells
is not sufficient, and instead 250,000 cells and 800 um diameter are required to

form a necrotic core (Murphy, Hung, et al., 2017).
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Spheroids are renowned for their resilience to external stresses, which, in
theory, makes them ideal for use within the model. However, with the increase
in Calcein fluorescence intensity after encapsulation observed in 2 of 3 donors
(Figures 25j and k), it’s possible that quiescence is not being induced in all cells
within the spheroid and instead only a certain population. As a result,
metabolically active cells are unable to survive - evidence being the increase in
red fluorescence. This could be consolidated by measuring marker expression
with more frequent timepoints during encapsulation. In doing so, any changes

over time would indicate cell activity.

4.3.3 MSC flow cytometry
There are case studies that indicate that MSC aggregation results in a decrease

in surface marker expression; however, properties can then be recovered upon
seeding back into a monolayer (Kim & Adachi, 2021; Santos et al., 2015). It is
also indicated through literature and Chapter 3 that encapsulation in alginate
may inhibit surface marker recovery or reduce surface marker expression in MSCs
(Swioklo et al., 2016).

Intensity of marker expression (Figures 26 and 27) shows that for monolayers,
replicate 2 recovered marker expression quickly, whereas replicate 3 required
longer, and replicate 1 did not recover at all. However, overall, the relationship
between conditions is relatively consistent between biological replicates, even
when the trends are more exaggerated, such as replicate 1 showing less variance
in results compared to replicates 2 and 3 for CD146 and CD73 (Figures 27c and
d). The decrease in intensity of spheroids expression compared to monolayers
for CD105 and CD146 (Figures 26c and d and 27b and c) was distinctly greater
than that of other markers. More widely, the impact of encapsulation was
replicate-dependent, but generally caused a decrease in marker expression for
at least 2 of 3 replicates. In comparison to single cells, in Figure 20, CD105 and
CD146 decrease, but not to the same extent as for aggregated cells in Figure
27. This suggests that both markers are strongly impacted by aggregation.

There was no consistent trend to determine the impact of encapsulation on
surface marker expression of aggregated cells in Figure 27; however, the surface
marker expression was typically reduced for spheroids compared to monolayers
before encapsulation, which suggests that the impacts on the surface markers is

dictated by the aggregation, and therefore, encapsulation doesn’t have much
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impact. The exception was CD105, which was decreased for all surface markers
for day 14 encapsulated spheroids compared to day 0 controls, which suggest for
this marker specifically, encapsulation reduced expression further than that

caused by aggregation.

For replicate 2, the day 0 monolayer being higher than day -2 for CD29 and CD73
would suggest replicate 2 recovers these markers' expression quickly, but it then
diminishes over time, explained by the lower day 14 numbers. This is also
observed with the peak intensity for replicate 2, showing a strong correlation
between the percentage of cells expressing and their intensity for these markers
for replicate 2. Similarly, there is a strong correlation for the CD146 expression
and intensity; in contrast, CD105 expression is fairly consistent across all
conditions, but the intensity is far more variable, indicating that while a low
level of expression is maintained, the intensity of expression is strongest for
monolayers, particularly on day 0. Whilst replicate 2 shows a good correlation
between the percentage of cells expressing and their intensity, this is not the
case for replicates 1 and 3, which show very little correlation, in contrast to
observations of Figures 17-20, where two of the three donors showed
correlation. However, there were similarities in that the percentage of cells
expressing was less uniform and therefore less dictated by the gating criteria.
Of note is that, unlike in single-cell experiments (Figures 17-20), the act of
encapsulation does not seem to result in changed expression in MSC spheroids as
it did for single cells. Potentially, the effect of the gel is being overshadowed by
the aggregation and the resultant lack of interaction with the environment
expected with spheroids. Another observation from Chapter 3 was the
correlation between CD29 and CD73. Whilst that correlation existed for the
percentage of cells expressing for all replicates, only replicates one and two
showed a correlation for the signal intensity.

Overall, this data failed to maintain the correlation between the percentage of
cells expressing and their intensity; however, generally the spheroids showed
decreased percentage of cells expressing and reduced intensity, but this was
induced by aggregation rather than encapsulation, which would suggest that the
process of aggregation also reduces cell metabolism. This could result in their
viability being more consistent (Figure 25) as the cells are already in a low

metabolic, resilient state before encapsulation.
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4.3.4 MSC Flow cytometry repeat with one biological replicate
Starting numbers of cells expressing for replicate 1 were different to replicates 2

and 3 for CD29, CD44, CD90, CD146, CD105, CD166 and CD271, but by day 14,
the number of cells expressing for these markers was now similar between
donors. For CD73, expression on day -2 was in line with replicates 2 and 3, but
by day 14 had decreased further. For CD34, expression for replicate 1 was in line
with replicate 2, and by day 14, all donors were similar. The convergence of data
for day 14 (excluding CD73) suggests that regardless of the starting number of
cells expressing a marker, the aggregation and encapsulation seem to normalise
it. As each replicate is cells from the same donor, results were expected to be
more consistent than in Figures 26-29; this was not the case for day -2 results.
It could be that the surface marker variations at day -2 are due to inconsistency
in culture, resulting in different behavioural and marker expression. For
example, if cells recovered from freezing more quickly and reached a higher
confluency, then this could impact marker expression as MSCs at over 80%, or
even 100%, confluency are typically more susceptible to differentiation, or will
at least show decreased growth rates and increased cell-cell interaction markers
due to their close proximity (Abo-Aziza & Zaki, 2017). However, as the cells were
all the same, the baseline expression would theoretically be consistent, resulting
in uniformity at day 14 for intensity, and the convergence of percentages for all
but CD73 (Figures 30 and 31).

Expression of CD34 being so high for replicate 3 would suggest an error in the
cytometer setup, as these MSCs were tested and are not CD34+. This is therefore
incorrect. Further, a large number of cells for all three replicates being positive
for CD34 at day 14 was surprising. CD34 expression is found on in vivo BM-MSCs,
specifically pericytes, and is also not unheard of for its expression to increase in
MSCs upon aggregation (Lin et al., 2012; Frith et al., 2010). It is also possible to
utilise ECs and growth factors such as insulin-like growth factor 1 (IGF-1) to
induce the expression of CD34 on MSC spheroids, as demonstrated by Bellagamba
et al. (Bellagamba et al., 2018). While IGF-1 can be expressed by OBs and
chondrocytes, it is not expressed by HSCs or MSCs, and therefore, this will b

occurring through different means.

While the number of cells expressing CD29, CD73, CD90 and CD105 (Figures 30a,

b, d, f) was relatively unchanged over 14 days, the intensity of expression for all
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(Figures 31a, b, d, f) decreased, which was expected based on the literature
(Frith et al., 2010). CD44 expression was already low for this replicate (Figure
30c), and its expression has been observed to both increase and decrease on
aggregation (Frith et al., 2010; Valente et al., 2021). Therefore, the lack of cells
measured makes any conclusions on the intensity drawn from Figure 31c hard to
trust.

As covered in 1.1.1.1, CD271 is not a commonly expressed marker on BM-MSCs,
and therefore, low values measured in the experiment are not unusual. It is also
a commonly lost marker, and therefore, this is not an unexpected result.
However, the loss of expressing cells for CD271, CD146 and CD166 (Figure 30i, e
and g) combined suggests movement away from a primitive phenotype, in line
with observations of Figure 28.

This experiment did not show consistency between the percentage of cells
expressing and the intensity of the expression, as was observed in Chapter 3, in
line with 4.3.3. Another trend observed in earlier sections regarding CD29 and
CD73 (Figures 30 and 31 a and b) was not apparent in this experiment. While
the data showed the same trend, the changes between replicates were not

consistent, as was the case earlier. Further,

4.3.5 Flow cytometry surface marker analysis

4.3.5.1 CD105
5 of the 6 papers presented in Table 5 presented a decrease in CD105 expression

on aggregation, with which the presented data agrees (Figure 26c, 28b and 30f,
31f). It showed the largest change in signal intensity for measured markers in
both experiments, and the percentage of cells expressing remained fairly
consistent for both, indicating that this was a consistent decrease across the
population to a low-lying expression.

Ho et al.’s study explored protein expression in spheroids in alginate relative to
RGD-modified alginate, and the total concentration was around 30% lower for
those in unmodified alginate, indicating that this study’s spheroids are likely to
have a greatly reduced protein concentration (Ho et al., 2016). Their 2017 study
also demonstrated that the non-adherent environment favoured osteogenesis (Ho
et al., 2017). The favouring of osteogenesis is the same observation made in
single MSCs with decreased CD105 expression (Anderson et al., 2013; Jin et al.,

2009; Yang et al., 2019). However, the lack of difference between day 1 and day
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14 spheroid conditions (Figure 26c and Figure 28b) indicates that it was the

aggregation that caused loss of marker expression, and that the encapsulation

then had no additional impact. Therefore, spheroid aggregation may direct an

osteogenic phenotype.

Table 5. Lead author, cell type and findings summary for papers
describing flow cytometry surface marker expression during
aggregation of MSCs.

2021

Lead Author Cell Type Observed effect of MSC aggregation on surface

and marker expression.

Publishing

Year

Bartosh et al. | Unspecified | CD73 expression is maintained relative to

2010 human adherent cells, but CD90, CD105, CD146 and

MSCs CD166 are reduced, while CD82 and CD49b

expression is increased (Bartosh et al., 2010).

Burand et al. hBM-MSC Reduction in CD73 expression and ability to

2020 suppress T cells (Burand et al., 2020).

Frith et al. hBM-MSC Decrease in CD29, CD44, CD73, CD90, CD105

2010 and an increase in CD34 and CD45 relative to
monolayer (Frith et al., 2010).

Kamprom et hAMSC A-MSCs and observed a slight decrease in CD73

al. 2024 and CD90 expression and a significant reduction
in CD105, which was almost lost completely
(Kamprom et al., 2024).

Santos et al. hUC-MSC Decrease in CD90 and CD105, although it was

2015 restored when reseeded into a monolayer
(Santos et al., 2015).

Valente et al. | hVW-MSC CD44 was highly expressed, but CD105 and CD90

were only expressed lowly in vascular wall MSCs
spheroids (VW-MSCs) (Valente et al., 2021).
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The second observation of CD105 is that decreased expression trends with
enhanced immunosuppressive abilities, the occurrence of which was covered in
1.1.1.1 (Pham et al., 2019). However, while data suggest that MSCs maintain
their immunomodulatory ability upon osteo-lineage differentiation, there is
conflicting information suggesting it is enhanced. Chao et al. osteogenically
differentiated rat BM-MSCs and observed enhanced IL-6 and PGE-2 expression
and maintained TGFB1 and IL-10 expression (Liu & Sun, 2019). Feng et al.
demonstrated that osteogenically differentiated MSCs had enhanced IL-8
secretion and elevated T cell migration (Ye et al., 2022). And yet, Montespan et
al., Niemeyer et al., and Schubert et al. used human, human and pig MSCs,
respectively and found no changes in immunomodulatory profile (Montespan et
al., 2014; Niemeyer et al., 2007; Schubert et al., 2011). Therefore, it seems that
the enhanced immunomodulatory properties of spheroids are not entirely
related to osteo-lineage priming and must be, at least in part, the result of
another property. To assess immunomodulatory properties, the assessment of
cytokines mentioned in 1.1.4.2 could be measured, such as IL-6. Overall, while
CD105 is a suitable marker to indicate successful aggregation and therefore
activation of enhanced spheroid properties, it is not certainly indicative of the
osteogenic commitment of MSCs upon aggregation, and instead, an osteo-like
phenotype is adopted, and the impact of encapsulation on CD105 expression

observed in single cell MSCs is not observed when aggregated.

4.3.5.2 CD146
Aggregation also resulted in reduced signal intensity for CD146, which correlated

with the reduction in the number of expressing cells (Figure 26d, 28c, 30e and
31e). As covered in section 1.1.1.1, CD146 expression in BM-MSCs is correlated
to increased immunomodulatory ability, such as increased IL-6 and VEGF
secretion, as well as improved differentiation capacity (Bikorimana et al., 2022;
Wang et al., 2020; Wu et al., 2016). However, Coa et al. showed that if CD146-
positive BM-MSCs undergo osteogenic differentiation, this expression is lost while
CD73 and CD90 are maintained (Cao et al., 2024).

Therefore, loss of CD146 expression when aggregated could indicate that the

spheroids undergo priming towards osteo-lineage. However, as with CD105, the
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encapsulation has no additional impact on CD146 expression, and therefore, the

aggregation is again outweighing any impact of the gel.

4.3.5.3 CD166
Whilst expression of CD166 was lost entirely in Figures 30g and 31g, for Figures

26f, 27f, 28e and 29d, by day 14, intensity was in line with day-2 control, and
the percentage of cells was either in line with day -2, or in line with day 14
monolayer. It is well documented that CD166 is highly expressed in osteoblasts,
is not lost during differentiation, and is an indicator of multilineage capacity in
MSCs (Chitteti et al., 2013, 2014; Hooker et al., 2015). Further, Cho et al.
presented findings in 2023 showing that CD166 is a related ligand for CD6
receptors on T-cells (Cho et al., 2023). This interaction enables MSC T-cell
suppression, and therefore, CD166 is directly responsible for MSC
immunomodulatory ability. However, literature indicates that spheroids have
enhanced immunomodulatory capacity, which means CD166 should be retained
(Zimmermann & Mcdevitt, 2014). Whilst one experiment conforms with
literature observations, the other does not. Therefore, another experimental
replicate would be useful to clarify whether CD166 expression is maintained

upon aggregation.

4.3.5.4 Other markers
Expression of CD29 and CD73 is maintained by osteoblasts, and therefore, no

change should be detected if osteogenic differentiation is occurring. However,
CD73 is primarily involved in immunosuppressive properties, and therefore,
expression was expected to be maintained in spheroids. Whilst CD29 was
expected to decrease for both single and aggregated cells due to its involvement
in ECM interaction, which would not occur in a non-adherent environment, such
as encapsulation in non-functionalised alginate. There was a decrease in
intensity of CD73 expression for spheroids compared to monolayers (Figures 26
and 27e), which correlated with the number of cells expressing (Figures 28d
and 29d), and this was matched by CD29 in Figures 26b, 27a, 28a and 29a.
However, while the two continued to correlate, in Figure 30, the percentage of
cells expressing remained relatively consistent between the monolayer and
spheroids conditions, but Figure 31 showed the signal intensity to drop
substantially. This indicates that the low-expressing cells had not fallen below

the gating criteria for Figures 30 and 31 and were therefore still counted as
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positive, even though the trend (decreased expression in spheroids) was
otherwise consistent.

Whilst some record retention of CD29 is consistent with osteogenic direction,
this was not shown by Frith (Bradaschia-Correa et al., 2017; Li et al., 2018; Frith
et al., 2010). Frith et al. also showed a decrease in CD73 on aggregation (Frith
et al., 2010). However, other papers have shown only a slight decrease or no
decrease in CD73 (Bartosh et al., 2010a; Burand et al., 2020; Kamprom et al.,
2024). However, whilst not its primary function, CD73 has also been shown to be
involved in cell homing and migration (Ode et al., 2011). Therefore, as MSCs
could not migrate in the gel, perhaps CD73 expression trended along with CD29
because of this. This suggests that CD73 is more critical for cell motility than
previously thought. However, this raises the question of why the encapsulated
single cells, figures 18 and 19, did not exhibit a reduction in CD29 or CD73. This
would suggest that, rather than the gel, it was aggregation that induced a low-
motility state in the cells and the subsequent decrease in CD29 and CD73
expression. Further, CD73 expression is associated with osteogenic
differentiation capability, and the loss of the marker would indicate otherwise,

which contradicts observations of CD146.

4.3.5.5 Marker summary
The decrease in expression for CD105 is logical considering the well-known

immunomodulatory properties of spheroids. However, the reduction of CD29 and
CD73 for spheroids but not for encapsulated single cells was not expected. It's
possible that cell-cell interactions are more prevalent when aggregated
compared to cell-ECM interactions, and therefore, cell-motility is reduced. The
notion of an osteogenically primed state theorised in 3.4 could be argued based
on the decrease in CD146, and maintenance of CD166. However, with the
decrease of CD73 as well, it appears that it’s the wider differentiation
capabilities of the cells that are decreasing upon aggregation - in contradiction
to literature observations (Shanbhag et al., 2020). To confirm this, specific
testing of osteogenesis could be carried out on a re-seeded spheroids and single
cells to determine if marker expression changes again. It would also be
interesting to do simple osteogenesis tests, such as staining for calcium or for
osteogenic markers such as RUNX2 or ALP (Loebel et al., 2014; Meesuk et al.,
2022).
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4.3.6 Nanoindentation
As covered in section 3.1, gel stability should not be influenced as long as the

temperature remains consistent, the vessel remains sealed, and cellular
secretions do not disrupt ion concentration. As the gels are stored at 15 or 20°C,
this is not a concern. Therefore, gels should remain stable during encapsulation.
This was confirmed with the nanoindentation experiments (Figure 32) as
stiffness measurements were consistent regardless of cell type, except for single
cell gels, which show a decrease in stiffness. The other conditions showed a
slight increase in stiffness, and therefore, additional replicates would be useful
to solidify conclusions.

The stiffness measured for this experiment ranges from roughly 9.5 to 15 kPa on
day 1 and 9-17 kPa on day 14; however, there is a large variance in the data.
These surface stiffness measurements fall between those of the endosteal and
perivascular regions of the bone marrow niche, in similar ranges to those of the
adult heart (Handorf et al., 2015; Querceto et al., 2022). As bone lies in MPa
ranges, it is counterintuitive to think softer environments would direct
osteogenesis (Leipzig & Shoichet, 2009). However, work by Huebsch et al. and
Chaudhuri et al. has demonstrated that when MSCs are encapsulated within a 3D
matrix, stiffness of 2.5-9 kPa will direct adipogenesis and 11-30 kPa
osteogenesis, both far below the ranges of their native tissues (Chaudhuri et al.,
2016; Handorf et al., 2015; Huebsch et al., 2010). It is worth noting that, as
mentioned in 1.4.2.3, the surface stiffness of the beads is likely higher than that
internally and local to the cells, as the outside of the beads will crosslink more.
Therefore, it’s possible the actual stiffness is lower than that measured.

Chu et al. provide evidence to show how cell encapsulation in hydrogels can
alter the mechanical properties at both local and bulk scales (Chu et al., 2020).
However, their use of PEG means the causes - cellular removal of gel precursors
and free radical interference before and during crosslinking, respectively - result
in reduced mechanical properties in gels with cells. In contrast, Jahangir et al.
demonstrated that in alginate hydrogels, incorporated cells have no effect on
the stiffness (Jahangir et al., 2020). Subsequently, it was expected that the
stiffness of gels would be consistent. However, as can be seen from Figure 32,
there was a slight decrease in the stiffness of the spheroid encapsulated gels.

This, and the general variability of data points, is likely a result of two things.
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Firstly, the incomplete mixing of the gel and cell suspension before cross-linking
results in higher concentration gels forming some beads. Secondly, inaccuracy
due to technical complications during the measurement of gel and cell solution
during gel fabrication. Viscous gels used in small volumes resulted in wastage
from gel retention in syringes or vessels. When centrifuging spheroids, a pellet is
not formed from which media can be almost completely removed, as with single
cells; instead, they form a loose pellet from which media cannot be fully
removed. Subsequently, there is an inaccuracy in the volume of media the
spheroids are resuspended in. The correlation between alginate concentration
and stiffness is well documented (Ferjaoui et al., 2024; Jeong et al., 2020;
Khavari et al., 2016). It is the variation in w/v% during the gel-making process
that yields inconsistent gel stiffness. This could be minimised by upscaling gel
production, so losses are negligible relative to the volumes used, or by ensuring
that the residual media during spheroid pelleting is negligible relative to the
volume used to resuspend. Due to limitations in cell number, this was not
possible during this study. Subsequently, effects due to differing stiffness cannot

be ruled out during this work.

4.3.7 Second CD34+ Flow
Following on from observations in section 3.4.6, all three donors from this

second experiment were frozen/thawed, and in addition, donor 4 was purchased
from StemCell Technologies, whereas donors 5 and 6 were isolated in-house.
Plotting HSPC populations breakdown of donors from experiment two alongside
those from experiment one in Figure 33e, shows how the fresh donors (donors 1
and 2) have population breakdowns like those of frozen. Donor 2 is similar to
those in experiment two at around 8%, while donor 1 is the lowest of all at
around 2.5%. Further, Figure 33f shows that for a frozen sample, the percentage
of the population that were HSPCS after 14 days increased from 8% to 33%,
which is the same trend observed for the fresh donors in Figure 22. Therefore,
it is likely that donor 3’s decrease in this population is not linked to the sample
being frozen. So, it seems that at least from a population breakdown
perspective, there is no trend between fresh and frozen or bought and self-
isolated. However, all but donor 3 had HSPC population numbers in the
anticipated range, with this sample being a substantial outlier.

Literature indicates that less than 10% of CD34+ BM cells are HSPCs (Civin et al.,
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1996). Figure 33a shows HSPC numbers between 5 and 12% in a population in
which 75-90% were CD34+ (Figure 33d), which is therefore in line with the
literature. However, Table 3 shows that around 5% of cells survive 14 days
encapsulated; therefore, not all HSPCs survive encapsulation. However, by day
14, over 95% are CD34+ (Figures 33f and g); therefore, very few non-CD34+ cells
survive. Moreover, as seen in Figure 33f, by day 14, less than 35% of cells are
HSPCS; therefore, a large number of cells that survive the process are of a

mature cell type, which we would not expect to survive.

As mentioned in section 1.4.4.1. CD34+ thaw recovery is typically around 70%
and data suggest the functionality of the population corresponds to its recovery
(Lee et al., 2008). Therefore, regardless of storage, we would anticipate less
than this Figure for all samples. The poorest in terms of HSPC population
retention (Figure 33a) in experiment 2, being donor 6, is in line with that in
tables 2 and 3, as this population had the poorest recovery post-thawing and the
worst recovery yields post-encapsulation, which would make sense if the
population itself is the least primitive. However, in contrast, donor 5 has far
superior cell recovery post-encapsulation (Table 3) while displaying average
HSPC population retention (Figure 33a). It even sees a decrease in the LT-HSC
population at day 14 relative to day 0 (Figure 33f), indicating that post-thaw
recovery is not a failsafe way of determining the quality of a sample.

As mentioned in 1.1.2 in BM LT-HSCs, cells should occupy 30+18% of the HSPC
population. This is consistent with that observed across the three donors in
Figure 33c, with values between 36 and 46%. Therefore, none of our samples
were atypical and should be representative of most human BM-HSPC samples.
From my observation, a logical trend is also observed where the CD34+CD38-
expression trends in the same way as CD90+CD45RA-, as the most primitive
population should be in a constant ratio with the number of more mature cells in
a system.

By utilising the cell numbers for donor 5 recorded in Tables 2 and 3 and applying
them to the percentages for donor 5 displayed in Figure 33f, it can be
determined that of the HSPC population, 11.4% survived the encapsulation
process, whereas only 6.9% of LT-HSCs survive (Table 4). An area of uncertainty
is whether the change in subpopulation size is due to one population being more

viable than the other, or, as observed in 3.3.3, the cells exhibit reduced or a loss
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of expression of that marker. Assuming the latter, one could perform additional
CD90 gating before encapsulation and measure if the expression is lost or not.
Unfortunately, as the role of CD90 in HSCs remains unknown, it is difficult to
speculate what may be occurring. With its main role being integrin and
proteoglycan binding, the non-adherent environment may be influencing
expression; however, HSCs are non-adherent and have minimal ECM interaction
anyway (Anjos-Afonso & Bonnet, 2023). Its potential influence could instead be
cytoskeletal alterations or even HSC activation, both of which occur in MSCs
during encapsulation and are thus more promising avenues. Assuming the prior,
it is not the most primitive population of CD34+ cells that survives. In fact, the
subpopulation expected to fare best - LT-HSCs - under encapsulated conditions
fared worse than the more mature MPP/ST-HSC CD90-CD45RA population
(displayed in Figure 33g). For this population, the number of cells present
relative to the total live cell number, as well as the number of cells relative to
the HSPC population, both increased over 14 days. Whereas, as previously
stated, the LT-HSC population decreased relative to HSCPCs, see Figure 33f.
This result supports the idea that some of the 90-45RA-subpopulation can enter
quiescence, much like the LT-HSCs (Laurenti & Gottgens, 2018).

With supposedly all LT-HSC cells able to enter quiescence, and it is well
established that later MPP2-4 populations in the HSPC population cannot, one
would assume that the survival rate would be higher in the former. The fact that
this is not the case would suggest that either the CD90+ cells are more sensitive
to the conditions or the CD90- cells are less so. Considering that CD90+ reside
deep within the niche in a highly regulated environment and are particularly
sensitive to stimuli, whereas the ST-HSC/MPPs are known to circulate and reside
in less confined areas within not just the marrow but the body, it is within
reason that it is both. Additional gating to remove the MPP2-4 populations and
leave purely quiescence-capable CD90- cells should, in theory, increase the
relative recovery of this population without impacting changes in the CD90+
population, while seeding the MPP2-4 populations in CFU-assays should exhibit
limited recapitulation ability.

An alternate consideration is that combined, the two populations capable of
quiescence (Figures 33f and g) occupy roughly 8% of the live population at day 0
to roughly 32% by day 14. This indicates that the quiescent population do survive

better than other HSPC subpopulations during encapsulation and storage, and if
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additional sorting steps were undertaken before encapsulation based on CD38-
and perhaps CD90 and CD49f, it could be viable to repeat the study with just
these populations and observe much greater recoverable cell number.

Another population of interest was the CD34+CD38-CD90-CD45RA+ subpopulation
of LPCs. Literature suggests that LPCs (also referred to as Common Lymphoid
Progenitor/CLP and Multipotent Lymphoid Progenitors/MLPS) in adult BM can
enter a quiescent state (Pelayo et al., 2006). However, while at day 0 roughly 4%
of HSPCs were LPCs, by day 14 this number was down to 0.26% - essentially
negligible. Therefore, my findings do not conform to those observed elsewhere

regarding LPCs.

4.3.8 CD34+ CFU
From the initial CFU, these cells exhibit characteristics of cells with high G/M

lineage priming. Observations of CB CD34+ cells by Gafaar et al. showed BFU-E
to be roughly 6 times more prevalent than CFU-E and CFU-GM, with no
observable CFU-GEM colonies (Gaafar et al., 2025). In contrast, during an
optimisation study of this technique with PB-CD34+’s, G/M colonies were 10x
more prevalent than CFU E or GEM in CD34+ cells (Thompson et al., 2023). This
suggests that while there may be cell lineage bias depending on the cell source,
neither had high numbers of the colony type produced by the most primitive of
colony-forming cells, the MPC. This was, however, observed by Simsek et al.,
who demonstrated that low mitochondrial potential (MP) BM cells (>80% LT-HSCs)
display a colony composition of 1% BFU-E, 56% CFU-GEM and 43% CFU-GM. While
the high MP cells display 6% BFU-E, 32% GEM and 62% GM (Simsek et al., 2010).
This is a useful comparison to the prior studies, where only CD34+ cells were
investigated. The subpopulations have very different colony-forming abilities,
and the breakdown enables identification towards how primitive the population
is. As the cells analysed in Figure 34 compare more towards a CD34+ population
(as is expected based on the purification method used in section 2.3.4, rather
than LT-HSC, this shows that before encapsulation, these cells were likely not
primarily LT-HSCs, instead being a more mature population with greater MP. As
only around 3% of cells in this population were LT-HSCs (Figure 33b), this was
indeed the case for this donor, and as the percentage of CD90+CD45RA- cells in
the CD34+ population is relatively consistent 1.1.2 this should probably be the
case for most CFU studies of healthy BM.
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By day 14, it's expected that there would be a significant contrast in the colony
composition due to the increased relative number of quiescent cells present
compared to day 0. As displayed in Figures 33f and 33g and covered in 4.3.5,
the cell population capable of quiescence (and the most primitive populations
that correlate to the number of CFU-GEMs that arise during CFU assays)
increases from 8% at day 0 to 32% by day 14. Subsequently, Its anticipated that
should the other CFU assay for donor 2 survive, it would have had a significant

increase in the number of GEM colonies formed.

4.4 Summary
The effects of encapsulation within unmodified alginate hydrogels at 1.2% w/v

are independent of media composition (Figure 25h) at 15 or 20 °C (Figure 25i).
However, there is also a decrease in viable cells within the spheroid (Figures25j,
k and l) and as spheroids are not maintained effectively in culture within
AggreWell™ plates, there is a lack of a suitable control to determine if this
decrease in viability is due to encapsulation. Further, the encapsulation process
causes the spheroids to contract more than those in culture, although this new
size is then maintained for a minimum of 14 days (Figure 25g).

Over the period of the experiment, spheroids are maintained far better within
the gels than outside, and initial thoughts were that this could provide a suitable
storage and/or transport method for formed spheroids.

When assessing the surface marker of cells in spheroids relative to a monolayer
(Figures 26, 27, 28 and 29), there was a noticeable decrease of CD146, which
would indicate loss of multilineage ability, particularly when coupled with the
far greater decrease in signal intensity observed for CD29 and CD73 (Figure 31).
However, MSCs are known to retain full functionality upon dissociation. Analysis
of Figures 25 I, j and k shows cells displayed increased metabolic activity via
increased Calcein intensity - an indication of differentiation. However, cells are
known to re-establish normal MSC behaviour if re-seeded, and so any loss in
multipotency is not permanent. This marker expression loss is seemingly induced
pre-encapsulation, and after 14 days of encapsulation, there is no noticeable
change in expression, suggesting that the gel does not further influence this
state.

Nanoindentation of gels showed surface stiffness values in ranges known to
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induce osteogenic differentiation (Figure 32), as well as quite a large variability
in stiffness for both technical and biological replicates. However, the internal
and local stiffness of the cells is likely softer than this, due to the decreased
crosslinking further into the gel.

While characterisation of MSCs and their progenitors has become more detailed
over the years, there still lacks uniformity across studies. It would be worthwhile
to assess surface markers, RNA and behavioural characteristics of MSCs in depth
in order to provide clearer criteria for identifying subtypes and their subsequent
culture. Further, this would enhance the consistency of data across studies and
provide conclusions with stronger foundations and greater reproducibility.

In relation to the hypothesis stated in 4.1.8, encapsulation of spheroids results
in a temperature-resilient method of storing MSCs, which is also independent of
media type. Further, while encapsulation does not impact surface marker
expression of aggregated MSCs, the act of aggregation does. This reduction of

surface markers indicates that a less ‘stem-like’ state is adopted by the cells.

The functional ability of CD34+s observed via CFU assay (Figure 34) correlates
with surface marker expression (Figure 33) in that there are very few LT-HSCs
present, with the colony giving rise to very few GEM cells and marker expression
showing few LT-HSCs.

Additionally, the post-thaw recovery and post-encapsulation recovery are
strongly correlated (Tables 2 and 3); however, this does not correlate directly to
the primitivity of the cells (Figure 33a and 33b), which is in contradiction to
the literature (Lee et al., 2008). Across 6 CD34+ primed donor samples (Figure
33e), roughly 7% (excluding potential outlier) or 12.4% (including potential
outlier) are HSPCs, in line with expected values from the literature (Civin et al.,
1996). Further, LT-HSCs then occupied roughly 40% of this population, again in
line with literature (Figure 33c) (Majeti et al., 2007). Therefore, the
populations used were representative of the composition of in vivo BM and can
be considered valid model cell types.

While recovery numbers post-encapsulation were generally disappointing, the
hypothesis that cell populations too mature to enter quiescence were those that
saw the greatest decrease in viability was maintained; however, this then

resulted in the consideration of the MMP/ST-HSC subpopulation having
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quiescence-capable cells. When both LT-HSC and MMP/ST-HSC populations were
grouped, the substantial bias towards these cells surviving the encapsulation and
storage process was evident. Therefore, it is hypothesised that with additional
priming towards CD38- and even CD49f, the survivability of HSPCs in this system
could be dramatically improved. In future developments, if the intended use of
the system is to simply transport the total cell population, then adding
additional purification before encapsulation would not be necessary. However, if
for use as a testing platform, then it would be logical to investigate how well a
purer population survives to truly assess applicability. It could also be beneficial
to assess each subpopulation individually, from LT-HSCs to the different
progenitors, as that would indicate specific cell types. This could be more viable
if the mixed population remains impractical. Comparing data to the hypothesis
in 4.1.8, LT-HSCs are not more capable of surviving encapsulation than other
quiescence-capable phenotypes; however, this mixed population is more viable
than non-CD34+CD38- populations. Further, fresh or frozen samples showed no

difference in their sub-population composition or survivability.
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Chapter 5. Discussion

5.1 Project summary
As covered in Chapter 1, the primary goals of this project were to determine the

impact of encapsulation and hypothermic storage on MSC spheroids and on HSCs.
In addition, observations were made regarding the impact of aggregation on
MSCs, and also the composition of CD34+ isolated cells from self-isolated and
external, purchased sources.

Whilst viability of the entire CD34+ cell population after encapsulation and
storage was low (Figure 21), the HSPC sub-population number was in the
anticipated range for both purchased and donated samples of around 10%
(Figure 22d, 33a), and this was confirmed with a functional CFU-assay (Figure
34). However, this raises the question of how suitable the CD34+ population is
for use as ‘HSCs’ in other studies.

Based on these observations, it was theorised that the HSPC population would be
maintained in this system while the non-HSPC CD34+s would not. Further, the LT-
HSC subpopulation would be the most viable under encapsulated conditions. This
is due to the stiffness of the gel favouring osteogenic phenotypes (Figure 32),
and therefore, as HSCs reside in the stiff, endosteal niche, this would similarly
favour them. In addition, it’s widely regarded that LT-HSCs reside primarily in
the quiescent state while ST-HSCs/MPPs are more metabolically active.
Therefore, a quiescence-inducing environment would be more favourable to LT-
HSCs.

The first hypothesis was not correct - while HSPCs showed more favourable
survivability (Figure 22d, 33a), non-HSPC CD34+ cells still survived the process
(Figure 22a). For the second hypothesis, it was the ST-HSC/MPP subpopulation
that was maintained more effectively than LT-HSCs (Figure 33e and f). However,
this validates findings that MPPs can enter quiescence alongside HSCs, even if
they do not have long-term recapitulative capabilities, and this system does
enable hypothermic, encapsulated storage of HSPCs.

The hypothesis for MSCs was that 15 °C would give the best viability, in line with
the literature, and that encapsulation would impact surface marker expression
of spheroids.

MSCs retain their surface marker expression, and therefore phenotype, more
effectively when cultured in DMEM compared to IMDM (Figures 12-15). The
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optimal temperature for MSC encapsulation was confirmed as 15 °C, as stated by
Atelerix (Figure 11). However, the culture medium had no impact on the
viability of encapsulated MSCs, indicating that the cells are no longer in a
metabolically active state (Figure 16).

Encapsulation of MSCs (Figures 17-20) resulted in the reduction of CD105 and
CD146 expression compared to the starting control, with other markers
unchanged. There was also an indication that some marker expression increased
over the two weeks in culture.

Aggregated MSCs showed no change in viability due to temperature or media
changes, demonstrating their documented increased resilience compared to
MSCs. Interestingly, aggregation reduced surface marker expression in MSCs for
more markers than encapsulation did. In fact, for spheroids, the encapsulation
had no further impact on expression, suggesting that the effects of aggregation
are more severe than those of encapsulation and explaining why viability was
not impacted by encapsulation either. This would indicate a decreased
multipotency and ‘stem-like’ phenotype of the cells, which explains the
different properties of aggregated MSCs compared to single cells, if a

phenotypical change is occurring.

5.1.1 Comparison to Atelerix

During this study, Atelerix have produced updated guidelines regarding potential
encapsulation times for subpopulations of MSCs, namely BM-MSCs, and CD34+
HSCs; however, there is no information regarding the source of the CD34+ cells
and whether they are actually HSCs or HSPCs (Samples Preserved | Atelerix,
n.d.). For BM-MSCs, they suggest 15- 25 °C for 7 days, which is in contradiction
to observations in Figure 11b, where 20 °C saw a decrease in viable cell number
relative to 15 °C. For CD34+, they suggest 15- 25 °C for three days, which was in
line with trends observed in Figure 21. and suggests that rather than a purified
CD34+ population of HSCs, this was likely a population of HSPCs. This thesis
indicates that by breaking HSPCs into subpopulations, different encapsulation
times than those presented by Atelerix are probable. Move over; if the
population being encapsulated is properly primed, longer times than 3 days are
feasible. This work specifically encapsulated BM-HSPCs, which are distinctly

different from cells from other sources, and should therefore be presented as
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such, in line with their updated website, which does so with MSCs. Atelerix also
have no specification for the encapsulation of MSC spheroids, which remain
viable for 14 days; however, additional functional testing is necessary before

being advertised for use.

5.2 Limitations of the study and troubleshooting
5.2.1 Cells

Due to limited availability, there was no ability to use specifically male or
female donors, nor a specific age range. However, the donor samples were from
femoral heads after hip replacements, over 90% of which occur in over 50’s
(Patient Profile - NHS England Digital, n.d.). Some studies have shown over 50’s
exhibit reduced regenerative ability in their stem cells, although findings are not
consistent (Koudy Williams et al., 2017). Also, some studies show female BM-
MSCs having reduced CFU-F capacity, differentiation capacity and surface marker
expression under standard culture conditions, while others show no difference
(Selle et al., 2022; Vogt et al., 2024). While unclear, attempts to replicate the
work may choose to consider stricter controls over the age and gender of the
donor samples. It would also be preferable to carry a group of donors through
the entire study, rather than using different MSC donors for each experiment.
This would make it easier to compare and draw results from different

experiments.

Regardless of the behavioural characteristics of the cells in the gels, the
recovery rate of cells over time periods relevant to their desired use is too poor
to be a viable use for CD34s (Section 4.2.5, Table 3). However, if only HSPCs
were used - requiring additional purification based on CD38 - then these cells
were more viable and would be of interest to investigate further (Figure 22d,
33f). However, the number of rare cells required would then become limiting.
For example, it is an unfeasible number to expect to retrieve from a donated
sample, and therefore, single donors for studies would be hard to come by,
resulting in donor pooling and greater uncertainty in results. However, it remains
that if financially capable, another could repeat or expand this research using
purchased HSCs.

Immortalised alternative cell types with similar size and adherence to HSCs, such
as leukaemic lines THP-1, U-937, and K-562, were all tried as alternatives;

however, due to their highly proliferative and mature phenotype, they were not
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viable at hypothermic temperatures. This is likely the case for any immortalised
lines, such as genetically modified hTERT-immortalised MSC lines, as
modifications to ensure unlimited proliferative capacity are counteractive
towards entering a low metabolic, quiescent state. As with HSCs, if finances
allowed, MSCs could be purchased to repeat or expand on this work, with
multiple vials from the same donor available.

Ideally, 6 biological replicates should be used for experiments to make
assessments on normality and therefore use more conclusive statistical tests,
with >3 experimental replicates each, each with >3 technical replicates. This

provides the most robust data and can provide meaningful statistics.

5.2.2 HSPC Experiments
In chapter 3, while they weren’t strictly measured, roughly 1million CD34+ cells

for Donors 1, 2 and 3 were encapsulated for each condition. For flow cytometry,
not all cells were stained and analysed; however, numbers analysed per
condition were 64,000, 33,000 and 24,000 for donors 1,2 and 3, respectively.
These numbers were roughly as expected based on the hypothesis that it was
likely the HSPCs that were surviving the process, and at most 10% of CD34+ cells
are HSPCs. Considering the cells analysed for flow were underestimates of the
actual number, the number of cells encapsulated per condition was increased to
1.5 million in Chapter 4, with the expectation that this would give sufficient
numbers to use 15000 of the surviving cells for triplicate CFUs and split the rest
for flow and PCR. However, as was observed in Table 3, the number of cells
recovered from the lone CD34+ cell gels was all below 50,000 in total. Further,
while surface marker expression was not impacted by the cells being fresh or
frozen, the frozen donor in chapter 3 - donor 3 - had the lowest number of
analysed cells for flow. While only speculation, and remembering to consider the
inaccuracy previously stated, all 3 donors in chapter 5 were frozen, and all had
poor recovery, like donor 3. Therefore, it could be that while freeze/thaw
doesn’t impact phenotype, it does impact the hardiness of the cells and prevents
them from being suitable for encapsulation. An easy way to test this would be to
utilise more fresh samples, but this was not practical. However, if there were a
method to store the HSCs for a few days without the need for freezing them,
this would enable time to set up the experiment and prevent the need for

freezing. In an ideal world, that product would be Atelerix hydrogels or a version
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of it; perhaps a simple home-made alginate gel at similar concentrations could
be used as a placeholder before using the actual thing. In extension, the
products’ short-term applications could therefore be tested. These studies were
not carried out in this work due to the lack of access to cells. The final
experiments were designed to be co-cultures with MSCs, and therefore required
setup time and cells available when needed, because there were limited cells
available, and the aim was to gather as much information from three
experiments as possible. However, with more cells available, this slower, more

methodical approach to validating the method would have been adopted.

5.2.3 MSC experiments
For MSC studies, something that should also be considered is that, based on the

viability (Figure 16), the number of dead cells increases during encapsulation.
Therefore, there is a population of cells which were characterised initially,
which are then not part of the day 14 analysis. This could mean that rather than
the expression being lost or gained in a condition, this population always existed
but was instead diluted by the additional population at day 0, which then no
longer existed. This is possible for observably small changes; however, when
substantial decreases in population are observed, it is unlikely to have a
significant impact. It is also difficult to identify these subpopulations if they are
exhibiting the same expression of the markers we are using as one another. The
argument could be made for more complex panels; however, the flow cytometer
used had only 12 channels. With the current advancements in spectral sorting
enabling real-time morphological measurements and panels easily in excess of 50
colours, this technique could be possible and probably preferable for future
work.

The flow cytometric experiments could be refined to improve the accuracy of
the data. For example, the experiments could be carried out at the same time
rather than concurrently, which would mean conditions were as consistent as
possible. Further, increased numbers of technical, experimental and biological
replicates would give more statistically robust data. The data could also be
mirrored using alternative analytical methods, such as antibody staining for the
assessed flow panel and measuring using fluorescence microscopy, or by
analysing protein expression via a western blot or gene expression via PCR. The

only thing to consider with protein analysis is that cells in a low metabolic state



Chapter 5 159

will produce less protein, and so yields will be low. Further, additional RNA
clean-up steps or specific columns will be required as the degraded alginate will
leave residue, which may clog the columns without adequate sample
preparation.

Additional differentiation experiments could be carried out to determine
whether multipotency has been lost permanently due to aggregation, such as
inducing adipogenesis and staining with oil red O solution to stain lipid droplets,
or inducing osteogenesis and staining with alizarin red to stain calcium deposits
(Bernar et al., 2023; Du et al., 2023). Alternatively, the cells could be stained
without re-seeding them using immunofluorescence by stabilising the alginate
using larger ions and imaged within the gel using confocal microscopy or another
high-resolution technique (Lee & Mooney, 2012).

Nanoindentation gave stiffness values in line with those observed to induce
osteogenic lineages. However, based on information presented in 1.4.2.3, in
beads of the size used in this study, the crosslinking is likely inconsistent - being
more heavily crosslinked on the surface and less crosslinked towards the centre
of the bead. As a result, the local stiffness experienced by the cells is not that
which was measured on the surface using nanoindentation. Therefore,
assessments on the impact of this stiffness on the cells must be taken with this
caveat. To determine local effects of the gel stiffness, this experiment could be
repeated with gels cut in half or sectioned, to enable stiffness measurements to

be taken on the internal structure of the gel.

5.2.4 Gels
The primary technique for characterising hydrogels in the lab available is

rheology, which is a useful technique when you have access to relatively large
volumes of gel. However, each gel disc for measurement required a minimum of
1ml to be both wide and thick enough to be tested, which was beyond the scope
of this work. Additionally, as mentioned in 4.1.6, the material properties would
not have been directly comparable to the beads.

Nano-indentation, on the other hand, allowed for a smaller volume of gel to be
used and allowed direct comparison to the environment of the cells in my
system. However, it did bring its own complications. As the sample must be
submerged in liquid and ion concentration changes will alter the properties of

the gel, PBS Ca++ Mg++ was used, and the time of measurements was limited to
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15 minutes, after which the sample was discarded. If the sample is in solution
for too long, it will soften, and measurements will not be taken accurately
and/or the degrading gel will adhere to the cantilever, dampen measurements
and potentially damage the probe. Other methods that could have been utilised
were compression testing, where Young’s modulus is measured by compressing
the bulk material or SEM to measure the pore size of the gel, which correlates to
the mechanical properties (Nafar Dastgerdi et al., 2021) (Santana et al., 2015).
If another were to try to pursue this avenue of work without using Atelerix
materials, elements of gel customisation may be beneficial. Such customisation
could also be beneficial for analytical purposes. For example, gel degradation
observed at 37 °C could be slowed by using more robust crosslinking, such as
with Ba?* or covalent crosslinking, as covered in 1.4.2.3 (Lee & Mooney, 2012).
BaZ* could also have been used to stabilise the gels before imaging - making
them less susceptible to degrading during washing steps for immunofluorescence
or viability staining. If using smaller cells, using smaller beads could also yield
faster crosslinking and reduce processing times, as well as provide a more
consistent pore size and crosslinking density throughout the gel, resulting in a

more homogeneous environment.

5.3 Recommendations for future work

5.3.1 Alternative and complementary experiments
To assist in the analysis of cells, alternative experimental methods could have

been used to assess the metabolic activity of the cells and, therefore, judge if
quiescence is induced upon encapsulation. This is usually performed using
colorimetric or fluorescent techniques. For example, one method to measure
proliferation or viability utilises the reducing environment of cells to convert a
non-coloured or non-fluorescent molecule into a coloured or fluorescent form,
such as the resazurin-resorufin transition of Alamar blue (AlamarBlue Cell
Proliferation Assay | BMG LABTECH, n.d.). Alternatively, staining can occur by
the cellular uptake of a coloured/fluorescent molecule, which is either held
within the cell or binds to something within the cell, such as BrdU (5-bromo-2’-
deoxyuridine), which binds to new DNA fragments as they are synthesised (BrdU
Labeling & Detection Protocol - UK, n.d.). Other targets include measuring
oxidative phosphorylation, ATP synthesis or assessing glycolysis by measuring
lactate and glucose (Glycolysis/OXPHOS Assay Kit G270 Manual | DOJINDO, n.d.).
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Alternatively, one could stain for genes upregulated during quiescence, rather
than those upregulated during metabolism/proliferation, such as P27 (Toyoshima
& Hunter, 1994). These techniques are typically simple and inexpensive, and
could give good consolidatory evidence to a project and provisional information
prior to a larger experiment. Gene analysis using PCR or Fluidigm would give
greater insight into the behaviour of the cells and potential phenotypical
changes, along with offering a secondary method of analysing quiescence and
metabolic markers other than with stains and microscopy, as common targets for
staining are often regulated by a specific gene. By isolating RNA from cells, the
number of genes that can be analysed is limited only by the quantity of RNA
obtained, compared to the number of laser channels available to analyse co-
stained samples for flow cytometry or microscopy. This enables a much larger

picture of the workings of the cell population.

5.3.1.1 HSC gene expression
More mature subpopulations should exhibit increased expression of

metabolic/respiratory genes than primitive cells. Similarly, it’s expected that
they would show decreased expression of cell cycle inhibitors and increased
expression of the receptors. As covered in 1.1.2, the MMP2-4 cells within the
HSPC population exhibit no ability to self-renew or enter quiescence. In fact,
this behaviour is only guaranteed in LT-HSCs, with only 1 in 4 CD90-CD45RA-s
(MMP1/ST-HSCs) capable. This would mean strong expression of CDKs 1-4,
CCND1, Ki6é7, ATP and Glut-1, while displaying poor expression of P16, 21, 27, 53,
CDKN1A, as the gene expression of the few primitive cells is diluted by the more
numerous mature cells (Engeland, 2022; Malumbres et al., 2004; Mende et al.,
2015; Toyoshima & Hunter, 1994). This trend would continue for other primitive
markers, such as seeing a relatively low expression of cytokine receptors c-MPL,
CXCR4 and Tie-2, while seeing more activity of c-KIT (Arai et al., 2004; Broudy,
1997; Nie et al., 2008; Yoshihara et al., 2007). Additionally, one would expect to
see relatively low expression of hypoxic genes such as HIF1-a, Notch1, TGFB,
CEBPa and stronger expression of HIF2-a, low expression of Bmi-1, YAP, TAZ, Tcf7
and finally activation of the canonical/inhibition of the non-canonical Wnt
pathway (Heng et al., 2020; Hidalgo et al., 2022; Patel & Simon, 2008; Zeng et
al., 2004).

In theory, comparing this expected day 0 expression to that at day 14 should give
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significant changes. Populations that are encapsulated should see a reduction in
metabolic/cell cycle genes compared to the day 0 cells in culture, as the

decreased temperature and nutrient availability once encapsulated should

5.3.1.2 MSC gene expression
Gene analysis for MSCs should aim to investigate the difference in expression

between monolayer MSCs and spheroid MSCs, the effect of encapsulation and co-
encapsulation with HSCs. Genes of interest would be associated with hypoxia,
quiescence/cell cycle/metabolism, ‘stemness’ and differentiation. For example,
aggregation into MSC spheroids should show increased expression of hypoxia-
related markers such as HIF1-a and VEG-F, angiogenic cytokines such as ANG-1
and upregulation of CXCR4 for homing abilities (Rovere et al., 2023; Zhang et
al., 2012; Nai-Chen Cheng et al., 2013). However, these increases (except for
ANG-1) would be less than in a larger spheroid with a necrotic core, as my 200-
cell spheroids do not have one.

During maturation - which would be occurring if osteogenesis is also induced -
cell activity typically increases and one would anticipate increasing expression
of cell cycle receptors CDK1, CDK2, CDK4 as well as genes encoding ligands that
complex during activity such as CCND1, and metabolic marker genes like Ki-67
(Rovere et al., 2023, Brugarolas et al., 1998, Malumbres et al., 2004). I’d also
expect upregulation of the cell cycle inhibitor CEBPa and stemness markers
NANOG, OCT4 and SOX2 (Kim & Adachi, 2021; Friedman, 2015; Imamura et al.,
2020; Zhang et al., 2012; Nai-Chen Cheng et al., 2013).

Literature demonstrates contradictory osteogenic gene expression and functional
behaviours of MSCs upon aggregation. For instance, one should expect little
change or even a decrease in early osteogenic markers such as ALP or Col1a1
(Yamaguchi et al., 2014; Kim & Adachi, 2021). However, one should see clear
upregulation in late osteogenic markers such as BMP-2, MSX and OSX (Yamaguchi

et al., 2014), notch-1 signalling during osteogenesis (He & Zou, 2019).

If the expression of cell cycle inhibitors increased and cells that died under
encapsulation did not enter quiescence, this should be observable by changes in
proliferative and metabolic/respiratory genes such as Ki-67, glut-1 and ATP
between day 0 and day 14 (Flood et al., 2023, Engeland, 2022, Arponen et al.,
2022). In addition, I’d anticipate the original RNA to have reduced expression of
inhibitors P16, P21, P27, and P53 relative to day 14.
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The addition of HSCs to the MSCs, due to all being hypothesised to be in a
metabolically inactive state, could result in no impact on one another. However,
both cell types reside in low metabolic states in the BM and still exert a
significant influence on neighbouring cells. Subsequently, it would be interesting
to see if HSCs trigger a response in MSCs, perhaps upregulation of HSCs

maintaining cytokines, and maybe enhanced expression of stemness markers.

5.3.1.3 Combined MSC spheroids and CD34+s

The interaction between spheroids and HSCs could have a variety of
implications. One of the most likely outcomes of co-encapsulation is that the
environment induces a low activity state in all cells, significantly reducing
expression levels of cytokines in MSCs and the corresponding receptors on the
HSCs. Subsequently, any observable trends in gene and surface marker
expression from the homogeneous encapsulation should then be equally
apparent in those encapsulated heterogeneously.

It is unlikely that any significant activation occurs in either cell type, as the
conditions are harsh enough to induce and maintain a low metabolic state,
regardless of the other cell. If one were to influence the other, it is expected
that the background secretory profile of the cells would be the cause rather
than an active response to the other. From this perspective it would be
anticipated that MSCs expression profiles are consistent with or without HSCs,
however the HSCs could then respond to this secretory profile with either;
activity induced, subsequent viability decreases, and primitive population
decrease as cells exit quiescence, are unable to survive and die; or it helps
maintain the state of quiescence in the HSPC population, increasing the number
of recoverable cells. For the former, this may correlate to increased c-KIT
expression, along with potential canonical Wnt activation. For the prior, HSC
gene expression would likely see changes similar to those expected between day
0 and day 14, but to a greater extent, particularly those of the cytokine
receptors c-MPL, CXCR4 and Tie-2.

However, based on the SCF and CXCL12 expression observed in spheroids by
Zhang et al., this would result in the counteraction between HSC activation and
quiescence; therefore, the expression of the cytokines could adjust when in

proximity of HSCs to favour one outcome (Zhang et al., 2012). In which case, the
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directed metabolic state would correlate to a change in expression of cytokine
from the MSCs, unlike the passive interaction considered above.

If spheroids induce self-renewal, then the HSCs would temporarily have to enter
the cell cycle to do so - therefore, the levels of CDKs 1-4, CCND1, Ki67, ATP and
Glut-1 would not be as low (or as high for P16, 21, 27, 53, CDKN1A) as the lone-
HSC condition. However, if no induction into self-renewal takes place, these
genes should remain consistent, and if the HSC population maintenance is
enhanced by the MSCs, then they would follow trends of the lone-encapsulation
condition, but to a greater extent.

Analysing the surface marker expression would also be beneficial, as if the MSCs
are supporting the wider HSPC population, then the recovery for all
subpopulations should be greater. Further, if it is inducing any phenotypical
changes, this would mean cell cycle activation with trends similar to that above,
but this time a shift in surface marker expression would correlate to more
mature sub-populations, with a decrease in CD90+CD45RA- or even CD34+CD38-
numbers and an increase in others. In contrast, if the cell cycle is being
activated to induce self-renewal, then the result is expected to be an increase in
the expression of the primitive surface markers relative to the lone-
encapsulated HSCs, while the mature subpopulation numbers would remain

consistent.

If the CD34+s are simply being better maintained in the presence of MSCs, it is
expected that an even larger disparity between day 0 and day 14 composition
than that covered in section 4.3.6. would occur, as the subpopulations unable to
enter quiescence at all would still experience the same fate, whereas some of
those that were capable but unable would be supported by the MSCs, resulting in
the quiescence-capable cells occupying more than 32%.

Finally, any eventuality that resulted in more widespread maintenance of HSPCs
should then be functionally observed by colony composition more closely related
to that observed at day 0, however, one would anticipate a greater number of
colonies per cell, as the most mature cells, which were unable to form colonies,
are highly unlikely to survive in the gel at all.

In comparison, much like the gene expression, if the quiescence-capable

populations are even better maintained than in the lone-encapsulated
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conditions, then the same trend would be observed, but with even greater

emphasis on the number of GEM colonies that are formed relative to the others.

5.3.2 Short-term HSPC investigation
While viability over 14 days is poor enough to rule CD34+ cells out as an off-the-

shelf product for drug testing, it may still be applicable for use as an alternative
storage and transport method for HSPCs as long as the cells remain viable for a
few days. Therefore, short-term testing should be undertaken (< 14 days). It
would also be beneficial to use the HSPC population only by additional gating.
The HSPC subpopulation is maintained more effectively after 14 days compared
to the other cells in the CD34+ population (Figure 28), and it's anticipated that
this would be the case across all time points. Therefore, the maximum time of

encapsulation that yields acceptable recovery (>80%) should be found.

5.3.3 Quiescent cell secretion
Investigation into HSPCs while encapsulated should use different

supplementation and determine whether cytokine mix, MSC co-encapsulation or
MSC spheroid co-encapsulation, if any, is most suited. Many of the cytokines
added in solution are unstable at room temperature, and therefore,
MSCs/spheroids could act as a supply during storage if they are expressed under
low metabolic conditions. While literature is unclear regarding the level at
which intercellular signalling occurs in quiescent cells, they exhibit clear
upregulation in intercellular signalling genes (Maresca & Cheeseman, 2020). For
example, quiescent fibroblasts have been observed with complex secretory
profiles, highlighting the possibility that other cells may do the same (Chen,
2012; Brauninger, 2021).

Atelerix does not indicate that seeding density is related to viability. However, as
both direct cellular interaction and intercellular signalling are integral to the
maintenance of quiescent cells, seeding density is likely to play a role in how
well the cells survive encapsulation (Crippa, 2018). Subsequently, this should be
investigated for HSPCs, MSCs and MSC spheroids. However, upper limits should be
considered for when the physical properties of the gel are influenced by the

cells.

5.3.4 Spheroid Size

Spheroids are formed and used with a wide range of cell numbers, which is

directly correlated to their size (Xie et al., 2021). The maximum spheroid size
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that can be encapsulated without detrimental impacts on the physical properties
of the gel should be calculated before advertising for use. Further, the
properties of spheroids vary based on size, and therefore, the spheroids of
different sizes may behave differently (Bhang et al., 2012).

Once the maximum size of the spheroid that can be encapsulated with gel
properties maintained is found, then spheroids within the size range can be

assessed for their behaviour.

5.3.5 Validation
If used for spheroids as a storage/shipping method, then this process should be

validated. At the very least, if shipping at ‘room temperature’, the temperature
is likely to fluctuate, and if shipping aerially, there will be pressure changes. For
example, Damala et al. demonstrated that L-MSCs transported across India at
18.6 + 1.8 °C remained viable for use there, and similar case studies would be
required before HSPC and/or spheroid encapsulation storage being advertised in

specific areas (Damala, 2019).

5.3.6 Co-encapsulation
Once hypothermic encapsulation has been proved to work with both HSPCs and

MSC spheroids, then co-encapsulation can be investigated through two avenues.
First, they could be used as a dual testing platform to observe drug effects on
both cell types at the same time, as well as the interaction they have with each
other under those conditions. Secondly, spheroids could be used to enhance the
survivability of the HSPCS. For instance, MSC spheroids can be used to

supplement/replace media supplementation.

5.3.7 High throughput manufacturing
3D bioprinting of MSCs and MSC spheroids using alginate hydrogels is well

established, and this could reduce the labour intensity of the encapsulation
process (Datta et al., 2023; Sanchez-Rubio et al., 2025). However, there is not
the same level of information regarding bioprinting and HSPCs. Therefore,
ensuring a bioprinting process has no negative effects on HSPCs means a larger-

scale production process could be used if this were to be an active product.

In order to decrease costs, decreasing the size of the gels, and therefore the
number of HSCs, should be considered. The gels were produced at a specific size
as per the protocol provided by Atelerix. However, smaller cell-laden alginate

hydrogel beads more than 10 times smaller (50-200pm diameter) have been
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produced in numerous studies, particularly by utilising microfluidics to do so at
high throughput (Tan & Takeuchi, 2007; Utech et al., 2015; Enck et al., 2020).
While these studies often use MSCs, one did utilise HSPCs. However, the beads
were closer to 400pm in diameter - still an over 75% decrease in diameter
compared to my own (Carreras et al., 2021). Utilising microfluidic techniques
could therefore reduce the throughput of the process as well as provide more
control over the number of cells in each gel and make them more consistent as a

platform in potential applications.

5.3.8 Material properties
The protocol described by Atelerix suggests a gelation time of 10 minutes, with

crosslinker in excess, and with beads roughly 2mm in diameter. Based on work by
Ramdhan, the time taken for contraction - and therefore crosslinking - to
plateau is upwards of 2 hours of gelation time (Ramdhan et al., 2019).
Therefore, it is likely that the Atelerix gels are not fully crosslinked when moved
to culture medium, and the gels will then continue to crosslink using cations
from the medium until equilibrium is reached. It would be of interest to
investigate more than surface stiffness, but whole-gel properties by compression
or maybe take cross-sectional slices of the gel to examine both internal and
external properties, perhaps using SEM (Santana et al., 2015). Per the Atelerix
protocol, any media can be used for the storage and delayed crosslinking of the
beads. However, with different media having differing ion concentrations, it can
be assumed that the type of media would give different gelation times and
potentially differing gel properties, so this should be assessed. A way to alleviate
the delayed crosslinking is by using smaller beads to reduce gelation time and,
therefore, give more consistent gel properties - something possible with

microfluidics.

5.4 Prospective applications of hypothermic, alginate-
encapsulated stem cells
5.4.1 MSC spheroids

Due to their maintained viability over 14 days, this system could be used as a
storage/shipping method for MSC spheroids. This means that labs could purchase
ready-to-use MSC spheroids without needing equipment to make them

themselves. This longer time period would also enable more widespread
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distribution of the cells to an international clientele. It also means that a ready-
to-use drug testing/screening application is viable, particularly by utilising 3D-
bioprinting to produce gels in a 96-well plate format. However, drug choice must
be considered based on the pore size of the gel, as larger molecules would not
permeate through. Further, the resilience of spheroids resulted in reduced
susceptibility to temperature changes and, therefore, would be viable in a wider

variety of climates and/or fluctuating temperatures.

5.4.2 CD34 and HSPCs

Encapsulation of the entire CD34+ population is not a viable use due to the poor
viability of mature haematopoietic cell types in the system. However,
encapsulation of HSPCs for short-term (< 7-day) studies remains feasible and
should be investigated further. While the cells do not remain viable long enough
to survive shipping as well as an assay, they could be used for one or the other.
Therefore, for local delivery as an alternative to cryopreservation, this remains
an option - requiring immediate use or cryopreservation upon receipt. It could
be utilised as a transport method in areas without cold-chain infrastructure,
such as that demonstrated by Damala et al., to enable the use of SCT in more
remote hospitals (Damala, 2019). It also removes the need for toxic
cryoprotectants such as DMSO (Valentini, 2024).

Encapsulated HSPCs could also be used as an in-house drug testing platform
independently of a storage/transport system. An ex vivo method for maintaining
a quiescent phenotype could improve insights into how drug uptake is impacted
by quiescence in HSPCs for investigating treatments of haematopoietic diseases,

as well as off-target drug uptake.

5.4.3 Spheroids and HSPCs

As mentioned in 1.3.4. The protective effect of MSCs on HSCs is something not
widely considered in research, and yet it is critical to HSC response to stress and
trauma (Mendez-Ferrer, 2020). There is also evidence that MSCs reduce the
effectiveness of drugs on diseased cells (Méndez-Ferrer, 2021; Tang et al., 2018).
Therefore, if drug testing on HSCs is to be carried out in vitro, it would be most
biologically comparable in a co-culture system with MSCs present. This then
applies to the presented work, which, if to be used as a drug testing/screening
platform, should strive for in vivo comparability. Further, this system could

provide insights into interactions between low-metabolic cells within BM,
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expanding on existing work investigating cytokine expression and intercellular

signalling (Chen, 2012; Brauninger, 2021).

5.4.4 Alternate cells
It is not just MSCs and HSCs which can enter quiescence; other stem cells still

require investigation. For example, it remains unclear whether active neural
stem cells (NSCs) are a unique cell population from quiescent NSCs (Meng, 2024).
Whilst muscle stem cells enter quiescence in methylcellulose medium, this is far
from an optimal system for experiments, and viability starts falling after 3 days
(Arora, 2017). Additionally, some mature cells have been shown to enter a
quiescent state. The regenerative capabilities of the liver are a result of
hepatocytes (Fabris, 2019; Berasain & Avila, 2015). They are highly potent and
regenerative cells which primarily exist in a quiescent state and are activated
upon injury, though they can become exhausted if long-term, persistent damage
occurs. T cells enter the blood circulation from the thymus in a naive, quiescent
state and are maintained until stimulated to differentiate (Chapman, 2020).
While fibroblasts can be induced to enter quiescence through serum starvation
and contact-inhibition (Mitra, 2018). This system could also be used for
investigating LSCs. A way to study which leukaemic cells can enter quiescence
and further provide an in vitro method to test treatments and drugs on them
could be of benefit. All aforementioned cell types are viable options for
storage/transport using alginate hydrogels. Further, the lack of information
regarding stem cell quiescence makes alginate encapsulation a potential

platform for future research to determine if they are quiescence-capable.

5.5 Conclusion
Whilst the last 20 years have seen great advances in our understanding of stem

cells within the BM niche, HSCs are reported inconsistently in the literature. This
inconsistency hinders scientific progress with a cell type that is already a
financial and practical challenge to use, complicated further by the societal
emphasis of environmentally and ethically favourable alternatives to established
practises. As a result, we lack adequate methods with which to maintain HSPCs
in vitro to provide a platform for future testing and research. Without enabling
research with this cell type, advancement rates will stumble, and so too will the
treatment of haematopoietic diseases that remain some of the world’s greatest

killers.
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Simple, inexpensive methods of maintaining quiescent HSPCs that are ethically
and environmentally considered will help future-proof advancements and not
render costly research redundant before ever becoming established. This project
was able to demonstrate the intricacies of HSPC subpopulations and how the
ability of some HSPC cells to enter quiescence would enable them to be stored
near room temperature for short periods of time. This would help address some
of the above issues by improving access to the cells, as well as being a more
environmentally friendly method of storing cells short-term than traditional
methods. There is also potential for this encapsulation method to be used to
maintain quiescent HSCPS in vitro and enable testing on a population which
currently cannot be cultured in the lab.

MSCs are already widely established as a therapeutic tool, with potential
avenues into osteo-regeneration. MSC spheroids are a newer form of MSC
therapy which is hinted at offering benefits in alternative areas, or an
improvement on current single-MSC therapies. This work has demonstrated that
while single BM-MSCs show decreasing viability over 14 days, when aggregated as
spheroids, their viability is stable and they are more resilient to external

variables, making their transport using encapsulation a viable option.
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