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Abstract

Cellular therapeutics is a constantly evolving field within tissue engineering and
regenerative medicine, that aims to provide clinically relevant solutions for tissue repair
applications. Currently, the most commonly used methods of tissue regeneration revolve
around the use of stem cells, due to their inherent potential to self-renew and differentiate,
driving damaged tissue repair. However, the scarcity of suitable donors, the variety of
challenges associated with primary stem cell isolation, the lack of controllable ways to direct
differentiation into specific lineages, and insufficient numbers of engraftable cells, have
hindered the extensive and efficient use of stem cells in clinical settings. These issues, that
stem from the lack of understanding of the underlying mechanisms driving stem cell
differentiation, have created the need for the study of stem cell behaviour and the chemical

and mechanical stimuli that influence their fate decisions.

In an attempt to understand the specific mechanisms that drive stem cell survival,
proliferation and differentiation, research efforts have been focused on the engineering of
physiologically relevant cell microenvironments, that could mimic the natural stem cell
niche. The endeavour to provide close niche analogues has driven the evolution of such
efforts from initially simple cell culture methods, based on the use of stem cell expansion
media containing soluble growth factors, to the development of dynamic surfaces, bioactive
3D substrates and bioprinted scaffolds with the aim to provide close representations of the
target cell niche. Given their enormous clinical potential to treat a variety of hematological
disorders and heal major tissue injuries respectively, Hematopoietic (HSCs) and
Mesenchymal stem cells (MSCs) have been the two most widely used cell types in cellular
therapeutics. Currently, most common scientific efforts for the expansion of HSCs have been
focused on cell cultures with the external addition of niche growth factors including stem
cell factor, thrombopoietin and FMS-like tyrosine kinase 3 ligand (FLT3L). In contrast,
research on clinical applications of MSCs has focused on identifying the soluble cues that
drive cell differentiation into specific lineages, such as bone repair. However, despite the
variety of scientific studies aiming to increase the therapeutic uses of both stem cell types,
progress is still slow in the development of efficient ways to produce clinically relevant cell

numbers to address the increasing need for cellular grafts.



Active biomaterials have recently received increased scientific attention due to their
intrinsic ability to exert instructive or stimulating effects on cells and tissues by engineering
the material’s responsiveness to internal or external stimuli that can promote tissue repair
and regeneration. In particular, living interfaces have the potential to actively produce and
deliver growth factors of interest to the cultured cells and guide their behaviour to improve
tissue regeneration, providing a promising opportunity to substantially enhance the efficacy

of tissue engineering and regenerative medicine.

In this work, we have genetically engineered the non-pathogenic bacterial species
Lactococcus lactis (L. lactis) to produce recombinant human CXCL12, thrombopoietin, and
VCAM1 and have combined these populations with the previously developed FN-expressing
L. lactis to create bone marrow niches ex vivo. The purpose of this work is to engineer a
platform that could directly influence stem cell fate by actively stimulating the cultured cells
by the recombinant proteins and by added 3D elements, such as poly(ethylene) glycol
hydrogels. The successful development of such a system could have significant potential in
cellular therapeutics, as it could provide a variety of physiologically relevant, niche
mimicking stimuli to encourage stem cell survival and proliferation. In particular, our
platform could be used to maintain HSCs and MSCs in a naive state, while also encouraging
their self-renewal and proliferation. In alignment with the increasing demand for HSC and
MSC transplants for clinical applications, our work could provide insights into the most
optimal culture methods that would encourage the proliferation of the cultured stem cells,
in order to produce clinically relevant cell numbers for the cellular therapeutics. In parallel,
our system could be used as a platform to study a variety of aspects of the bone marrow,
such as the effects of specific soluble and mechanical stimuli on stem cell fate in healthy and
deregulated conditions. The results of this thesis suggest that L. lactis can be used as a
versatile tool to produce a variety of recombinant proteins. Its ability to form stable biofilms
enables the bacteria to act as a living interface between the substrate below and the stem
cells seeded above. We report that HSCs cultured on top of L. lactis biofilms show notable
expansion, and decreased tendency to differentiate, both in 2D where the HSCs are seeded
directly above the biofilms, and in 3D where the stem cells are maintained in a hydrogel, on

top of the biofilms. In parallel, we report that MSCs cultured on our living interfaces display



maintenance of their naive, stem-like phenotype, without showing commitment to

differentiated cell lineages.

In the future, this tuneable, biocompatible system can be engineered to produce any
recombinant protein or small molecule and deliver it to any cultured cell type. These
expressed factors can be either secreted or presented as a membrane protein on the
bacteria, providing opportunities for both soluble and mechanical stimulation of the
cultured cells. The variety of combinations of recombinantly expressed factors and cultured
cell types provide the opportunity for the development of different niche-mimicking
microenvironments that can be tailored to address different clinical needs. In total, our
active biointerface provides a proof of concept that living materials can be successfully

engineered and used in biomedical applications.
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Chapter 1. Introduction

1.1. Summary of the thesis

The objective of this work is to engineer active microenvironments for the expansion of
stem cells for cellular therapeutics. Inspired by the bone marrow (BM) niche, we have
genetically modified the non-pathogenic bacterial species L. lactis to produce the key BM
cytokines CXCL12, thrombopoietin and VCAM1, that have been associated with the
maintenance and self-renewal of the two clinically significant BM-residing stem cell types;
Hematopoietic and Mesenchymal Stem Cells (HSCs and MSCs). Our proposed system is
based on the living interface between L. /actis biofilms that produce the above recombinant
proteins and HSCs or MSCs in order to reproduce a BM mimicking niche ex vivo. Co-cultures
between the engineered biofilms and HSCs have displayed that the recombinant proteins
produced by the bacteria encourage the maintenance of the HSCs in an undifferentiated
state, while also inducing their expansion in a similar way as traditional methods featuring
the use of cytokine cocktails. The same trend has been observed in 3D, where the HSCs are
encapsulated in PEG hydrogels in the co-cultures with the bacteria. Similarly, we report that
our culture system has the potential to maintain MSCs in a naive, undifferentiated state for
up to 2 weeks in culture. In total, we provide proof-of-concept data that L. /actis can be used
as an active biomaterial to direct stem cell fate. We envision that our system can be used in

the future to produce clinically significant stem cell numbers for cellular therapeutics.

1.2. Tissue engineering and regenerative medicine / smart biomaterials
Tissue engineering is widely described as an interdisciplinary subfield of regenerative
medicine, that combines the basic principles of biology and engineering in order to provide
a functional substitute for organs with impaired function in a variety of clinical settings®. Its
potential to heal or replace tissues and organs damaged by age, disease, or trauma, as well
as to restore congenital defects has placed tissue engineering in the spotlight of current
research on regenerative medicine?. Commonly used approaches are based on the
engineering of microenvironments that provide the biochemical and mechanical stimuli to
direct cultured stem cells into pre-designed applications of interest, such as specific cell

differentiation to mature tissue or stem cell maintenance and expansion for transplant



development3. Such strategies involve the isolation of the cells of interest from a donor, the
engineering of the appropriate ex-vivo culture microenvironment, the engineering of the
new tissue and its transplantation into the recipient (Figure 1.1). Of key importance in the
successful development of the transplants are the culture conditions and the materials used
to direct the development of the target tissue. The development of such optimal conditions
has given rise to the manufacturing of novel biomaterials, that directly impact cell
proliferation and tissue development. Key characteristics of most biomaterials are their
biocompatibility and cell toxicity profile, their mechanical and physical properties, that can
be tailored to mimic the tissue of interest, their size, shape, surface texture and porosity, as

well as their bioactivity®.

Human body /
bone fracture Isolated cells

Bioactive scaffold

Organ repair

Cell expansion

Figure 1.1 Tissue engineering. Cells are isolated from a donor in order to repair a damaged tissue. A
bioactive scaffold is engineered to resemble the properties of the target tissue. The cells are
incubated, expanded, or differentiated in the scaffold before their final transplantation to the
recipient.

Despite the endless clinical possibilities of novel biomaterials, their biocompatibility, safety
and efficacy still remains a challenge®. However, rigorous scientific research is making huge

progress in developing biocompatible polymers with optimal chemical and physical



properties that provide close analogues of the human organs or tissues of interest. 3D
bioprinting and the development of decellularized scaffolds are aiming to address the
challenges associated with the complex organization of different cell types within each
organ®, while a variety of different natural and synthetic polymers are being explored to

ensure biocompatibility and reduced immunogenic reactions’.

1.3. Stem cells in Tissue Engineering

After the selection and optimisation of an appropriate material scaffold with the desired
mechanical and chemical properties, every tissue engineering approach requires a source of
cells. Stem cells have been widely used in regenerative medicine due to their high self-
renewal and differentiation capacity, that makes them excellent candidates as therapeutic
methods for a variety of clinical conditions. Some of the most popular tissue sources in
regenerative medicine include induced pluripotent stem cells (iPSCs), MSCs and HSCs. iPSCs
are artificial stem cells produced from somatic cells through co-expression of defined
pluripotency-associated factors, that can typically proliferate and self-renew indefinitely in
vitro and further differentiate into derivatives of all three primary germ layers. Because of
their unique features, iPSCs have been associated with numerous biomedical applications in
basic research, drug screening, toxicological studies, disease modelling, and cellular
therapeutics. In regenerative medicine, iPSCs have been reported to successfully
differentiate into different kinds of tissue, including cardiovascular and hematopoietic
lineages, sperm, and retinal cells®. Nevertheless, despite of their promising regenerative
potential, iPSCs have been associated with a variety of clinical challenges, including
tumorigenicity due to incorrect patterning, genomic instability or genetic abnormalities, as
well as the observed immunogenicity they have often exhibited in clinical settings.
Therefore, we have decided to exclude iPSCs from the studies conducted as part of this

work10,

MSCs have also been used in tissue engineering research due to their wide availability and
well-established culture, expansion and differentiation methods as well as their
immunomodulatory properties®. MSCs can be isolated from a variety of tissues (figure 1.2),
with bone marrow-derived MSCs (BM-MSCs) being the most widely used in cell therapies?.

Currently, MSCs are mainly used as a tool to treat joints degeneration, bone and cartilage



reconstruction, and are widely used in plastic surgeries, aesthetic medicine, cardiovascular
diseases, endocrine and nervous system conditions, and in the repair of damaged
musculoskeletal tissues!. However, despite their numerous advantages, the high numbers
of MSCs needed for cell therapeutics often pose a significant limitation in clinical settings.
Most studies aiming to develop clinical grafts have focused on the differentiation of MSCs
towards the target tissue, in order to provide end-stage lineage cells to reduce healing times
and increase clinical efficiency?. Nevertheless, this differentiation process has been directly
linked with proteome modifications resulting in the loss of expression of genes involved in
the maintenance of stemness and the subsequent decrease in the expansion potential of
the cells, resulting in overall low cell numbers!3. In particular, the cell numbers reported to
have been achieved in previous studies range in the millions and are much lower compared
to the gold standard required for applications in cellular therapeutics (eg. 10® nucleated

cells is needed per bone marrow transplant).

This can be a significant drawback considering the high MSC numbers needed for clinical
trials, posing an urgent need for the creation of novel MSC expansion methods that result in
clinically relevant cell numbers, that maintain their stem-like phenotype and characteristics.
Such platforms could also provide a solution to the often observed heterogeneity of MSCs

used in grafts that could reduce the efficiency of their therapeutic applications*®.
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Figure 1.2. Common mesenchymal stem cell (MSC) sources. Primary MSCs reside and can be isolated
from a variety of sources. For clinical applications, MSCs are most commonly isolated from the bone
marrow or the umbilical cord.



One of the most common applications of MSCs in regenerative medicine has been its use as
a therapeutic tool to repair bone and cartilage defects. The limited supply of autologous
bone and cartilage, increased operation time and blood loss and increased donor site
morbidity associated with autologous bone grafts!>, combined with the high risk of rejection
or infection caused by allografts!® have increased the popularity of MSCs as a therapeutic
approach. A variety of stem cell-based approaches have been employed to encourage bone
and chondral defect repair. Intravascular injections, including intravenous and intra-arterial
injections have been used to administer doses of MSCs that circulate around the body and
migrate to the damaged site, enhancing tissue repairl’. Nonetheless, the initial large
numbers of MSCs required for successful healing, combined with increased risk of “first pass
effect,” where MSCs could be trapped in small vessels drastically reducing the effectiveness
of the method*®. As an alternative, recent tissue engineering strategies have aimed to
combine biomaterials, MSCs and growth factors in order to improve bone repair.
Electrospun®®?9, 3D printed?%?2, polymeric? or decellularized matrix scaffolds?* have been
explored as potential mechanisms to encourage MSC differentiation into bone or cartilage
tissue with the aim to provide successful therapies. Despite the promising potential of a
variety of approaches, the issue of the production of the large quantities of MSCs required

for cell therapeutics remains an obstacle to optimal bone and cartilage defect treatment.

Hematopoietic stem cells (HSCs) have also gained scientific interest due to their significant
clinical potential in tissue regeneration and, in particular, in restoring hematopoietic
disorders. This significant advantage has placed HSCs in the spotlight of experimental and
clinical haematology, making them the most commonly used stem cell type in cellular
therapeutics. However, the lack of donors, combined with the increasing need for HSC
transplants has created an urgent need for the identification of alternative sources of HSCs
or the development of novel ways for their expansion. Furthermore, in contrast with MSCs,
HSCs cannot be as easily isolated in the required high numbers, have a high mortality rate
ex-vivo, and there is a lack of standardised methods for their efficient and reliable expansion
in in vitro culture?>. Despite the growing understanding of the mechanisms of stem cell
expansion and manipulation by the scientific community, crucial questions regarding the
specific mechanisms of stem cell survival, expansion and fate manipulation in vitro remain

unanswered. This problem constitutes the current limitations associated with stem cell



therapies, that can give rise to medical complications such as implant failure, undesired

immune responses, lack of efficacy or even neoplasm formations?®.

To address this issue, efforts to expand HSCs ex-vivo have been focused on the development
of dynamic biomaterials inspired by the specific natural microenvironments of the stem
cells. In studies in 2D, a variety of substrates of varying topography?’, elasticity??, and ligand
presentation?>3° were explored for their potential to maintain and expand HSCs. Apart from
mimicking the mechanical characteristics of the target tissue, other novel approaches are
designed to also provide soluble chemical stimuli to the cultured cells3%32, Further efforts
have been focused on co-cultures between HSCs and other BM niche cells, including stromal
cells333% osteoblasts®®, vascular and endothelial cells*®37 and MSCs33°. More recently,
efforts have focused on the dimensionality of engineered microenvironments, incorporating
3D scaffolds or hydrogels of controlled geometry and physical as well as biochemical
properties?®*!, To provide a more accurate representation of the BM microenvironment, a
variety of the above-mentioned culture models have been combined, with the resulting
cultures featuring cells residing in the niche acting as a feeder layer, and 3D hydrogels
providing both biochemical and mechanical support to the HSCs*>“3. Finally, bioreactors**4>
and organ-on-a-chip approaches?*® have also been explored for their potential to stimulate
HSC expansion and proliferation for clinical applications. The end goal of all such studies has
been to create a culture method or bioreactor with precisely controlled characteristics that
can be tailored to mimic the natural niches of stem cells, providing users with the
opportunity to study and understand the spatiotemporal effects of the microenvironment
to the cultured cells and ultimately create the optimal conditions for transplant

development in clinical settings*’48.



1.4. The bone marrow microenvironment

HSCs have been the first stem cell type to be successfully used in clinical applications, and
the only stem cell type routinely used to cure a variety of haematological disorders*. Their
regenerative potential lies on their ability to differentiate and give rise to mature effector
blood cell types™. Due to their regulation of hematopoiesis, outlined in figure 1.3, HSCs
have the potential reconstitute the whole hematopoietic system in the case of
haematological disorders®!. Their central role and huge potential in regenerative medicine
has created the need for a robust understanding of HSC biology, with a view to discovering
ways for their expansion and regeneration ex-vivo. Therefore, major scientific focus has
been placed in studying their natural niche, the BM. Despite vigorous research in
understanding the variety of signals that support HSC stemness and self-renewal in the BM,
our understanding still remains insufficient and our task to successfully expand HSCs in
order to create life-saving transplants is still incomplete®2. This is largely due to the
complexity of the BM microenvironment, that displays various oxygen and pH gradients as
well as stiffness and porosity and consists of a large number of different cell types, all
producing a wide array of cytokines at different levels®3. Efforts to understand the niche and
the most important factors that affect HSC survival and regeneration have broken down the
niche into discrete components, including the cellular, chemical and mechanical parts of the

microenvironment.
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Figure 1.3. The process of hematopoiesis. Multipotent HSCs can differentiate into common lymphoid
(CLP) or myeloid (CLM) progenitors that in turn can differentiate and give rise to mature blood cells.
A variety of soluble signals and their receptor-associated Janus kinase (JAK) have been identified as
the driving forces of these differentiation events, with the most important ones being shown next to

the respective arrows. HSC: hematopoietic stem cell; CMP: common myeloid progenitor; CLP:
common lymphoid progenitor; GM: granulocyte macrophage progenitor; BCP: B cell progenitor;
TNK: T and natural killer cell progenitor; EP: erythroid progenitor; Mk: megakaryocyte; GP:
granulocyte progenitor; MP: macrophage progenitor; TPO: thrombopoietin; SCF: stem cell factor; IL:
interleukin; GM-CSF: granulocyte/monocyte colony-stimulating factor; G-CSF: granulocyte colony-
stimulating factor; M-CSF: monocyte colony-stimulating factor; TSLP: thymic stromal-derived
lymphopoietin. Adapted from L. Springuel et al. (2015).54.



The HSC niche consists of a variety of cells, such as osteoblasts, mesenchymal stem cells
(MSCs), adipocytes and stromal cells, that secrete a variety of chemical signals that influence
HSC fate®>. Furthermore, HSCs are regulated through hormonal and sympathetic nervous
system signals as well as chemokines and adhesion proteins secreted by the other cells
present in the BM. The physical characteristics of the BM play a critical role in HSC
regulation. The stiffness of the niche, combined with the ligands present, have been shown

as important determinants of the lineage specification of HSCs>®.

1.4.1. Cellular components

The bone marrow microenvironment features a variety of different cell types, each of which
contributes to the overall homeostasis of the niche. Furthermore, the signals produced by
these cell populations are critical for HSC maintenance and expansion depending on the
needs of the organism. A schematic representation of the bone marrow niche and its most

important cellular and chemical components for HSC homeostasis is depicted in figure 1.4.
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Figure 1.4. The bone marrow microenvironment. Within the BM, HSCs reside in two distinct niches,
the endosteal (left) and the perivascular niche (right). In both microenvironments they communicate
with different cell populations that contribute to their maintenance and proliferation by the
secretion of different signals.



Studies of the localisation of HSCs in the bone marrow have placed the cells in two distinct
niches, the endosteal and the perivascular. In both cases, the cells appear to be in close
proximity to osteogenic lineage cells, while HSCs with the highest hematopoietic potential
appear to adhere to the endosteal matrix®’. Apart from providing attachment and homing
for HSCs through annexin-2 expression®8, osteoblastic cells tightly regulate haematopoiesis
through Notch signalling®®. Thrombopoietin (TPO) secretion by osteoblasts, also regulates

homing and HSC quiescence®°.

MSCs that can differentiate into both osteogenic lineage cells, as well as adipocytes and
chondrocytes, are another major component of the BM niche. Perivascular CXCL12-
expressing mesenchymal progenitors are especially important in HSC maintenance as they
induce cell maintenance and are associated with increased repopulation activity®'.
Additionally, MSCs have been reported to produce angiopoietin-1 (ANG1) and stem cell

factor (SCF), key cytokines for HSC expansion and self-renewal.

Endothelial cells present in the BM, also serve as a source of secreted ANG1, CXCL12 and
SCF®2. Furthermore, through deletion of E-selectin, endothelial cells can induce HSC
quiescence and therefore regulate HSC proliferation®3. Stromal cells are another component
present in the perivascular HSC niche that also secrete maintenance factors and contribute
in HSC expansion and proliferation®. Furthermore, stromal N-cadherin and SCF expression
has been shown as a key regulator of HSC fate®. Stromal cell lines have also been used in
ex-vivo cultures to support HSC maintenance and self-renewal®. Neuronal and glial cells
have also been implicated in HSC fate decisions, inducing their mobilisation through CXCL12

production and quiescence through transforming growth factor B (TGF-B) signaling®”’.

Except for the direct impact of some BM cell types on HSC regulation through the secretion
of soluble and adhesion proteins, research has also identified indirect signals that have an
impact on HSCs®8. Osteoblasts are one of the key regulators of the endosteal BM niche and a
great example of an indirect regulator of HSC fate. Attachment of HSCs to nestin+
osteoblasts has been suggested to contribute to their maintenance, in a way that has not
been directly linked to otherwise influencing HSC function®. Osteoclasts have also been
linked to HSC maintenance through the regulation of calcium levels in the BM. The release
of hydroxyapatite-bound calcium from osteoclasts has been reported to retain HSCs in the

endosteal niche, promoting homing and quiescence’®. Furthermore, the degradation of the
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bone matrix by osteoclasts causes a release of soluble factors such as bone morphogenetic
proteins and transforming growth factor-f that have been linked to different HSC fate

decisions’%72,

1.4.2. Chemical stimuli

The effect of the cellular components of the BM on HSCs is mediated through chemical
signals in the forms of adhesion molecules or soluble cytokines. The CXCL12/CXCR4-
mediated signalling pathway has been reported to regulate HSC homing, engraftment and
survival in the BM. By binding to its receptor CXCR4, CXCL12 activates the very late antigen 4
and 5 (VLA-4, VLA-5), and a;Bzintegrins in CD34+ cells and directs their interaction with their
receptors vascular cell adhesion protein 1 (VCAM-1) and Intercellular Adhesion Molecule 1
(ICAM-1), contributing in the maintenance of the stem cells in their niche’3. Furthermore,
the interplay between CXCL12 and transforming growth factor-b (TGF-) has been
suggested to regulate the balance between HSC quiescence and cell cycle progression.
Activation of the phosphoinositide-3 kinase (PI3K)/Akt/mTOR signalling cascade and
Forkhead box O-3 (FOX03) activated phosphorylation by CXCL12 appears to promote cell
cycle entry in HSCs, promoting their proliferation. In contrast, activation of TGF-p has shown
an inhibitory effect on CXCL12 promoting HSC quiescence’. SCF expression by stroma cells,
endothelial cells, and adipocytes plays an essential role in the survival, migration, and
differentiation of hematopoietic stem progenitor cells (HSPCs) and directly regulate
haematopoiesis’>’%. BM adipocyte secreted SCF in particular, promotes the regeneration of
hematopoietic stem cells in studies after irradiation’’, while SCF-producing arteriolar

endothelial cells has been found to promote HSC recovery after myeloablation’®.

A number of different BM cells have been associated with TPO production, a primary
cytokine-regulator of HSC fate. MSCs, osteoblasts and BM stromal cells have been reported
to produce TPO’°. However, deletion of TPO from hematopoietic cells, osteoblasts, or bone
marrow mesenchymal stromal cells has been suggested to not directly affect HSC number or
function. A recent study has suggested that hepatocytes are a major source of TPO and even
though they are not physically present in the BM, they have a direct effect on HSC

maintenance®.
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Apart from secreted signalling factors, oxygen has been suggested to play an important role
on the regulation of HSCs. The BM microenvironment has been described as a hypoxic
niche®!, with oxygen availability directing HSC localisation and metabolic activity®?83, HSCs
have been reported to prefer low to rich oxygen conditions84. A mathematical model
describing the oxygen pressure distribution within the BM microenvironment has suggested
that HSCs should reside in a hypoxic niche while a recent study has reported that the HSC
niche with the highest regenerative and self-renewal capacity is located in the trabecular
bone area®. Hypoxic culture conditions have been reported to induce a 27-fold expansion
of CD34+/CD38- HSCs compared to normoxic conditions. Umbilical cord blood (UCB)-derived
HSCs seemed to raise their numbers resulting in a four-fold increased expansion in 5%
compared to 21% 0,2, This low oxygen environment has been shown to induce HIF-1a and
vascular endothelial growth factor (VEGF) as well as CXCR4 expression, factors that are
important in HSC maintenance and regeneration®’. The enhanced expansion of HSC in
hypoxic conditions has also been supported by studies on the metabolic profile of HSCs.
Long-term hematopoietic stem cells (LT-HSC) have been shown to produce low levels of ATP
and to use cytoplasmic glycolysis instead of mitochondrial oxidative phosphorylation for

their metabolic requirements, which implies their residence in a hypoxic environment88,

1.4.3. Mechanical stimuli

The BM is a biophysically diverse microenvironment with a stiffness ranging from soft
marrow and adipose tissue (<1 kPa), to surrounding cell membranes (1-3 kPa), to
developing osteoid (>30 kPa)®°. The mechanical properties of the matrix significantly impact
stem cell behaviour®®, and in the BM niche have a regulatory effect on haematopoiesis®?.
Inspired by the BM, a variety of studies have examined the impact of biomechanical forces
and substrate stiffness on HSC fate. The 3D architecture of engineered matrices for HSC
maintenance (hydrogels/scaffolds) have demonstrated a relationship between
dimensionality and cell viability as well as cytoskeletal organization. HSC viability seems to
be reduced in stiffer environments, and they acquire a more spread phenotype. High ligand
density also seems to have an impact on HSCs, resulting in more rounded cells with
decreased collagen ligand density in hydrogels®2. Cell adhesion has also been linked to

matrix stiffness, with stiffer matrices enabling better HSPC attachment®3. The physical and
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mechanical properties of extracellular matrix (ECM) proteins have also been shown to
impact HSC fate. The physical properties of the protein tropoelastin were required to
increase the percentage of HSCs in culture, an effect that is thought to take place because of

elastin binding protein/elastin-laminin receptor-mediated mechanotransduction®*.

1.5. Cell adhesion and mobility

Like every living system, stem cells continuously interact with their microenvironment and
the (bio)chemical and mechanical stimuli it provides. Cells sense and respond to these
forces, through the processes of mechanosensing and mechanoresponding. These
processes, defined as the ability of cells to perceive the mechanical properties of the ECM
and responding to it, result in changes in cellular behaviour, including motility,
morphological changes, proliferation, differentiation and polarity formation, as well as
tissue remodelling®>%¢. The main way of interaction between the cells and their
surroundings, including the ECM and other cell types residing in it, is mediated through cell
adhesion molecules (CAMs). There are a variety of different CAMs include integrins®’,
cadherins®, selectins®®, members of the immunoglobulin superfamily (1gSF) including
nectins'®, and others such as mucins'%?, all playing different roles in cell-ECM or cell-cell

adhesion interactions.

Integrins are large heterodimers consisting of transmembrane a- and B-units that cluster to
form the complete receptor in the plasma membrane. In humans there are 18 integrin a
subunits and 8 B subunits that can combine to form 24 a3 combinations, each having
distinct functions in regulating cell-ECM interactions!®2. Integrins bind to a wide variety of
ligands in the ECM via specific motifs located on niche molecules (e.g. the arginine-glycine-
aspartic acid tri-peptide (RGD) sequence found in fibronectin, vitronectin, and laminin°3)
and, together with other proteins such as talins, vinculins and paxillins are the key
regulators of focal adhesion (FA) formation, mediating cell adhesion and migration%* (figure

1.5).
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Figure 1.5. Schematic representation of some of the most important molecular interactions
occurring at the focal adhesion development stage. Focal adhesions are macromolecular structures
provide points of adhesion between the cell cytoskeleton, via F-actin, and the extracellular matrix
(ECM). Furthermore, they provide biochemical signalling, through the regulated interactions of focal

adhesion associated signalling molecules, regulating mechanotransduction-dependent changes in

cellular function and behaviour®,

The initial stages of FA development involve the formation of focal attachments; cellular
protrusions, such as filopodia and lamellipodia. These are relatively weak, transient clusters,
with length less than 1 um, serve as the initial attachment point of the cell to the substrate
and as a start for cell migration?. As the leading edge of the cell advances, the weak focal
attachments are replaced by focal complexes (1-5 um in length) that can further mature to
form FAs (>5 um in length)%’, after the recruitment of additional proteins such as a-actin
and the Rho and focal adhesion kinases'®®. Further maturation of the FAs can result in the
formation of fibrillary adhesions, which are larger macromolecular structures consisting of

integrin-rich focal complexes®®,

The importance of the formation of FAs and the central role of cell attachment and
interaction with the ECM has been highlighted in a variety of studies. Their tight
involvement in normal physiological events such as cellular adhesion, movement,
cytoskeletal structure and intracellular signaling pathway regulation imply increased adverse
effects in the event of FA deregulation. More precisely, it has been established that failure
to establish normal FAs can be directly linked to cellular apoptosis!'?, while disruptions in FA

turnover are also associated with tumor development and cancer metastasis%112,
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Cell migration is a highly organized and regulated process orchestrated by a variety of intra-
and extracellular factors, that demonstrates cellular responses to the rapidly changing ECM.
Integrins play a key role in the transmission of forces between the cytoskeleton and the
ECM directly regulates the tension redistribution inside the cell, resulting in conformational
changes and subsequent cytoskeletal reorganization. This results in complex cell movements
driven by actin movement, in a process known as retrograde flow!!3. The increase in
traction stress around the FA sites and its implications in cell movement and migration has
been described as the molecular clutch!'#, The molecular clutch is driven by FAs and is
initially activated by the interaction between the ECM-bound integrins and the cytoskeleton
of the immobilized cell. As forces from the cytoskeleton are propagated towards the
substrate, actin polymerization at the FA site drives the formation of forward membrane
protrusions, that in turn form FAs and pull the cell forwards. In the absence of migration
signals, the clutch would disengage, resulting in faster retrograde flow and the cessation of

the development of membrane protrusions®®.

Since mechanosensing has been identified as one of the key innate cellular behaviour, the
study and the establishment of FA dynamics has been widely studied for its involvement in
directing cell fate. ECM stiffness!®, elasticity and viscosity!!’, as well as substrate
architecture and topography have been identified as crucial regulators of cellular
mechanosensitivity, with direct implications in the regulation of cell functions. A variety of
different platforms have been developed to better understand the influence of ECM
elasticity on cell function. Synthetic polymers such as polydimethylsiloxane (PDMS)*18,
hydrogels made from polyacrylamide (PAA)*° or poly (ethylene glycol) (PEG)*?° and even
natural substrates, such as decellularized ECM*?! have been manufactured with varying
mechanical properties with the aim of mimicking the natural cell niche and subsequently

manipulating cell activities.

Cell adhesion and spreading was among the first aspects of cell behaviour linked to
substrate mechanical properties. Cell spreading has been reported to increase as a function
of stiffness and stress relaxation properties of the matrix'?2. In contrast, soft substrates have
been linked to smaller, more round cell morphologies. Furthermore, FA disassembly rate
has been reported to be higher on soft ECMs with stiffness ranging from 1 to 5 kPa, and

lower on stiffer substrates (5-50 kPa), suggesting that cells form more stable attachments to
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stiffer ECMs'23, This observation has been supported by the increased activation and
clustering of integrins observed in cells cultured on stiffer matrices, where higher expression
of mechanosensory and mechanotransductor proteins, including integrins and the
downstream FA complex proteins has been recorded?*. At a molecular level, the reduction
in FA turnover on soft matrices has been linked to decreased levels of integrin 112>, while
integrin a2 upregulation has been observed on stiffer matrices!?®. Furthermore, the
expression of integrin subunits a1, a2, as, av, B1, and Bs have been reported to change in a
stiffness- and cell type-dependent manner!?’. Other integrins, such as integrin asB1, have
been specifically linked to precisely controlling cell migration on substrates of varying
stiffness'?8. During migration, the FAs are recycled intracellularly and transported to the
leading end of the cell, allowing for the creation of new attachments that push the cell
forward. This FA turnover is highly regulated by integrin clustering at the initial steps of
adhesion, resulting in stable FA formation that are then disassembled due to microtubule

extension and subsequent integrin internalization from the cell surface!?°.

In addition to their roles in cell adhesion and migration, integrins play an important role in
transducing biochemical signals into the cell, inducing a variety of cell responses that include
cell quiescence, proliferation or differentiation'3°. The changes in surface receptor
composition, integrin subunit expression, and nuclear shape of MSCs mediated by integrins
in response to matrix stiffness has been associated with specific responses, such as immuno-
modulatory and angiogenic properties, as well as TGF-B1-induced differentiation®3!. Higher
substrate stiffness has also been linked to MSC commitment towards the osteogenic

132 while medium and lower stiffness ECMs have been suggested to induce MSC

lineage
differentiation towards myoblasts'33 and neurons respectively34. The variety of cell

responses to different properties of their ECM has therefore opened new avenues for
biomaterials design, the properties of which could be tailored specifically to direct cell

behaviour for targeted biomedical applications.
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1.6. Dynamic surfaces and living interfaces

As indicated by the complex, dynamic nature of living organisms and the various cellular
microenvironments within them, cells are responsive to a variety of physical and chemical
stimuli, necessary for their survival and proliferation. The study of the different cell niches
and their characteristics suggest that cell fate and behaviour is not only affected by
signalling molecules but also by oxygen gradients'3®, pH36:137 a5 well as the physical
characteristics of the environment they reside in, such as its architecture!3, topography**,
stiffness4%141 and porosity**2. Inspired by the high complexity of these interactions, novel
biomaterials have increasingly shifted towards complex, dynamic culture methods that have
the potential to more closely mimic cellular natural niches!*3. Traditional static culture
methods that require external stimulation or addition of growth factor cocktails has been
replaced with dynamic surfaces, 3D culture microenvironments or bioreactors that have the
ability to provide cultured cells with a variety of stimuli provided by the systems or the
materials themselves, without the need for external manipulation!4414>146 The high
association between cellular biological responses and cues derived by the extracellular
matrix (ECM) has been widely studied. Cell migration'4’, attachment!4&14° gnd
differentiation>® are some of the major processes affected by the composition and
mechanical properties of the ECM. Although the basic components of the ECM (including
water, proteins, growth factors and polysaccharides) are well understood?*>?, the differences
in topography and composition between the different tissues and the complexity of the
biochemical interactions between the cell types it encloses has challenged efforts to
recreate its dynamic nature in culture. Furthermore, the constant enzymatic'*>>3 and non-
enzymatict®#1>> remodelling that characterises the ECM, combined with the post-
translational modifications of its components!®® has increased the need for the
development of dynamic culture systems in order to mimic biological processes and achieve

the cellular responses of interest.

To mimic the dynamic nature of the ECM, different bioactive 2D and 3D cell culture
platforms have been developed. Photodegradable hydrogels with controlled chemical

properties’®’, bio-responsive polymers designed to release proteins of interest in response
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to changes in enzymatic levels'® as well as mechanoresponsive'>® and electroactive

substrates'® have attempted to mimic natural characteristics of the ECM to achieve the
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target cellular responses. Light-responsive materials have also been an increasingly used
approach in efforts to mimic ECM-cell interactions'®?. The most common mechanism of
light-induced signalling in these cases involves the removal of a caging group that reveals an
RGD (arginine-glycine-aspartic acid) domain, which mediates integrin-regulated cell
adhesion and downstream signalling!¢%163, Dynamic materials have also been developed
based on chemical click reactions that can provide additional functionalities as well as the
desired mechanical properties that mimic the ECM for biomedical applications®416>, Finally,
temperature’®® and pH!®’-regulated materials have been reported in the literature as
potential cell culture substrates that could dynamically regulate cell responses. Combined,
these smart biomaterials have been reported to actively control cultured cell fate and
achieve a variety of programmed responses such as expansion and self-renewal'®® or

differentiation towards a lineage or cell type of interest6%170,

Living interfaces is an emerging field of living materials, characterised by the effort of more
closely mimicking dynamic cellular niches by incorporating the extra complexity of a living
component as part of the engineered ECM. Most current approaches are focused on
engineered living materials, that are mostly based on Escherichia coli (E. coli) biofilms'’.
While E. coli is not ideal for co-cultures with human cells for biomedical applications due to
its high production of lipopolysaccharides and endotoxins'’? that are associated with the

initiation of immune responses’3, different groups have attempted the engineering of
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biomaterials based on amyloids*’4, curli fibres!’> or bacterial cellulose!’® secreted by
biofilms of the bacteria. The amyloid-based materials have been inspired both by the wide
availability of the fibres to both bacteria and humans!’’ and by their structural and
biological properties. More precisely, their ability to provide a substrate for cell adhesion's,
their capacity for surface modification and functionalisation?’®, combined with their high
tensile strength and resistance proteolysis'® have made amyloid-based living materials
popular for biomedical applications. The possibilities offered by E. coli curli fibres on
biosensor development, nanoparticle biotemplating, substrate adhesion and covalent
immobilization of proteins to create functional biomaterials, have also been explored in a
variety of studies'®%182, Finally, cellulose has been used as a basis for living materials
because of its natural abundance, ability to form 3D networks with high porosity, increased

mechanical strength and stability, high water-holding capability as well as good
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biocompatibility'®3. These desirable material properties have resulted in the development of
cellulose-based biomaterials for a variety of different applications ranging from scaffold

development for cell cultures'®, to bone repair'® and neural interface applications!®®.

A class of living biointerfaces have recently been developed by our team?'87:188 and others'®?,
as an effective tool to manipulate cell behaviour. While studies featuring bacteria and
human cell co-cultures have been reported in the literature, they are largely uncommon,
and they are focused on investigating host-pathogen interaction dynamics*®°. In the past
few years, a small number of studies have investigated the possibility of using genetically
engineered bacteria as a biomaterial that could direct the fate of different cell types. In this
system, the bacteria were cultured as a biofilm that was then used as a substrate for C2C12
and MSC cultures. More precisely, the non-pathogenic gram positive bacterial species
Lactococcus lactis (L. lactis) has been genetically engineered to present the FN Ill7-10
fragment on its cell wall and has been shown to drive the differentiation of cultured C2C12
myoblasts to myotubes'®l. A schematic representation of the bacterial expression of FN Il
10, and the culture system is depicted in figure 1.6. The same bacteria have been further
engineered to produce bone morphogenetic protein 2 (BMP-2) and have shown to support
MSC attachment and trigger osteogenic differentiation'8”192, The ability of bacteria to be
used as a living biointerface to provide signals to cultured cells has been further explored by
teams using genetically engineered endotoxin-free strains of E. coli to mediate light-

regulated bacteria-cell interactions®3,
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Figure 1.6. Conceptual sketch of the expressed lll;-;ofragment in L. lactis (left) and the co-culture
system (right). The membrane localisation of the FN fragment and its expecting interaction with the
the asP: integrin on the MSC outer membrane allows for MSC adhesion on the biofilm and
interaction with the recombinant protein®*.

We are aiming to build on previous proof of concept research to develop a more ambitious
system where L. lactis-based living biointerfaces can be used as a substrate for the
development of ex-vivo bone-marrow mimicking microenvironments. We envision a system
where different populations of genetically engineered L. lactis would produce different
cytokines and adhesion peptides in order to manipulate HSC and MSC behaviour. The
development of such a platform would provide us with the opportunity to study bacteria-
stem cell interactions and possibly provide a microenvironment where stem cell fate can be

externally mediated in an efficient, dynamic way.

1.7. Genetic engineering

Genetic manipulation has been a method used throughout history, from positive crop
selection starting thousands of years ago, to modern gene editing for clinical applications.
While little was known about the precise genetic effects plant selection and selective animal

breeding, it has taken humans thousands of years to understand the mechanism behind the
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advantageous traits they had been selecting for. In more recent years, genetic engineering
started as a scientific method in the 1930s, when chemical methods or ionising radiation
were used to induce genetic alterations in the form of mutations in the target organism.
Despite the random nature of this process, these methods have established the foundations
on which modern targeted gene manipulation is based on. From the discovery that a
specific gene controls a biochemical reaction in 1941, to the first gene editing in human
embryos in 2015, genetic engineering has developed advanced tools and precise methods
of targeted gene alterations and holds promising potential as a cure or even prevention
method for a variety of clinical applications. There are many examples of genetic
manipulation, including the insertion of foreign genes into an organism, the alteration of a
specific gene or part of it (mutagenesis), or the activation, silencing or altering of the
expression level of a gene. They can be accomplished by a variety of different techniques,
including gene editing by sequence specific nucleases, such as meganucleases?®’, zinc finger
nucleases (ZFNs)%%, transcription activator-like effector nucleases (TALENSs)'%?, and the
clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 nuclease system?®,

202 and

Other possible methods include RNA interference?®!, antisense oligonucleotides
ribozymes?®3. In this work, we have used the method known as Gibson assembly, a robust
exonuclease-based method to assemble DNA seamlessly and in the correct order, that will

be covered in more detail later.

Bacterial engineering and recombinant DNA technology has been established as an

important tool in all areas of life. From medical applications in the development of vaccines
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and pharmaceuticals to biofuel production®*, natural product biosynthesis?®> and carbon
fixation?%, bacterial engineering has gained popularity among both researchers, the
industry and the clinic. E. coli in particular, has been used for years as a microbial factory for
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the recombinant protein production in clinical settings®®/. More precisely, the synthesis of

human serum albumin?® and insulin?®® by E. coli has been established as a safe and efficient
source of recombinant proteins to treat clinical conditions such as advanced liver cirrhosis?1°
and diabetes?!!. In recent years, the bacterial species L. lactis has also gained traction in
research and the clinic due to its promising uses in biomedicine. Despite its common

association with dairy product production, genetic engineered L. lactis has recently been

used as a delivery vehicle expressing and delivering human recombinant interleukin 10 (IL-
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10) in inflammatory bowel disease patients?'?

and has also been explored as a vaccine
delivery agent providing protection against other bacteria, such as Helicobacter pylori**3 and
Listeria monocytogenes?'4, Furthermore, gram-positive species has been engineered to
produce B vitamins, primarily folate (B11) and riboflavin (B2)?%°, the anti-thrombotic agent
subtilisin QK-2218, as well as anti-cancer peptides?!’. The wide variety of applications of
genetically engineered L. lactis has boosted the development of gene manipulation tools
and techniques and has established the species as an economically and clinically valuable

asset. In this work, we have chosen to work with genetically engineered L. lactis, for reasons

that will be discussed later.

An overview of genetic engineering is schematically represented in figure 1.7. The process
starts with the selection of an appropriate host. As discussed above, these can be bacteria
or even plant?!® and mammalian cells?'°. Once a suitable host has been selected, an
appropriate genetic vector must be chosen. A wide variety of vectors are available, ranging
from plasmids??° to artificial chromosomes??L. All vectors have a set of characteristics that
make them suitable for carrying and expressing genetic material in a host cell. The first
component is the origin of replication, a sequence that will be recognized by the host cell
and note the start of replication of the vector and genetic material of interest and will
specify the number of copies of the vector in a cell. Another important component of a
successful vector is the selection marker, that will confer a selective advantage to positive
transformants??2. Moreover, to ensure the expression of the gene of interest in the vector,
an appropriate promoter must be selected. The choice of promoter is based on the desired
expression mode of the gene of interest. Based on the outcome of the application, the two
major categories of promoters are constitutive and inducible promoters?23, While
constitutive promoters are always “on”, inducible promoters require activation by an

external signal, most commonly being temperature??*, pH??, light?2* or chemicals?2®.
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Figure 1.7. Schematic overview of genetic engineering. An appropriate vector (plasmid) is isolated
and amplified along with the gene of interest. The selected gene is then inserted into the vector and
the construct is then inserted into an appropriate host.

After deciding on the correct vector and the desirable components for the expression of our
gene of interest, the target DNA sequence needs to be obtained, amplified and inserted into
the chosen vector. The amplification step is performed using a polymerase chain reaction
assay (PCR), that creates a large number of exact copies of our DNA sequence of interest to
maximise the chances of its successful incorporation into the selected vector. Developed in
the late 1980s, the PCR has proven a highly specific and efficient technique for DNA
amplification???, that is schematically represented in figure 1.8. This versatile assay includes
a step-by-step process starting with the denaturation of double-stranded DNA to separate
the complementary strands, followed by the annealing of pre-designed primers to the
dissociated DNA strands. The primers are then involved in an extension reaction catalyzed

by a thermostable DNA polymerase, that when repeated creates a huge number of the DNA
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sequences of interest??®, At the end of the PCR cycle, the end mixture contains a variety of
proteins, including the polymerase, the sequence and primers, free nucleic acids and
deoxynucleotide triphosphates (dNTPs). To isolate the amplified sequence of interest, the
PCR product needs to be purified using a method that will be discussed in section 3.2.3. The
next step involves the ligation of the amplified DNA fragment and the chosen vector. This is
usually achieved using restriction enzymes, that cut and linearise the destination vector
generating blunt or sticky ends where the foreign DNA fragment can be annealed and a DNA
ligase that will ligate the linearized vector with the amplified sequence. The ligation step is
mediated by the creation of a phosphodiester bond in the sugar backbone between the two

DNA sequences resulting in the insertion of the chosen DNA sequence at the exact desired

point?2°,
Denaturation Annealing Elongation
5 3
_
primer 5 3 — 5 3y — 5 3 ~ -
/ o
DNA & 3
strand 3’ 5

nucleotides ~ —

Figure 1.8. Overview of the polymerase chain reaction technique (PCR). During the denaturation the
reaction is heated at 98 °C for 30 seconds to break the hydrogen bonds between the strands and
separate them. The reaction temperature is then lowered to 50-65 °C according to the
characteristics of the primers for 30 seconds to allow the primers to anneal to the template strands.
Strand elongation takes place at 72 °C, the optimal temperature for the Taqg DNA polymerase to add
deoxyribonucleotide triphosphate (dNTPs) to the strands. The amount of the sequence of interest
doubles with each thermal cycle, leading to an exponential amplification represented by 2#of cveles),

Over the years and across different disciplines, the PCR has been used for a variety of
applications, ranging from genotyping, cloning and mutagenesis to forensics and paternity
testing. While PCR was the first nucleic acid amplification method developed and remains
the most widely used and preferred technique since its invention by Mullis?3%, a number of

alternative amplification methods have also been developed. These include the loop

24



mediated isothermal amplification (LAMP)?3}, rolling-circle amplification (RCA)?3? and ligase

chain reaction (LCR)?33,

Once the desired DNA fragment is incorporated into a vector, the complete assembly can be
inserted into the host cell. In the case of bacteria, this can be mainly achieved either by
electroporation or by heat shock transformation in certain species. Heat shock
transformation is used optimally for gram negative bacteria. The process is based on the
creation of small pores on the bacterial membrane caused by an increase in temperature.
Initially, the cells are incubated at 0°C in a calcium-rich medium and then are transferred in
a water bath at 42°C, where they are incubated for a few seconds. The electrostatic
repulsion between the DNA and bacterial membrane is counteracted by the calcium
chloride present in the medium in which the bacteria and DNA of interest are incubated?34.
This environment allows the foreign DNA to attach on the bacterial membrane of gram-
negative cells and quickly be taken up during the pore formation. In contrast, gram-positive
bacteria, such as L. lactis, have a thicker peptidoglycan layer that is not easily disrupted by a
heat shock. Therefore, transformation of gram-positive cells requires a high voltage electric
shock to allow the foreign DNA to enter the bacterial cell. To increase the efficiency of
electrotransformation, the bacterial cells need to be made electrocompetent. This process
involves the overnight growth of the desired bacterial cells in glycine-rich medium that acts
as a cell wall weakening agent?3>. Upon the introduction of the millisecond-long high voltage
electric pulse, tiny pores will open up on the bacterial cell wall and close within
nanoseconds. If any DNA is present in the medium surrounding the bacterial cells, some

may be taken up into the cell before the cell wall pores close.

Following the transformation, a selective marker is used to separate the bacteria that have
successfully taken up the DNA to the wild type cells. This can be achieved by the
incorporation of one or more antibiotic resistance genes in the plasmid that carries the DNA
strand of interest, followed by incubation of the cells in a medium containing the same
antibiotic. Only the cells that have successfully taken up and can express the plasmid will
survive and grow in the media. Other screening methods include the incorporation of
fluorescent proteins in the plasmid, such as green fluorescent protein (GFP). Bacteria that
have taken up the plasmid will express GFP under normal growth conditions and can be

selected for upon illumination using a fluorescence microscope or flow cytometry.
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Over the past few years, gene editing tools and methods have revolutionized our
understanding of complex diseases and conditions and provided novel avenues to explore
and cure clinical conditions. The endless possibilities offered by genetic engineering can be
tailored to address environmental issues, from biofuel development to carbon fixation in
engineered microorganisms to preventing and curing genetic and acquired conditions in
humans. In the context of this thesis, genetic engineering has been used as a tool to develop
a platform that will both contribute to our understanding of the complex dynamic interplay
between different components of the bone marrow microenvironment to attempt the

expansion of HSCs for clinical applications.

1.8. L. lactis, origins and uses

1.8.1. Lactococcus lactis

Lactococcus lactis (L. lactis) is a Gram-positive, non-motile, non-sporulating spherical or
ovoid-shaped bacterium, with a size about 1.2 by 1.5 um?3¢, Originating from the family of
Streptococci, Lactococcus lactis has three subspecies, lactis, cremoris, and hordinae?®” and is
classified in the category of lactic acid bacteria (LAB) because of its metabolic ability to
ferment sugars into lactic acid?3. This particular property has been exploited for centuries in
milk fermentation and therefore dairy product production, making the species economically
valuable and rendering its generally recognized as safe (GRAS) status by the Food and Drug
Administration (FDA)?3°, Furthermore, its small-sized fully sequenced genome (2.3 Mbp),
and the wide availability of compatible genetic engineering tools have made L. lactis a

desirable model organism for genetic engineering?4°.

1.8.2. Origin and uses

Despite commonly being associated with dairy products, LAB were initially isolated from
plants. They naturally reside in the phyllosphere (the aboveground surfaces of a plant),
where they can be found in relatively low cell numbers (10% to 10* CFU/g), but rapidly
increase in cell densities following the harvest of plant leaves and fruits and exposure to

humid, low oxygen environments?4.,
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Apart from its common use for centuries in the fermentation of cheese and yoghurt, L. lactis
has gained popularity as a microbial cell factory that has been used in a variety of
applications, gaining a qualified presumption of safety (QPS) status by the European Food
Safety Authority’s (EFSA) scientific panels?*2. Its current uses range from vitamin?43,
multivitamin and health supplement production?*424> to vaccine delivery?4®?4’, The species
has also been used as a probiotic?*®, as well as a vector for the delivery of functional
proteins to mucosal tissues of patients?*°. In medicine, L. lactis has been used as a tool with
therapeutic potential for a variety of diseases such as colitis?>° and necrotizing
enterocolitis?>1. Finally, specific strains of L. lactis have been shown to have antioxidant and
anticancer effects?>? while others have been used for cosmetic purposes as they display
evidence of skin health and status improvement?>3 or even as sweetener producers?>%2>,
Additionally, recombinant protein producing strains of L. lactis have been successfully used
in clinical attempts for the management and treatment of inflammatory bowel
disease?*®?>’, Table 1.1 provides a further summary of recombinant proteins produced in L.

lactis for biomedical applications.

Aside of biomedicine and the food industry, LAB are also used for biomass feedstock
production?>® as well as for the conversion of plant tissues such as alfalfa into silage for
animal feed while ensuring its preserved and enhanced nutritional value and sanitary
qualities?>?. Other efforts have focused on the use of L. lactis for ethanol production as an
energy source?®0 and for the fermentation of plant-based substrates into industrial-grade

lactic acid for the manufacture of polylactide bioplastics?62.

Recombinant | Application Expression Promoter Protein display Ref

protein vector

Trefoil Factor | Inflammatory | pTREX-derived | P1 (pH Secreted 262
Bowel Disease dependent)

(TFF)

Low calcium Inflammatory | pTREX-derived | PUsp45 Secreted 262

response V Bowel Disease (constitutive)

(LcrV)

IL-10 Inflammatory | Chromosome | PthyA Secreted 262
Bowel Disease | integrated (constitutive)
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IL-10 Crohn’s pOR19 P1 Secreted 263
Disease N
(constitutive)
IL-27 Inflammatory | pT1INX-derived | P1 (pH Secreted 262
Bowel Disease dependent)
Catalase Inflammatory | pSEC:KatE PnisA Cytoplasmic 262
Bowel Disease (inducible)
Murine IL-10 Inflammatory | pLB263 PgroESL Secreted 262
Bowel Disease (Inducible)
Pro-insulin/IL- | Type 1 pT1NX-derived | P1 (pH Secreted 262
10 diabetes dependent)
HSP65-6P277 | Type 1 pCYT:HSP65- PnisA Cytoplasmic/Secret | 262
diabetes 6P277/pHI: (inducible/ ed
HSP65-6P277 o
constitutive)
GADG65 and Type 1 - - Secreted 262
diabetes
I1A-2
Single-chain Diabetes PNZPnisA:uspS | PnisA Secreted 262
insulin analog, Cl-57 (inducible)
SCI-57
Glucagon like | Type 2 pUBGLP-1 PgroESL Secreted 262
peptide-1 Diabetes (inducible)
(GLP-1)
HPV-16 E7 Cancer pLB263 - - 262
antigen
HPV-16 E7 Cervical pMG36e P32 Cytoplasmic 262
cancer o
(constitutive)
Staphylococal | Staphylococal | pLB263 PgroESL Secreted 262
nuclease infection (inducible)
VP8 Rotavirus pNZ8048 PnisA Secreted/cell 262
infection (inducible) anchored/
cytoplasmic
Arah?2 Peanut allergy | pNZ8148 PnisA Secreted/cell 262
(inducible) anchored/
cytoplasmic
Der p2 Dust mite pNZ8148 PnisA Secreted/cell 262
allergy (inducible) anchored/
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cytoplasmic
Pneumococcal | Streptococcus | pTREX1 P1 (pH Cytoplasmic 262
surface pneumoniae dependent)
protein A infection
hemagglutinin | Avian pMG36e - Cytoplasmic 262
1 (HA1) influenza virus
Leptin Body weight pSEC:lep PnisA - 262
control (Inducible)
Murine IL-18 Immune pNZ8149 PnisA Secreted 264
response (Inducible)
enhancement
on mucosal
surfaces
KiSS-1 Colon pNZ401 PnisA Secreted 265
carcinoma (Inducible)
TNF-related Cancer pNZ8124 PnisA Secreted 266
apoptosis- (Inducible)
inducing
ligand (TRAIL)
IL-17A Cancer pLB333 groESL Secreted 267
Hepatitis E Hepatitis E pNZ8149- PnisA Surface-displayed 268
virus antigen virus infection | inaQN-ORF2 (Inducible)

Table 1.1 Recombinant proteins produced in L. lactis for biomedical applications.

1.9.

Phylogenetic characteristics of L. lactis

The earliest taxonomic classification of the LAB has been considered the contribution of
Orla-Jensen (1919, 1942), who characterised the members of the group depending on their
cellular morphology, mode of glucose fermentation, range of growth temperature, and
sugar utilization patterns. LAB have been collectively described as Gram-positive, non-
motile, non-spore-forming, rod- or coccus-shaped organisms that ferment carbohydrates,
primarily glucose, and higher alcohols to mainly lactic acid, often also producing CO; and
ethanol metabolites?®®. Further to these parameters, growth rate, pH, salt and alkaline
tolerance as well as type of metabolic end product produced have also been used to classify
LAB. In more recent years, gene sequencing has replaced the traditional morphological
classification of species. More precisely, the sequence of the small subunit ribosomal RNA

(16S/18S rRNA) and other genes such as cytochrome oxygenase subunit 1 (CO1)?’° have
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been the target sequences for organism classification, with the former being the most

commonly used?’!,

By 165/18S rRNA sequencing and their G-C content, LAB can be placed in the low G-C branch

of Eubacteria. As shown in figure 1.9, Gram positive bacteria form two main lines of
descent, one with a high G-C content (Actinomyces) and one with a low G-C content
(Clostridium) that contains the LAB supercluster. LAB are generally classified into four

families and seven genera, as follows: family Lactobacillaceae including the genera

Lactobacillus and Pediococcus, family Leuconostocaceae made up of genera Oenococcus and

Leuconostoc, family Enterococcaceae with the genus Enterococcus and family

Streptococcaceae containing the genera Lactococcus and Streptococcus. Based on 16S rRNA

as a variety of selected genes, a strong phylogenetic relationship exists among the genera

Lactococcus, Streptococcus and Enterococcus (figure 1.10).

High G+C Low G+C

Leuconostoc,
Lactobacillus

Lactobacillus,
Pediococcus

Atopobium

Bifidobacterium
Enterococcus

S. aqureus

Corynebacterium

Propionibacterium

E. coli

Streptococcus

Lactococcus

B. subtilis

Figure 1.9. Phylogenetic tree of Gram-positive bacteria. The bar indicates 10% expected sequence

divergence. Adapted from Schleifer and Ludwig (1995)%72.

Despite their classification in the same cluster of microorganisms, the term ‘lactic acid

bacteria’ does not reflect a phyletic class, but rather the common metabolic similarities of

this heterogeneous bacterial group, the most important of which is the capacity to ferment
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sugars primarily into lactic acid. Other differences observed between the different species of
LAB are on their oxygen tolerance as well as fermentation characteristics. More precisely,
even though LAB are generally characterised as facultative anaerobes, many species can
tolerate oxygen. Furthermore, LAB can be divided into three groups based on fermentation
characteristics: obligately homofermentative, producing mainly lactic acid, as well as
facultatively heterofermentative and obligately heterofermentative, that produce a variety
of fermentation end-products, including lactic, acetic, and formic acids, ethanol and carbon

dioxide, as mentioned above.

(The combined tree of 232 genes ) (The 16S rRNA gene tree)
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Figure 1.10. Partitioned Bayesian/ML tree topology inferred from selected 232 genes and the 16 S

rRNA gene tree of 29 species of LAB. ML bootstrap supports and Bayesian posterior probabilities are

shown above the branches. Figure adapted from Zhang et al (2011)?73,

1.10. Why L. lactis
LAB have a long history of use in many aspects of human life. From their industrial
applications and importance in dairy product production?’423% to more recent uses in

medicine as drug delivery systems and role in vaccine production??¥’, the species has proven
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of high economic and clinical importance. It has been associated with a GRAS status by the

FDA and a QPS status by the European Food Safety Authority’s (EFSA) scientific panels?42.

Compared to the traditionally used for protein production gram-negative bacteria, L. lactis
provides an attractive alternative for biomedical applications due to its physical
characteristics?’>. One of the major concerns of using bacteria in tissue cultures is
lipopolysaccharide (LPS) production, that has been associated with inflammatory responses
and anaphylactic shock in animals and humans?’®?’7, Being gram positive, L. lactis does not
produce LPS, which makes it a suitable substrate for human tissue culture. Furthermore, L.
lactis features low exopolysaccharide (EPS) production that allows the interaction of human
cells with membrane proteins expressed on the bacterial membrane. Low EPS are also
important for optimal secretion of soluble recombinant proteins. This property is
particularly important for this work as it facilitates the interaction between the mammalian
cells, the soluble recombinant CXCL12 and TPO, as well as the membrane bound fragment

of FN lll7.10 and VCAM1 produced by the genetically engineered strain NZ9020.

Another important characteristic of L. lactis, particularly for our system, is its ability to

spontaneously form biofilms?78

on a variety of substrates. This feature has been exploited by
previous studies in order to use L. lactis as a biomaterial to direct stem cell fate?’>%%0, |n
these studies, L. lactis biofilms have been shown to be stable and viable for up to 4 weeks in
culture and has been classified as a living biointerface that can support stem cell adhesion

and differentiation.

Moreover, L. lactis is a well characterised species and the first LAB to have its full genome
sequenced?®. There are currently more than 80 individual, fully sequenced lactococcal
plasmids?®® as well as a variety of recombinant protein expression systems?82283, The core
proteome of the species has also been recently characterised and quantified and has

provided an insight into cellular processes, signalling and cell cycle control?8428,

Except for its desirable natural properties, a variety of gene editing tools have been
developed for genetic engineering applications in L. lactis. Targeted Group Il Introns?8®, the
P1702?%” and CRISPR-Cas9?%8 systems, the nisin-controlled inducible expression (NICE)

289 35 well as other single and dual plasmid systems??® have been developed for

system
precise and efficient gene manipulation in the species. The most commonly used method of

gene transfer in L. lactis, and the technique used in this work, is through bacterial plasmids.
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In this method, the plasmid is cut open at a specific site using a restriction enzyme, following
the mixing of open plasmid and gene of interest and the incorporation of the gene into the

plasmid, using a DNA ligase.

L. lactis has also been successfully used to direct stem cell fate of mouse and human stem
cells. Our work has been inspired by the proof of concept provided by previous research,
that suggested the suitability of L. lactis for co-cultures with mouse and human cells in order

to induce specific cellular responses?9:2%2,

In this work, we are using the pT2NX plasmid, which has been designed and developed by Dr
A. Rodrigo-Navarro and Dr J. Hay?®3 in the Centre for the Cellular Microenvironment, at the
University of Glasgow, and is derived from the PT1NX plasmid by the substitution of the
erythromycin with the chloramphenicol resistance gene. The plasmids are depicted in figure
1.11 and details of the pT2NX plasmid design are shown in table 4. pTINX has been
developed by Dr L. Steidler?®* and has been extensively used as a vector for recombinant

protein production in LAB29>:2%,

7378 bp

Figure 1.11. Graphical illustration of the L. lactis plasmids pT1NX and pT2NX. The plasmid maps
feature the constitutive P1 promoter, Usp45 secretion peptide, S. aureus protein A anchor and T7
terminator that are shared between the two plasmids. pT1NX bears erythromycin resistance, while
pT2NX contains the chloramphenicol resistance gene.

pT2NX, like pTINX, bears the P1 lactococcal promoter, that is constitutively expressed and
the phage T7 gene 10 (T7g10) 5’-UTR and RBS and the T7 terminator for the control of

mRNA synthesis. The terminator is derived by the T7 E. coli originating phage?®’. The

33



plasmid also features the usp45 gene, encoding for the Usp45 (unknown secreted protein
45) secretion peptide found in a number of LAB2%8, This secretion peptide comprises the first
27 residues of the native N-terminal region of Usp45, has no known biological activity and
has been previously used to optimise the expression and secretion of the desired
recombinant proteins by the bacteria?®®. More precisely, in our plasmid designs, the gene
encoding the protein of interest is inserted downstream the usp45 gene, ensuring that upon
expression the recombinant proteins will be tagged with Usp45 and secreted from the cell.
Additionally, pT2NX features the Staphylococcus aureus protein A (SpA) C-terminal
fragment. This 42 kDa protein found in the cell wall of the bacterial species (gene name
spax) functions as an anchorage protein and allows for the production and presentation of
membrane-bound recombinant proteins3®. The SpA has been previously characterised and
shown to comprise of an LPXTG motif on its carboxy-terminus, a hydrophobic core of
approximately 30 amino acid residues, and a positively charged (Arg- or Lys-rich) tail*°1. Of
particular interest for recombinant protein presentation is the LPXTG motif, that mediates
chemical coupling of the desired protein to the bacterial cell wall. A proteolytic cleavage of
the peptide between the threonine (T) and glycine (G) of its LPXTG motif, followed the
formation of a covalent bond between the C-terminus of SpA to the pentaglycine peptide in
the peptidoglycan layer of the cell wall of L. lactis®*®2. The amide bond formed between the
C-terminal threonine and the free amino groups of the peptidoglycan cross bridge, ensures

the extracellular presentation of the engineered proteins by the bacteria.

Primer Sequence 5°-3’ 3’ Annealing
Temperature

Forward ‘TTCTATGAGTCGCTTTTG’ 56.9 °C

chloramphenicol

Reverse ‘GTAATCACTCCTTCTTAATTACAAATTTITA |56.9°C

chloramphenicol | G’
pTINX Forward | ‘AATTAAGAAGGAGTGATTACATGAACTTTA | 57.3°C
ATAAAATTGATTTAGACAATTG’

pTINX Reverse | ‘TACAAAAGCGACTCATAGAATTATAAAAGC | 573 °C
CAGTCATTAGG’

Table 1.2. Primers and annealing temperatures for the incorporation of a chloramphenicol
resistance gene in pT1NX, for the creation of pT2NX. Table adapted from Hay, J. (2018)%%2,
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Together, the SpA and Usp45 proteins create possibilities for the design of both secreted
and membrane bound recombinant proteins in L. lactis. This is particularly important for the
purpose of this work, as the bone marrow microenvironment is a highly complex niche,
characterised by the presence of both biochemical and mechanical signalling. These can
take the form of either secreted molecules and cytokines or adhesion proteins presented by
its cellular components. Therefore, any effort to create a representative ex-vivo BM
analogue would have to incorporate both chemical and mechanical signalling in the
engineered platform. For the purpose of this work, we have selected four key proteins
present in the BM that have been highly associated with HSC survival and self-renewal303304
and have expressed them in the pT2NX plasmid. We have engineered L. lactis to secrete
soluble recombinant human CXCL12 and TPO as well as the membrane bound extracellular
signalling fragment of VCAM1 and the FN7.1o fragment. A schematic representation of the

recombinant protein expression system used in this work is depicted in figure 1.12.

S0 0089 ¢ Q... &

Figure 1.12. Schematic overview of the engineered protein production in L. lactis. The constitutively

expressed pT2NX plasmid activates transcription of the protein of interest under the P1 Lactococcal

promoter. The presence of the SpA anchor will determine whether the protein will be secreted, or
cell wall-bound.
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1.11. Bacterial metabolism

1.11.1. LAB metabolism

Because of their central role in both industrial, research and medical applications, a variety
of studies have focused their interest in understanding the major metabolic processes of
LAB. This group of bacteria employ three major pathways for hexose fermentation; the
glycolytic (Embden-Meyerhof-Parnas) pathway, the “bifid shunt” (Bifidus) pathway and the
6P-Gluconate pathway3%>. As shown in figure 1.13, all three fermentation processes have
glucose as the starting substrate. Their difference is based on alternative strategies for
breaking down the substrate and the carbon skeleton of the downstream metabolites which

results to the production of different end products.

Glucose

Fru-16P Fru-6P Glc-BP

‘ i
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Figure 1.13. The main pathways of glucose fermentation in LAB. Adapted from Kandler, O (1983)3%,
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The first step of bacterial metabolic processes is the transport of carbohydrates across the
cytoplasmic membrane. There are three major uptake systems for sugars in bacteria: the
phosphoenolpyruvate (PEP) phosphotransferase system (PTS)3%, ion-linked sugar transport
and adenosine triphosphate (ATP)-dependent sugar transporter systems3%’. The most
commonly used and best characterised system of sugar uptake in LAB, PTS-mediated sugar
uptake, is initiated by the binding of the transported sugar to the membrane component of
the PEP. The sugar then gets phosphorylated by an ATP-dependent phosphocarrier protein
(HPr)3%8 and enters the cytoplasm. Once internalised, the substrate is converted to
downstream metabolites producing energy in the form of ATP. lon-dependent sugar
translocation is mediated through the uptake of sugars via secondary transport systems
(permeases)3®. Once in the cytoplasm, the free sugar is phosphorylated by a kinase and
enters a downstream metabolic pathway. An example of ion-linked sugar transport system
and the first to be discovered and characterised in L. lactis has been the secondary transport
system for lactose. Canonical bacterial ABC importers are dependent predominantly on
high-affinity substrate-binding proteins domains (BPDs) that capture the substrate and
deliver it to the transporter. In ATP-dependent sugar transport, the nutrient is taken up by
ATP-dependent ATP-binding cassette (ABC) permeases. Energy harnessed by ATP induces a
conformational change of the transporter that allows for the passing of the target molecule
into the bacterial cell3'°. Furthermore, ATP-dependent sugar transport has been shown to
be important in cases where the PTS system is inhibited. Upon PEP inhibition, it has been
reported that an ATP-dependent metabolite-activated HPr kinase and a sugar-phosphate
phosphatase are activated in an ATP-dependent way3!! . After their activation, they
reversibly phosphorylate serine 46 in the phosphocarrier protein HPr, allowing for the
transport of sugars in the cell and activating the respective downstream metabolic
pathways3!2. A schematic description of the HPr phosphorylation and activation by PEP and

ATP respectively is presented in figure 1.14.
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Figure 1.14. Mechanisms of HPr phosphorylation during sugar uptake in LAB. HPr is activated by PEP

(top) or ATP (bottom) in an El or HPr kinase-mediated way respectively.

Glycolysis is the main carbon metabolic pathway occurring in Streptococci, Pediococci,
homofermentative Lactobacilli, as well as the species featured in this work, L. lactis. During
this process, glucose is phosphorylated by hexokinase3!? and converted to glucose-6-
phosphate, and further downstream to fructose-6-phosphate and fructose 1,6-
bisphosphate, that is then metabolised into glyceraldehyde-3-phosphate, through an
aldolase-mediated process and then converted to pyruvate and finally lactate3!4.
Leuconostoc and heterofermentative Lactobacilli generate metabolic energy through the
Embden-Meyerhof-Parnas (EMP) pathway or the 6-P-Gluconate pathway3'>, while
Bifidobacteria ferment glucose through the “bifid shunt” central fermentative pathway36. In
both cases, glucose gets metabolised to end products including CO,, lactate and acetate or
ethanol. This procedure is powered by the initial oxidation of glucose or fructose 6-
phosphate to resulting trioses and acetyl-phosphate, followed by conversion to pyruvate
and lactate. Acetate can also result as an end product of the metabolism of fructose 6-
phosphate to acetyl-phosphate, erythrose-4-phosphate and H,O with the release of a
molecule of ATP3!7. Additionally, ethanol can also be produced from the conversion of
xylose-5-phosphate to equimolar amounts of glyceraldehyde 3-phosphate and

acetylphosphate, through an ATP-yielding reaction38,
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Other than the main metabolic products of hexose fermentation described above and
depicted in figure 1.14, different ratios of lactate, acetate and CO,, as well as keto and

hydroxy acids3%®

, primary alcohols, aldehydes, ketones, and organic acids may be produced
as a result of homolactic and mixed acid fermentation of different substrates32°. Moreover,
pyruvate may not only be converted to lactate and acetate3?! but also to several other
products by alternative mechanisms depending on the growth conditions and properties of
the particular species. More precisely, metabolic engineering has provided new
opportunities for the conversion of pyruvate into a variety of industrially important

compounds, such as aromatic compounds (eg. acetaldehyde), sweeteners (eg. L-alanine)

and other sugar alcohols with applications in the food and pharmaceutical industries3?2,

1.11.2. L. lactis metabolism

Depending on their glycose metabolic pathways, LAB are divided in two categories,
homolactic and heterolactic, using the glycolytic EMP pathway and the phosphoketolase (6-
phosphogluconate) pathway, respectively. The main outcome of the EMP pathway is the
generation of two molecules of ATP from one molecule of glucose, through subsequent
phosphorylation of downstream regulators. On the contrary, the phosphoketolase pathway
yields one molecule of ATP per molecule of glucose utilised, along with one molecule of

lactic acid, ethanol and CO23%3.

Lactococcus lactis is a homofermentative lactic acid bacterium. It primarily metabolises
glucose to lactic acid for the production of adenosine triphosphate (ATP) for biosynthesis
and more than 95% of the metabolised sugar is converted to fermentation products(Figure
1.15)3%4, The metabolism of the species has been studied in different media and has been
reported as characterized by a lactate yield of about 1.7 mol/mol of glucose3?*. For sugar
uptake, the bacterium use transport ATPase membrane channels that utilises a H* gradient
to create a proton-motive force that drives the transport of ions and metabolites into the
cell. This transport method is both utilised by permeases and the PTS system, that
constitute the two main metabolic systems of L. lactis. L. lactis uses the glycolytic EMP
pathway, through which almost all glucose is metabolised into L-(+)-lactic acid, following the
steps described in the section above. Glucose metabolism is achieved through the catalysis

of consecutive redox reactions, with nicotinamide adenine dinucleotide (NAD+) and its
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reduced form NADH playing a pivotal role. More precisely, during energy metabolism, NAD+
is oxidised, forming NADH, which actively drives the mitochondrial electron transport chain
(ETC) to fuel oxidative phosphorylation32¢, Under anaerobic conditions, glucose is
metabolised to either lactate, via lactate dehydrogenase (LDH), or to formate, ethanol and
acetate at a carbon ratio of 1:1:1 via pyruvate formate lyase 3. In contrast, in the presence
of oxygen, a metabolic shift in by product formation is observed, and the main metabolites

secreted become acetate, acetoin, pyruvate and C0O23%,

Except for glucose, L. lactis can metabolise other sugars such as mannose, fructose and
galactose. Uptake of mannose and fructose is either permease or PTS-dependent3?°, while
transport of galactose is mediated by the PTS. Galactose then enters the glycolytic pathway
at the glyceraldehyde-3-phospate level, while mannose and fructose are metabolised via the
EMP pathway. Finally, the species can metabolise disaccharides, such as lactose. Upon entry
in the cytoplasm via a lactose-specific PTS (lac-PTS), the phosphorylated disaccharide is split
into glucose and galactose-6-phosphate in a phospho-B-galactosidase-mediated reaction,

that enter the EMP pathway33°.

The strain used in this work, L. lactis NZ9020, is a lactate dehydrogenase (/dh)-deficient
strain, in which two out of the three Idh genes have been knocked out®3!. In anaerobic
conditions, the metabolic activity and levels of sugar fermentation of the strain drop
significantly and the main metabolic end products include small amounts formate, ethanol
and butanediol32. NADH has been reported to play an important role in the reducing steps
of the pathway that mediates the conversion of pyruvate to the aforementioned end
products333, The combination of reduced metabolic activity and the lack of lactic acid as a
metabolic end product are of major importance for the applications of this specific bacterial
strain in this work. These desirable properties have provided us with the opportunity to
culture the bacteria in a monolayer biofilm and achieve long, stable co-cultures of biofilms

and human stem cells, as will be described later.
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Figure 1.15. Homolactic fermentation pathway in L. lactis. Glycolysis yields lactate as the end
product.

Studies on the metabolism of L. lactis, have revealed that different culture conditions result
in the production of different levels of metabolites. When cultured aerobically, L. lactis
mainly produces lactate (final concentration, 31.4 + 1.1 mM), followed by acetate (6.7 + 0.7
mM). Furthermore, acetoin and 2,3-butanediol can also be detected in L. lactis cultures in
the presence of oxygen. In anaerobic conditions, glucose is almost completely metabolised
to lactate, with acetate only being produced in trace amounts (37.4 +0.3 mM vs 0.5+ 0.1
mM respectively)®3*. When switched from anaerobic to aerobic conditions, an increase in a-
acetolactate synthase flux is observed in the metabolism of L. lactis, resulting in acetoin-
diacetyl production that has been used as a flavour enhancer in the dairy industry33°. While

this is the case for most L. lactis strains, lactate dehydrogenase (/dh)-deficient mutants (such
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as the NZ9020 strain used in this work) produce different end products as a result of the
different culture conditions. Ldh-deficient strains display a shift from homolactic
fermentation to a mixed acid fermentation characterised by an almost complete loss of

lactate production with acetoin as their main metabolic end product33®.

1.11.3. Metabolism during glucose depletion in LAB

A schematic overview of the metabolic activities during glucose depletion in LAB is shown in
figure 1.16. Shortly before glucose is depleted in limited resource media, ATP and Uridine-
5'-triphosphate (UTP) production starts to decrease, but without significantly affecting the
bacterial growth rate. Following glucose depletion ATP and guanosine triphosphate (GTP)
concentrations drop to extremely low levels, resulting in a near protein synthesis shutdown.
In contrast to the general decrease of protein production, the downshift in carbon and
energy source associated with glucose starvation is also marked by an up regulation of the
FruR, CcpA, ArgR and AhrC regulons337:338333_ Fyrthermore, the ribosomal dimerization
factor YfiA has been reported to be highly expressed during glucose starvation in L. lactis,
playing a role in keeping the cells at a growth competent state3*°. In glucose starved LAB,
the depletion of glucose-6-phosphate (G6P) results in the inactivation of pyruvate kinase.
Consequently, phosphoenolpyruvate (PEP) accumulates in a high concentration, which leads
to an inhibition of LD production. In anaerobic conditions, the lack of LD combined with the
gradual decrease in the levels of pyruvate results in the depletion of NAD+ and subsequent
inactivation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). This gives rise to a
residual amount of fructose-1,6-biphosphate (FBP) that provides the cells with a small
amount of ATP through the phosphoglycerate kinase reaction, which could be used as a
secondary mechanism to restart glycolysis. On the contrary, in aerobic conditions the
reduction in pyruvate due to the lack of glucose results in an increase in intracellular NAD+,
that is produced by NADH oxidase. FBP gets metabolised in a reaction downstream
mediated by GAPDH, that results in subsequent accumulation of 3-Phosphoglyceric acid

(3PGA) and PEP, and finally pyruvate and ATP production.
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Figure 1.16. Cascade of events resulting from glucose depletion in aerobic and anaerobic conditions.
Despite the different response mechanisms during the metabolic “shut down”, the cells retain some

3PGA and PEP when glucose runs out both in the presence and absence of oxygen3.

1.12. Aims of the project

Stem cells have attracted major clinical interest because of their significant therapeutic
potential for a variety of otherwise untreatable medical conditions. However, the large cell
numbers required for cellular therapies have created an urgent need for novel platforms
that would encourage increased cell proliferation and expansion, in order to meet the
increasing clinical demands for stem cell grafts. Therefore, major scientific interest has been
focused on creating ex-vivo stem cell niches that closely resemble the natural stem cell
microenvironment. Such platforms would both widen the understanding of all aspects of

cellular and niche biology by the scientific community and provide a better alternative to

43



traditional culture methods that have so far failed to meet the growing demand for large

cell numbers for stem cell transplantation.

Two of the most clinically significant stem cell types are mesenchymal and hematopoietic
stem cells, both achieving recognition for their potential to repair major bone, muscular,
and chondral defects and reconstitute the haematopoietic system in the event of
haematological disorders, respectively. Since both stem cell types majorly reside in the BM,
scientific attention has been focused on the study and engineering of BM-resembling niches
in the lab. The complexity of the BM niche has urged researchers to create culture systems
that provide both physical and chemical stimuli in a dynamic manner, in order to regulate
stem cell fate, resulting in a variety of studies reporting the engineering of

microenvironments and culture methods that bear different characteristics of the BM342343,

The dynamic nature of stem cell niches involves a high level of interaction between the cells
and their surroundings, where one can change and remodel the other, resulting in
conformational changes of the material and changes in cell behaviour. However, most
current approaches are based on external chemical signal stimulation and 2D or 3D
materials that despite their sophistication often lack active components. A novel approach
that promises to reduce the need for external stimulation by providing stem cells with the
necessary chemical signals in a controlled, dynamic way is the incorporation of living
biointerfaces in the culture system. The bacteria can be engineered to produce a variety of
both soluble and adhesion signalling molecules, creating a living, dynamic, self-regulated
environment to control stem cell behaviour. Such a system can be tailored to different
applications, including the maintenance of naive stem cells and their proliferation for

increased stem cell number manufacturing for cellular therapeutics.

In this work we aim to create cell culture platforms, inspired by the BM microenvironment
in order to achieve MSC maintenance and proliferation, as well as HSC expansion for

therapeutic applications.

Our primary goal is to genetically engineer L. lactis to produce a variety of recombinant
soluble and adhesion molecules that are important in mediating stem cell fate decisions in

the BM. These include CXCL12, TPO, VCAM1 and FN.
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e CXCL12 has been found to be highly expressed throughout the BM and is particularly
important in the musculoskeletal system by mediating cell localization. It plays
important roles in the regulation of both hematopoietic and mesenchymal
progenitor cells, that require CXCL12 stimulation for their localization, homing,

survival, and proliferation34,

e TPO has been associated with normal BM function: its loss is connected to bone
marrow failure and thrombocytopenia, whilst higher expression levels drive HSC and

MSC maintenance3%.

e VCAML1 has also been found to be highly expressed in the BM, enhancing cell
adhesion and homing. Its expression has been linked with the regulation of

hematopoiesis and the retention of HSCs in their niche3°,

¢ Fibronectin has also been associated with the maintenance of BM homeostasis,
including the retention, homing, and maintenance of MSCs and HSCs3>%. In addition
to the adhesive effects of FN to the cellular components of the BM, this interaction
has been described as essential for the maintenance of the naive phenotype and

differentiation potential of BM-residing stem cells32.

This work aims to then explore the co-culture dynamics between L. lactis biofilms and MSCs,
with a view to providing a close representation of the BM. We plan to explore whether our
platform would allow MSCs to adhere and migrate on the biofilms and remodel their
microenvironment in 3D experiments, in a way similar to their behaviour in the BM. We also
aim to explore the potential of the biointerface to mediate MSC phenotype maintenance in
long term cultures, and the way such cultures would impact the differentiation potential of
MSCs. The final purpose of this work is to investigate the capacity of our living interface to

instigate HSC maintenance and expansion in both 2D and 3D cultures.
Specifically, this work has been conducted according to the following objectives:

1. The identification of the most relevant cytokines for the engineering of a BM-
mimicking HSC niche, according to literature. The aim of the work is to engineer a
BM analogue, for MSC and HSC expansion. Hence, it is important to identify the

appropriate niche signalling factors that have been associated with the maintenance
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of both stem cell types in a naive, undifferentiated state, while at the same time
promote their self-renewal and expansion.

The genetic engineering of L. lactis NZ9020 to produce the above selected cytokines
of interest.

The expression and characterisation of the recombinant cytokines.

The effect of the biointerface on MSC and HSC viability in co-culture experiments.
The assessment of the effect of the expressed cytokines on MSCs.

The effect of the recombinant cytokines on HSCs.

The study of the potential of 3D HSC cultures to induce stem cell maintenance and
expansion.

Establishment of a 3D, bioactive culture system, where the HSCs are encapsulated in

a hydrogel and supported by the recombinant proteins produced by the biofilms.
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Chapter 2. Materials and Methods

The following chapter describes some general methods used throughout this work. More

specific details are outlined in the specific chapters that follow.

2.1. Bacterial Culture
L. lactis was cultured in anaerobic conditions, in M17 medium (Formedium). The medium
recipe, as provided by the manufacturer, includes:

» Pancreatic digest of casein: 5 g/l

= Soy peptone: 5 g/l

= Beef extract: 5 g/l

» Yeast extract: 2.5 g/I

= Ascorbic acid: 0.5 g/l

=  Magnesium sulphate: 0.25 g/l

= Disodium glycerophosphate: 19 g/l
For media preparation, 36.24 grams of powdered M17 is resuspended in 1 litre distilled
water. When dissolved, the media has a pH of 6.9 £ 0.2 at 25 °C. The liquid medium is then
sterilised in an autoclave at 126 °C for 30 minutes. Upon cooling, and when the medium
reaches room temperature, 0.5 % w/v sterile glucose and 10 pg/ml of antibiotic of choice
are added. In our work, the L. lactis strain incorporates a plasmid carrying the
chloramphenicol acetyltransferase gene to provide chloramphenicol (Cm) resistance.
Therefore, this has been the antibiotic used in all culture conditions unless otherwise
specified. The addition of sterile glucose and antibiotic after the autoclave sterilisation of
the M17 liquid medium is important to prevent the antibiotic from degrading in this high
temperature and to prevent the Maillard reaction between glucose (a reducing sugar) and
the aminoacids present in the medium. In this thesis, the complete medium made up of
M17 + 0.5 % w/v glucose + 10 pg/ml Cm will be referred to as GM17. L. lactis is grown in a
standing culture at 30 °C in anaerobic conditions. The stationary phase of growth is usually
met within 8 hours and the bacteria slowly begin to sediment and form a pellet at the

bottom of the culture tube.
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2.2. Surface preparation

In this work we have used hydrophilic D263M borosilicate glass coverslips (Avantor, VWR
UK) as the substrate on which biofilms were formed. Given the increased and more stable,
long-term interaction and attachment to bacteria on hydrophobic surfaces, we tested a
variety of silanes for their potential to maintain a viable biofilm with high surface coverage

in a process that will be described in more detail in a later section.

To achieve a homogeneous, hydrophobic surface, clean and dry glass coverslips were
submerged in Sigmacote® siliconizing reagent (Sigma-Aldrich, ref: SL2-100ML). Sigmacote®
is a solution of a chlorinated organopolysiloxane in heptane that readily forms a covalent,
microscopically thin film on glass. It reacts with surface silanol (Si—OH) groups on glass,
almost instantaneously, to produce a neutral, hydrophobic film that can be used for
stronger and more stable attachment of the bacteria on the glass coverslip. The coverslips
were then washed in distilled water to remove any excess solution as well as any HCI
residues. In order to produce a more durable coating, after the heptane had evaporated,

the siliconized coverslips were oven-dried at 100 °C for 30 minutes.

2.3. L. lactis Biofilm production and viability

The method used in this work to develop a L. lactis biofilm was adapted from Burmolle,
Webb et al. (2006)3%4. A frozen glycerinate stock of L. lactis was kept at -80 °C and used to
streak a fresh GM17, 1 % agar plate that was incubated at 30 °C overnight. During this
incubation period, several 1-2 mm colonies had grown. A single colony was selected and
inoculated in 10 ml fresh GM17 medium until the culture reached an optical density of 0.3-
0.5 at 600 nm. A part of the bacterial culture, depending on the application, was then
poured over an appropriate surface in a multiwall plate, the plate was grown then overnight

in anaerobic conditions at 30 °C.

After the biofilm was formed, the media was removed, and the surface was washed with
sterile PBS three times. The purpose of the washes is to remove the planktonic phase
bacteria that have not adhered to the surface in order to avoid the complete colonisation of

the well due to excessive proliferation of the bacteria. In this way, we can ensure that the L.
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lactis that remains in the well is in the form of a monolayer biofilm, adherent to our surface

of interest.

For biofilm viability, we used the FilmTracer™ LIVE/DEAD® Biofilm Viability Kit
(ThermoFisher). The assay provides a two-colour fluorescence assay of bacterial viability,
based on membrane integrity that stains live cells green and dead cells red. Biofilms were
produced as described above, were cultured in either GM17 or IMDM, and were maintained
for a variety of timepoints depending on the needs of each experiment. The assay involves
washing the biofilms with a 0.9% NaCl solution and then incubating the biofilms in a 1:1
solution of SYTO 9 and propidium iodide. After 15 minutes of incubation in the dark, the
assay is stopped, and the samples are visualised using a Zeiss AxioObserver epifluorescence
microscope. The results are processed by image analysis, through measuring the number of

green-stained (viable) and red-stained (non-viable) cells in each field of view.

2.4. Human stem cell cultures

2.4.1. Human mesenchymal stem cell (MSC) culture

The mesenchymal stem cells (MSC) used in this work were purchased from PromoCell. They
were self-renewing multipotent cells that have the ability to differentiate into a wide variety
of cell types, such as adipocytes, chondrocytes, osteoblasts, myocytes, and R-pancreatic
islets cells. The cells were isolated from the bone marrow of human donors and
cryopreserved in PromoCell’s freezing medium Cryo-SFM. Each batch of MSCs was quality
control-tested for cell morphology, proliferation potential, adherence rate, viability and
diverse viral diseases (HIV, hepatitis). After their isolation, they were characterized by flow
cytometric analysis of a panel of markers, including CD73/CD90/CD105 and CD14/
CD19/CD34/CD45/HLA-DR as proposed by the International Society for Cellular Therapy
(ISCT)34>. After purchase of a cryopreserved vial of MSCs, the cells were cultured and
expanded to create a stock. The cell growth medium was made up of DMEM supplemented
with 100 uM sodium pyruvate (Sigma), 1% MEM Non-essential amino acid solution (100x)
(Sigma), 1.1 mM L-glutamine (Sigma), 10 % FBS and 1 % Cm. For standard cell culture, the

MSCs were cultured in plastic flat bottom flasks in a humidified incubator at 37 °C, 5% CO..
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2.4.2. Human hematopoietic stem cell culture

CD34 is a glycosylated transmembrane protein that has been widely used as a marker for
primitive blood- and bone marrow-derived progenitor cells, especially for hematopoietic
and endothelial stem cells3*®, These cells first originate as embryonic stem cells in the inner
cell mass of blastocysts and give rise to all hematopoietic cells, including all terminally
differentiated blood cells. In our work, we are interested in the maintenance and expansion
of naive HSCs. Because of the extremely small number of these cells in the body and the
difficulty of isolating and preserving a large number of the true HSC population, we have
selected to use the bone marrow derived CD34+ cell mix for our experiments. The CD34
marker indicates two main cellular subpopulations, hematopoietic and endothelial
progenitor cells, that can be used for expansion and differentiation studies and can be

further narrowed down into specified sub populations using a panel of different markers.

The CD34+ cells used in this work have been purchased from AllCells. The cells are collected
by clinicians from the posterior iliac crest of a healthy donor. A 50 ml aspirate is drawn from
each hip from a maximum of 2 sites using multiple syringes. The aspirate is filtered to
remove clots and bone chips, and then pooled to normalize cell concentration between
draws. CD34+ cells are then isolated from the sample and are cryopreserved. Once
defrosted, the cells are cultured overnight in IMDM medium (Sigma) supplemented with
20% of a supplement containing bovine serum albumin (BSA), bovine insulin and transferrin
(BIT), 10% L-glutamine and 10 pug/ml chloramphenicol. In order to preserve the naive
phenotype, the culture medium is supplemented with 100 ng/ml thrombopoietin (TPO) and
stem cell factor (SCF) and 50 ng/ml FMS-like tyrosine kinase 3 ligand (FLT3L). The following
day, the cells are ready to be seeded in the culture microenvironments of interest. In the co-
culture experiments, where we are investigating the potential of the recombinant cytokines
expressed by the bacteria in regulating HSC fate, these maintenance cytokines are not
added to the medium. The cells are then cultured in plastic well plates in a humidified
incubator at 37 °C, 5% CO,. All experiments performed in this work last 5 days, without
media changes, unless stated otherwise. For the 2D experiments, the CD34+ cells were
seeded at a density of 2.5-10° cells/ml, while in 3D the cell concentration in the cultures was

10° cells/ml, according to current standards.
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2.4.3. Mammalian cell and biofilm co-cultures

All MSC-bacteria experiments were performed in clear, sterile 24-well polystyrene plates
(ThermoFisher). A standing culture of L. lactis was prepared the day before the experiment.
Dry, sterile, hydrophobic coverslips were transferred to the bottom of each well of the plate
and a biofilm was formed as described previously. The following day, the biofilms were
washed three times and 10,000 human bone marrow MSCs per cm? were seeded on top of
each biofilm. For viability experiments, we used MSCs of passage 3 or 4, while for spreading,
adhesion and differentiation experiments we used stem cells of passage 2 or 3. The cells
were maintained in DMEM medium (Dulbecco’s modified eagle medium, ThermoFisher)
supplemented with 4.5 g/L glucose and 10 % foetal bovine serum (FBS). In order to maintain
the bacterial monolayer and avoid excessive L. lactis proliferation, we used an antibiotic
cocktail that we developed and optimised as part of this work, containing 10 pug/ml of
chloramphenicol, 5 ug/ml sulfamethoxazole, 5 ug/ml tetracycline and 2.5 pg/ml
erythromycin, supplemented with 5 pg/ml hemin. Hemin allows L. lactis to switch to an
aerobic metabolism when cultured in aerobic conditions, diminishing the production of
lactic acid to allow for long term co-cultures with human stem cells, without the risk of

lowering the pH of the culture medium enough to endanger the viability of the human cells.

For the CD34+ cell and bacteria co-cultures we used clear, sterile, non-tissue culture 24- well
plates. As described above, for each condition, a biofilm was created on a Sigmacote-coated
coverslip and was placed at the bottom of each well. CD34+ cells were seeded at a density
of 25-10% cells/ml on top of each biofilm, as well as in empty control wells, depending on the
conditions of each experiment. The cells were cultured in each condition for 5 days without

media changes at 37 °C, 5% CO; and the populations were analysed using flow cytometry.
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2.5. Hydrogel formation

2.5.1. Fibronectin PEGylation

Fibronectin (FN, YoProteins, 3 mg/mL) was initially denatured in a buffer containing 5 mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, pH 7, Sigma) and 8 M urea (Acros
Organics, 99.5%) in phosphate buffer saline (PBS, Gibco, pH 7.4) for 15 min at room
temperature (RT). Then, 4-arm-PEG-maleimide (PEGMAL, 20 kDa, LaysanBio) was added at a
molar ratio FN:PEGMAL 1:4, and the reaction was incubated for 30 min at RT. After
PEGylation, the remaining non-reacted cysteine residues were blocked by alkylation using
14 mM iodoacetamide (Sigma) in PBS at pH 8. After the 2 h incubation, the product of the
reaction was dialysed using a Mini-A-Lyzer, MWCO 10 KDa, (ThermoFisher) against PBS for 1
hour at room temperature (RT). The protein solution was then precipitated using nine
volumes of cold absolute ethanol and by mixing using a vortex mixer. The reaction was then
incubated at —20 °C overnight. The following day, the mixture was centrifuged at 15,000 g
and 4 °C for 15 min, the supernatant was discarded, and the protein pellet was washed with
cold 90% ethanol. After another centrifugation step at 15,000 g and 4 °C for 5 min, the
supernatant was removed, the pellets were dried and further solubilised using 8 M urea at a
final protein concentration of 2.5 mg/mL. Finally, the solution was dialysed against PBS for 1

h at RT and stored in the freezer for further use.

2.5.2. Laminin PEGylation

Lyophilised laminin-521 (BioLamina) was resuspended at a concentration of 0.5 mg/ml in
sterile PBS in a sterile laminar flow hood. The mixture was shaken for 5 minutes in a vortex
mixer to ensure that the protein had properly dissolved. A sterile dialysis membrane was
activated in the laminar flow hood, using sterile MiliQ water, and the laminin mixture was
added to the membrane. The mixture was dialysed against sterile sodium bicarbonate
(NaHCOs) for 1 hour at 4°C. After the dialysis, the laminin mixture was transferred to a
sterile low protein binding microcentrifuge tubes (Sigma) and an appropriate amount of AC-
PEG-NHS diluted in sodium bicarbonate was added to the tube. This amount was calculated
according to the amount of laminin being PEGylated (eg. 8.2 ul per 50 pg of laminin). The

reaction was incubated on a shaking mixer at room temperature for 2 hours. After the
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incubation period, the mixture was spun down in a microcentrifuge tube, the pellet was
resuspended and was transferred to an activated, sterile dialysis membrane, where the
mixture was dialysed against sterile PBS for 1 hour at 4°C. The dialysed solution was then

stored in the freezer for further use.

2.5.3. Hydrogel preparation
The PEG and PEG-FN hydrogels used in this work were formed using a Michael-type addition

reaction under physiological pH and temperature according to a previously published
protocol by Phelps et al. (2010)%. For the FN-functionalised hydrogels, PEGylated FN was
added to different amounts of PEGMAL (5% or 10%) at a concentration of 1 mg/mL. To
crosslink the hydrogels, we used either PEG-dithiol (PEGSH, 2 kDa, Creative PEGWorks) or
mixtures of PEGSH and the protease-degradable peptide VPM, flanked by two cysteine
residues (VPM peptide, GCRDVPMSMRGGDRCG, purity 96.9%, Mw 1696.96 Da, GenScript).
The thiolated crosslinker was added always at the end, at a molar ratio 1:1 maleimide:thiol
to ensure full crosslinking. In experimental setups that required the encapsulation of cells in
the hydrogels, the cells of interest were always mixed with the PBS, protein and PEGMAL
before the addition of the crosslinker. Gelation occurred for 30 min at 37 °C, in a humidified
incubator. The PEG only hydrogels were manufactured in the same way, without the

addition of the PEGylated FN.

The laminin hydrogels were fabricated according to the procedure outlined by Dobre et al.
(2021). PEGylated laminin was added to PEG-AC and PBS, at a concentration of 0.5 mg/ml.
The hydrogels were crosslinked in a similar way as the fibronectin hydrogels described
above, using either PEG-dithiol, or mixtures of PEGSH and the protease-degradable peptide

VPM. Gelation occurred for 30 min at 37 °C, in a humidified incubator.

2.6. Image analysis

Images were acquired using a Zeiss AxioObserver Z1 fluorescence microscope (unless stated
otherwise) fitted with a 12-bit monochrome Andor camera. Depending on the experiment,
10, 20 and 40x objectives were used, and images were saved in 16-bit per channel

monochrome TIFF format. Image analysis was performed using Fiji-ImagelJ3*’. Cell area was
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determined by capturing images of the actin channel of the immunofluorescence. In this
work, this corresponds with staining with Alexa Fluor 488 antibody (Thermo). After
acquisition, the images were loaded on the ilastik software (version 1.0)3*%, where pixel
classification and background removal was performed. The use of ilastik was particularly
advantageous as it enabled more accurate distinction between the object of interest and
the background. By performing pixel classification, it estimated the probability that each
pixel belongs to either foreground or background. The resulting probability maps could be

used directly for quantitative analysis3*°. A mask of the original image was generated by

performing simple segmentation, that was exported in PNG format for further analysis. The

images were then fed into the Fiji-ImagelJ software, where a binary format of the image was

generated. The size of the cells was calculated using the Particle Analysis command.
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Chapter 3. Bacterial Engineering

Summary

This chapter focuses on the genetic engineering and use of the bacterial species L. lactis as
an active biomaterial. Initially, our work has focused on bacterial engineering, involving
cloning and transformation of the bacteria with plasmids that carry the genetic sequence for
the expression of recombinant human CXCL12, TPO and VCAM1. Following successful
protein expression, we performed protein characterisation and confirmed that our proteins
of interest are expressed at physiologically relevant levels. We then assessed the ability of L.
lactis to form biofilms, as well as their viability and surface coverage in different culture
media. We also studied the biofilm formation dynamics on substrates of different coatings
to determine the optimal conditions for bacterial culture, that would in the future enable
the most efficient biofilm and stem cell co-culture. Our results show the successful
expression and production of CXCL12, TPO and VCAM1 in L. lactis, and suggest that the
bacteria can be cultured in a biofilm that shows good surface coverage and high viability for
up to 9 days in different media. Furthermore, our data supports that the different bacterial
populations have similar growth kinetics and can therefore be used in combinations in the
same biofilm. Finally, we have identified Sigmacote as the most suitable treatment for our

substrates, as it encourages the strongest bacterial adhesion and highest surface coverage.

3.1. Introduction

Microorganisms have been around for millions of years, however, their first discovery has
been accredited to Robert Hooke and Antoni van Leeuwenhoek during the period 1665-
8330, Since their discovery and characterisation, the impact and implications of
microorganisms in every aspect of our lives has been extensively studied. Pathogenic and
non-pathogenic bacteria have been studied for their effects on human and animal health, as
well as their impact on the environment, driving and evolving our medical research and
general understanding of the world3>%3>2, Furthermore, microorganisms have been
associated with a variety of other activities, such as ecosystem maintenance through carbon
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and nitrogen fixation3>3 and oxygen production3*. Therefore, microbes have gained interest
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as integral parts of human lives and ecosystems and have widened our understanding of

ourselves and our surroundings.

Except for their natural abilities, the advent of biotechnology has created opportunities for
engineering microorganisms to display desirable characteristics that can be used for a
variety of applications. From food biotechnology and the onset of the dairy industry to

355 and medicine or vaccine development3>13°¢, bacteria have been used

biofuel production
in a variety of industrial and clinical settings. The first genetic engineering experiments in
microorganisms date back to 1943, when DNA from the bacterium Streptococcus
pneumonia was successfully transformed into a different bacterial species®*”. This research
has marked the onset of a plethora of efforts to introduce foreign DNA in bacteria and has

set the starting block for the development of new tools for efficient and precise genetic

manipulation techniques.

The most common method of genetic engineering in bacteria is the use of plasmids. These
extrachromosomal genetic elements capable of stable autonomous replication in a cell and
was first introduced by Joshua Lederberg in 195238, Despite their early discovery, plasmids
only gained prominence among scientists in the 1970s, replacing in part the use of the
bacteriophage A that was up to that point the tool of choice for the study of bacterial
genetics and genome engineering3>°. Plasmids are small circular pieces of DNA, common to
many bacteria3®® as well as archaea3®?, yeast36? and plants3®3. They can replicate
autonomously, and their main function is to provide functional advantages to the hosts,
such as antibiotic resistance, degradative functions and in some cases virulence and toxins.
All natural occurring plasmids contain an origin of replication that controls the number of
plasmids present in each host cell, and a number of genes that provides a desirable trait to
the host3%*. Except for the basic characteristics necessary for recombinant protein
production (promoter, 5-UTR and ribosome binding sites, polylinker for restriction sites or
any other appropriate sequence for gene insertion, and terminator), plasmids designed for
genetic engineering applications typically feature a selection marker that will facilitate the
screening of the transformants carrying the marker. A schematic representation of a typical
plasmid is shown in figure 3.1. Plasmids are normally smaller in size compared to the
genome of the host organism; however, each cell of the host may contain a copy number,

ranging from one to sometimes hundreds3®.
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Genetic engineering has provided a variety of tools and endless possibilities for science,
industry and medicine. Using plasmids as vectors, scientists can incorporate any DNA
fragment or gene of interest and precisely control its expression levels, while ensuring that
the foreign DNA inserted will be replicated and maintained by the host. L. lactis in particular,
has had a long history of beneficial use in human culture. From its key role in the dairy

367 and vaccines3®®, L. lactis has been largely

industry3®, to the development of probiotics
associated with a central role in industrial and clinical applications. Furthermore, the
increasing number of effective molecular tools developed for LAB have created the
opportunity for many members of the family to be used as cell factories for the production
of recombinant proteins of interest. The non-pathogenic nature of these bacteria combined
with their capacity for recombinant protein production has also enabled scientists to use
them as gene delivery systems. To this day, L. lactis has been used as a DNA delivery
system3®°, as a vaccine carrier against brucellosis®’?, tuberculosis’* and Streptococcus
pyogenes infections®’?, as well as a therapeutic protein delivery system for a variety of

373 and ulcerative colitis®’*. The huge therapeutic potential

diseases including Crohn’s disease
of LAB and their ability to produce and deliver clinically significant molecules, holds
promises for novel, more affordable future treatment solutions.
Antibiotic

resistance
gene

Selection
marker

Plasmid

3' primer
map V site
5' primer Gene of
site interest

Origin of
replication

Y

Promoter

Figure 3.1. Typical plasmid map. All natural and synthetic plasmids contain an origin of replication
and a gene of functional interest to the host (here: antibiotic resistance gene). Engineered plasmids
also feature a heterologous DNA fragment (inserted gene) and a promoter that regulates its
expression. Designed primers insert the gene at a specific position after the promoter. A selection
marker is used to identify successfully transformed cells.

57



In this work, we are proposing a different use of genetically engineered L. lactis. Our aim is
to develop a platform that controls and directs stem cell fate through the expression
different recombinant proteins produced by L. lactis biofilms. We envision a tuneable
platform that can be tailored to meet different clinical needs, including MSC and HSC cell
and niche regulation for cell therapeutic applications. More precisely, our goal is to create a
dynamic, biointerface-based culture system that maintains the stem-like phenotype of MSCs
in long term cultures and stimulates stem cell proliferation. Such a system would bear high
clinical significance, as it would produce increased cell numbers that maintain their
desirable healing potential and stem-like properties, for cell therapeutics. In parallel, we aim
to use a similar setting in order to mimic the bone marrow microenvironment, with a view

to maintaining and expanding HSCs for biomedical applications.

In both cases, the engineered niche we envision, is based on L. lactis biofilms that have been
engineered to produce recombinant human CXCL12 and TPO, as well as the extracellular,
signalling part of VCAM1 and the lll7-10 part of FN. All four proteins are normally expressed in
the BM, the natural niche of both MSCs and HSCs, and have been associated with HSC
maintenance and proliferation. To our knowledge, there have been no studies directly
examining the effects of these proteins on MSC behaviour. Therefore, our study aims to
both provide insight into the effect of recombinant BM niche factors on MSC fate and study
the way the expression of these factors affects cell behaviour. The flexibility of the
suggested system will allow the user to select different combinations of recombinant
proteins and create different platforms for the study of microenvironment conditions on
different stem cell types and for the potential use of these novel culture methods for clinical

or biomedical applications.

3.2. Materials and Methods

3.2.1. Cloning
All cloning reported in this work was performed using the pT2NX plasmid developed by Dr

A. Rodrigo-Navarro and Dr J. Hay from the commercially available pTINX37>, pTINX was
originally a gift from Dr. Vicente Monedero (Institute for Agrochemistry and Food

Technology, IATA, Spain) and its map is depicted in figure 3.2. pT2NX was created by
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replacing the erythromycin resistance gene in pT1NX with a chloramphenicol
acetyltransferase gene, to confer chloramphenicol resistance to the host, resulting in the

plasmid shown in figure 3.3.

P1 promoter of lactococcus lactis
-35,5" UTR of T7 gene 1@, incl. RBS,+1
Staphylococcus aureus protein A anchor

T7 terminator

+1
+1

erythromycin resistance

repD

transposase Tn3
Figure 3.2. Annotated plasmid map of pT1NX. The plasmid features the P1 lactococcal promoter, the
S. aureus protein A anchor (spaX), the T7 terminator, as well as an erythromycin resistance gene.

P1 promoter,5' UTR of T7 gene 1@ and RBS,Usp45
GFP

pT2NX reference

7378 bp

T7 terminator

Figure 3.3. Plasmid map of pT2NX. The plasmid bears the P1 promoter of Lactococcus lactis, the T7
terminator and a chloramphenicol (Cm) resistance gene. The plasmid also features the FN lll;7.;0 gene
that is fused to the S. aureus protein A and GFP.
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This work was largely based on modifying the pT2NX plasmid to produce different
recombinant proteins in L. lactis. Since CXCL12 and TPO are secreted cytokines, we removed
the S. aureus protein A anchor from pT2NX and inserted the proteins in-frame after the
Usp45 secretion peptide. This peptide was selected since the usp45 gene of L. lactis encodes
the major extracellular protein of lactococci, and hence Usp45 has been used in a variety of
studies to produce secreted recombinant proteins in L. lactis3’®. In contrast, to achieve
presentation of VCAM-1 and the FN fragment lll7.10 on the bacterial cell wall, we cloned the
cell adhesion protein after the anchor. To achieve maximum efficiency of recombinant
protein production in L. lactis, the proteins of interest were first optimised for expression in
our vector system using an online codon optimisation tool, provided by Integrated DNA
Technologies (IDT, Belgium)3”’. Furthermore, to allow easier protein quantification, a 6xHis
tag was added to either the N or the C-terminus of the optimised sequences, depending on
the positioning of the signalling part of each protein. A comprehensive list of the genetic
elements used in this work is displayed in supplementary table 1. After codon optimisation
for expression in L. lactis, the whole human CXCL12 and TPO genes as well as the
extracellular, biologically active fragment of VCAM-1 (purchased from IDT as double-
stranded, uncloned DNA gBlocks) were cloned in the pT2NX plasmid. The primers used for
cloning are described in table 3.1. The plasmid and primer design was performed using
Benchling, a commercial cloud-based bioinformatics platform3’® and the final constructs
were created using Gibson assembly in a way that will be described in more detail in the
relevant section. Finally, the plasmids containing the genes of interest were transformed

into electrocompetent L. lactis NZ9020, according to the methods described below.

Primer 5’-3’ sequence 3’ annealing
temperature

CXCL12 CCCATCACCACCATCATCACATGAATGCAAAAGTTGTTGT 54°C

Forward

CXCL12 TTGTCTTCCTCTTTTGGATCTTATTTATTCAATGCTTTTTCA 54°C

Reverse

pT2NX for | AAAAAGCATTGAATAAATAAGATCCAAAAGAGGAAGACAACA 63°C

CXCL12

Forward
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pT2NX for ATGTGATGATGGTGGTGATGGGCGTAAACACCTGACAACG 63°C
CXCL12
Reverse

TPO CGTTGTCAGGTGTTTACGCCATGGAGTTAACCGAACTTCT 61°C
Forward

TPO TTAGTGATGATGGTGGTGATGTCCCTCCTGACTAAGGTTTTG 61°C
Reverse

pT2NX for | CATCACCACCATCATCACTAACTAGTAGATCCGGCTGCTAAC 65°C
TPO
Forward

pT2NX for AGAAGTTCGGTTAACTCCATGGCGTAAACACCTGACAACG 65°C
TPO
Reverse

VCAM-1 CGTTGTCAGGTGTTTACGCCTTCAAGATAGAGACTACGCC 61°C
Forward

VCAM-1 GCCGTGATGATGGTGGTGATGCTCCGGTGAAAAGTAATCTTT 61°C
Reverse

pT2NX for CATCACCACCATCATCACGGCGATCCAAAAGAGGAAGACAACAAC 65°C
VCAM-1
Forward

pT2NX for GGCGTAGTCTCTATCTTGAAGGCGTAAACACCTGACAACG 65°C
VCAM-1
Reverse

Table 3.1. Primers for the cloning of CXCL12, TPO and VCAM-1 in pT2NX.

3.2.2. Preparation of electrocompetent L. lactis

A 5 mL culture of plasmid-free L. lactis was grown overnight at 30°C in M17 medium
(Formedium) supplemented with 1 % v/w glycine, 0.5 M sucrose and 0.5% w/v glucose. The
following day, the whole culture was transferred into 200 mL of fresh M17 with 1 % v/w
glycine, 0.5 M sucrose and 0.5% w/v glucose and was incubated at 30 °C until it reached an
optical density (OD) of 0.2-0.3 at 660 nm. The cells were then harvested by centrifugation at
3,000 g for 10 minutes at 4 °C. This pellet was washed 3 times in a sterile ice-cold solution of
10 % v/v glycerol and 0.5 M sucrose in ultrapure water. Following the washes, the cells were
resuspended in 1 % of the same wash solution and aliquoted at volumes of 50 pL, flash-
frozen in liquid nitrogen and stored at -80°C. Freshly made electrocompetent cells are

reported to keep their competency for at least 6 months37°.
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3.2.3. Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is a nucleic acid amplification technique that is based on
the ability of a thermostable DNA polymerase to synthesize a new strand of DNA
complementary to the provided template strand. This is an automated process based on the
activity of the heat resistant DNA polymerase from the thermophilic bacterium, Thermus
aquaticus (Taq) and is able to create thousands of identical copies using a simple set of
reagents and a basic heating and cooling (denaturing and annealing) thermocycling
machine. Because DNA polymerase can add a nucleotide only onto a pre-existing 3'-OH
group, it requires the use of a set of primers that anneal at the upstream 5’ and
downstream 3’ ends of the target DNA fragment to be amplified. Provided with a mix of free
deoxynucleosides triphosphate containing adenine (dATP), cytosine (dCTP), guanine (dGTP),
thymine (dTTP), the forward and reverse primers (3’ and 5’ annealing primers) and the
appropriate buffer, Taq polymerase can amplify the DNA sequence between the two
primers during a series of denaturing and annealing steps. In this work the commercially

available Q5 high-fidelity polymerase (New England Biolabs) was used.

The general steps of the PCR involve an initial denaturation step for 30 seconds at 98 °C, a
denaturation step for 30 seconds at 98 °C, an annealing step based on the primer sequence,
a fragment extension step at 72 °C with time depending on the length of the amplified
fragment and a final extension at 72 °C for 2 minutes. All PCRs were performed in a ProFlex

PCR thermocycler (Applied Biosystems).

Specifically, the cycles and temperatures used for the amplification of the plasmids and

CXCL12, TPO and VCAM1 used in this work are presented in table 3.2.
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Step CXCL12 pT2NX for | TPO pT2NX for | VCAM1 pT2NX for
CXCL12 TPO VCAM1
Denaturation 1x98°C, 1x98°C, 1x98°C, 1x98°C, 1x98°C, 1x98°C,
30 sec 30 sec 30 sec 30 sec 30 sec 30 sec
Denaturation | 35x98°C, | 35x98°C, |35x98°C, | 35x98°C, | 35x98°C, | 35x98°C,
10 sec 10 sec 10 sec 10 sec 10 sec 10 sec
Annealing 35x57°C, | 35x65°C, |35x61°C, |35x65°C, | 35x61°C, | 35x65°C,
30 sec 30 sec 30 sec 30 sec 30 sec 30 sec
Extension 35x72°C, |35x72°C, |35x72°C, |35x72°C, | 35x72°C, |35x72°C,
17 sec 2’ 40" 35 sec 2’ 40” 1’ 10” 2’ 40"
Final 1x72°C,2 | 1x72°C,2 |1x72°C,2 |1x72°C,2 |1x72°C,2 |1x72°C,2
Extension mins mins mins mins mins mins

Table 3.2. PCR setups. Details of the PCR cycles performed to amplify the CXCL12, TPO and VCAM1
sequences, as well as their respective plasmids.

Following the PCR, the size of the DNA fragments amplified can be purified and evaluated by
gel electrophoresis. For PCR purification, we used the Qlaquick PCR Purification Kit (Qiagen,
ref: 28104), according to the provider’s instructions. Briefly, 5 volumes of binding buffer PB
were added to the PCR mix, which was then transferred to a Qlaquick column. The column
was centrifuged at >16,000 g for 60 seconds. 750 uL of washing buffer PE was then added to
the sample, and the column was centrifuged again and dried. Finally, 50 puL of 10 mM tris-
HCI buffer was added in order to elute the DNA, and the column was centrifuged again for 2
minutes. The purified PCR mix was then run in an agarose gel to determine the size and

yield of the fragments of interest.

3.2.4. Gibson Assembly (GA)

Developed by Dr Daniel G. Gibson, this exonuclease-based method can be used to assemble
DNA seamlessly and in the correct order and has been used in this work to incorporate the
proteins of interest into a plasmid vector. This isothermal reaction features three enzymatic
activities: a 5’ exonuclease that generates long overhangs, a polymerase that fills in the gaps
of the annealed single strand regions, and a DNA ligase that seals the nicks of the annealed

and filled-in gaps3®. A schematic overview of the process is depicted in figure 3.4.
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In this work, we used the Gibson Assembly Master Mix (New England Biolabs, ref: E2611L).
Briefly, the PCR amplified fragments and vectors of interest were mixed at a ratio of 2:1 with
an equal volume of Gibson Assembly Master Mix. The reaction was incubated for 20
minutes at 50 °C and the assembled construct was transformed into electrocompetent L.

lactis.

Linear vector of interest . )
Gene of interest with

— < o 1520 bp overlapping ends
- PCR amplified

Incubate at 50°C

for 20 mins , .

Gibson assembly (GA)
Reaction incubated in

GA master mix:
- 5' exonuclease
- DNA polymerase
- DNA ligase
Transformation

A and plating

Assembled
plasmid

Figure 3.4. Gibson Assembly overview. The 5" T5 exonuclease chews back the 5" end sequences,
exposing the complementary sequence for annealing. A Phusion DNA polymerase then fills in the
gaps on the annealed regions and a Tag DNA ligase seals the nick and covalently links the DNA
fragments together.

3.2.5. Transformation of electrocompetent L. lactis

Electrocompetent L. lactis NZ9020 were thawed on ice for 10 minutes prior to
transformation. 100 ng of the plasmid of interest was added to the cells, that were then
transferred to a chilled 1-mm gap electroporation cuvette (VWR). A 2000 V pulse was
applied to the cell suspension with a time constant of around 5 msec, using an Eppendorf
Eporator® (Eppendorf), to allow the insertion of the plasmid into the bacterial cell. The
bacteria were then rapidly transferred into chilled recovery medium, made up of M17

containing 0.5% w/v glucose, 20 mM MgCl,, and 2 mM CaCl,. After 5 minutes of incubation
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in the recovery medium on ice, the bacterial suspension was incubated at 30°C for two
hours. The bacteria were harvested by centrifugation at 3,000 g for 3 minutes and plated on

M17 agar selection plates containing 0.5% w/v glucose and 10 pg/mL chloramphenicol.

3.2.6. Plasmid isolation from L. lactis

After the protein of interest was inserted into the plasmid and the plasmid assembly was
transformed in L. lactis, our next step was to isolate this plasmid to sequence it. This process
is crucial in order to verify the insertion of the correct DNA sequence at the precise location
in the plasmid. To do that, we used the QlAprep Miniprep system (Qiagen), that is based on
DNA adsorption on a silica membrane in the presence of high salt and allows for efficient
plasmid purification from a cell lysate. Initially, a 10 mL overnight culture of L. lactis
expressing the plasmid of interest is centrifuged at 3000 g for 5 minutes. The pellet is
washed once with PBS and transferred to a solution containing 30 mg/mL lysozyme that
helps hydrolysing the polysaccharide cell wall. After a 30-minute incubation at 37 °Cin a
ThermoMixer C (Eppendorf) shaking incubator, the cells are pelleted at 7,000 g for 3 min
and processed using the kit’s instructions. The protocol is an adaptation of the usual
alkaline-SDS lysis where 250 pL NaOH 0.2 M and 3% SDS is used to solubilize the membrane
and denature the proteins and genomic DNA present in the sample. Then 350 pL sodium
acetate 3M at pH 4.8 is added to precipitate the solubilized proteins, membrane and
genomic DNA while the supercoiled plasmid DNA renatures and stays in solution. The mix is

centrifuged at 12,000 g for 10 minutes to pellet the insoluble debris.

The supernatant, containing the plasmid, is then transferred to a QlAprep 2.0 silica spin
column that retains the plasmid during two consecutive washing steps with buffer PE, until
the plasmid is eluted using nuclease-free water or 50 mM Tris-HCI at pH 8.5. More precisely,
the DNA binds to the silica membrane in the presence of high concentrations of chaotropic
salts, in a process driven by dehydration and hydrogen bond formation, which competes
against weak electrostatic repulsion. During the elution step, these salts are removed with
an alcohol-based solution and the DNA is released from the membrane using a low-ionic-
strength solution such as Tris buffer or water. The concentration of the plasmid is then
measured using a nanodrop UV-visible spectrophotometer (ThermoFisher) and its size is

assessed using agarose gel electrophoresis.
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3.2.7. Agarose gel preparation

0.8 % agarose (Bio-Rad) gels were used to visualise the PCR fragments, as well as the
linearised plasmids used in this work. Briefly, 1 ug of plasmid was mixed with gel loading dye
(Qiagen) and was added to the agarose gel stained with SYBR safe (Invitrogen). 2-Log DNA
Ladder (0.1-10 KB) (New England Biolabs) was added as a marker and gels were run at 120V
until the bands of the ladder could be seen separately. The gel was visualised using a Bio-

Rad GelDoc XR gel imager using a 365 nm UV light source.

3.2.8. Plasmid sequencing

Samples were sent to Source Bioscience using the Sanger SpeedREAD™ service. 100 ng/uL of
plasmid DNA and 3.2 pmol/pL of the primer shown in table 3.3 was sent to the service and
these were sequenced using standard Sanger sequencing. In brief, the process involves the
generation of DNA fragments of different lengths and their separation by gel
electrophoresis. The labelled nucleotides at the end of each fragment are then excited by a
laser and the light emitted by each excited nucleotide can be tied to the correct base. The
chromatograms generated by this sequencing method were aligned to the in-silico

sequences using the Clustal Omega algorithm integrated on the Benchling online software

platform.
Primer Sequence
pT2NX cgttgtcaggtgtttacgcce

Table 3.3. Primer for sequencing of the pT2NX plasmid.

3.2.9. Isolation of cell wall-associated proteins from L. lactis

The amount of VCAM1 produced by L. lactis was determined by according to the protocol
Isolation and solubilization of gram-positive bacterial cell wall-associated proteins, described
by Cole et al (2008)38. An overnight culture was transferred to a sterile centrifuge tube and
the cells were harvested by centrifugation at 7560g for 20 mins at 4 °C. The supernatant was
discarded and the pellet was placed on ice for 5 minutes. The bacteria were resuspended in
5 mL of cold TE buffer (50 mM Tris-HCI, 1 mM EDTA, pH 8.0) containing 1ImM

phenylmethylsulfonyl fluoride (PMSF, Sigma). The cells were centrifuged at 7,560 g for 20
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mins at 4°C and the wash step was repeated twice. Next, the mutanolysin mix was prepared
by dissolving 10,000 units of chromatographically purified mutanolysin from Streptomyces
globisporus (Sigma) in 2 mL of chilled filter sterilised 0.1 M K,HPO4 (pH 6.2) to prepare a
working solution of 5,000 units/mL. The bacterial pellet was resuspended in 1.15 mL of ice-
cold mutanolysin mix, followed by incubation for 2h at 37°C with shaking (200 rpm). After
the incubation step, the cells were spun at 14,000 g for 5 mins at room temperature, and
the supernatant containing the previously membrane-associated proteins of interest was

collected. Mutanolysin cell wall extracts can be stored for at least 2 years at —20 °C.

3.2.10. Enzyme Linked Immunosorbent Assay (ELISA)

To detect and characterise the levels of recombinant protein production by L. lactis, we
used the His Tag ELISA Detection Kit from GenScript. In this assay, a His-tagged protein of
known molecular weight (M.W. 12.7 kD) is pre-coated on the microwell plate provided. 50
ul of His Tag protein standard of varying concentrations provided in the kit or samples
containing His-tagged proteins was added to each well, followed by an addition of 50 uL of
Anti-His monoclonal antibody. In this work, the samples used were either the supernatant
of L. lactis cultures expressing the soluble proteins CXCL12 and TPO, or the cell wall extracts
from cultures, obtained after the mutanolysin-mediated extraction of cell wall associated
proteins, in the case of VCAM1. The plate was sealed and incubated at room temperature
for 30 minutes. Each well of the plate was then washed three times with 250 ul washing
solution. After the final washing step, all residual liquid was removed from the wells by
patting the plate on a dry paper towel. Next, 100 uL of antibody tracer was added to the
wells and the plate was sealed again and incubated at room temperature for 30 minutes.
After the incubation, the washing steps were repeated and again the plate was dried as
described above. 100 pL of 3,3',5,5'-tetramethylbenzidine (TMB) substrate was added to the
wells and the plate was incubated at room temperature for 10-15 minutes. The rection was
stopped by adding 50 pl of stop solution to each well and the absorbance of the plate was
read on an Infinite 200 PRO NanoQuant Plate Reader (Tecan) at 450 nm. After the reaction,
a standard curve was generated by plotting the absorbance on the vertical axis versus the

His-tagged standard concentration on the horizontal axis. The amount of His-tagged protein
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in the samples is then determined by extrapolating the absorbance value of each sample to

the standard curve.

3.3. Results

In order to create a biointerface-based system for the study of stem cell behaviour, we
selected to conduct our experiments using the NZ9020 strain of L. lactis. Compared to other
L. lactis strains, NZ9020 is a more suitable candidate for bacterial and mammalian cell co-
cultures as two out of its three lactate dehydrogenase (/dh and IdhB) genes have been
knocked out382, This resulting /dh” mutant strain is associated with a significantly reduced
lactate production as a fermentation end product. This is vital for our work, as a high
production of lactic acid would drastically reduce the pH of the medium, rendering the
conditions unsuitable for a bacterial and mammalian cell co-culture. Therefore, use of the
NZ9020 strain contributes to the maintenance of a more stable, neutral pH in the culture
system. The strain originates from the NZ9000 strain of L. lactis, where the two missing Idh
genes have been knocked out and as a part of the gene editing process the strains shows

erythromycin and tetracycline resistance.

3.3.1. Protein production and characterisation

We have selected four key proteins that are present in the BM and contribute to HSC
maintenance and homeostasis and have produced them in L. lactis NZ9020. These signalling
factors (CXCL12, TPO, VCAM1 and FN) have been constitutively produced by the bacteria, in
the pT2NX plasmid and under the regulation of the P1 lactococcal promoter. Initially, we
designed the sequences for human CXCL12 and TPO, as well as the extracellular segment of
VCAM1, that contains the signalling part of the peptide, for production in our bacteria. All
gene sequences were codon optimised for expression in L. lactis. The optimised sequences
of CXCL12, TPO, VCAM1 and the FN lll7.10 fragment were obtained from Uniprot. For
simplicity purposes, we refer to the bacteria populations by the protein they are expressing,
(eg, the CXCL12-expressing L. lactis population is referred to as CXCL12, and L. lactis
expressing the FN lll;.10fragment is referred to as FN). A schematic representation of the
recombinant proteins produced by L. lactis used in this work and the promoter-His-tag-

protein assemblies is depicted in figure 3.5. To facilitate protein detection and
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characterisation, our sequences were tagged with a His-tag in either the N- or C-terminal of
each protein, depending on the positioning of the signalling part of each molecule.
Furthermore, for efficient attachment of VCAM1 and FN to the extracellular membrane of L.
lactis, we used the S. aureus protein A domain (SpA). This anchor peptide contains the
LPXTG motif, that can be recognized and cleaved by the membrane-bound transpeptidase
sortase A (SrtA), and subsequently covalently incorporated into the peptidoglycan layer of L.
lactis, resulting in the presentation of the protein of interest on the extracellular membrane
of the bacterial cell wall?®, All engineered proteins have been fused to the Usp45sp signal

peptide that allowed for their secretion by the bacteria3®3.

A VCAM-1 B o
' ' uspaSsp CXCL12
407, -
X CXCL12 Gt
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K\A “ '

4 usp4Ssp VCAM-1 6xHis SpA
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FN "'7 10 : uspdSsp GFP FNIlb o SpA

Figure 3.5. Recombinant protein production in L. lactis. (A) L. lactis NZ9020 was transformed with
plasmids carrying ORFs for human CXCL12, TPO, VCAM-1 and FN 1117-10. TPO and CXCL12 were
secreted extracellularly using the lactococcal Usp45 secretion peptide. VCAM-1 and FNIll7.10 were
cloned upstream the S. aureus protein A domain (SpA). (B) Schematic of the plasmid constructs. All
proteins were placed under the control of the constitutive lactococcal P1 promoter followed by the
phage T7 gene 10 RBS. Usp45sp was used as a secretion signal, followed by the gene of interest and
S. aureus protein A for cell wall binding.

After the genes encoding the proteins of interest and the plasmid were obtained and
amplified, we assessed the success of the PCR by agarose gel electrophoresis. This technique
separates fragments by size using an electric current that will pull the negatively charged
DNA fragments towards the positive end of the gel. The gel is then visualised and the
different DNA fragments can be seen as individual bands, the sizes of which are determined

by comparing them to a standard of known molecular weight.

As shown in image 3.6, the pT2NX as well as the DNA sequences that encode for the

selected proteins have been correctly amplified as they have the expected length when
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compared to a pre-stained protein ladder containing known molecular weight proteins. As

shown in the imaged gel, the plasmid and our proteins of interest have the correct length in

base pairs that is displayed in table 3.4.
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Figure 3.6. Gel electrophoresis image featuring the amplified nucleotide sequences of pT2NX,
CXCL12, TPO and VCAM1. A) 2-log DNA ladder (NEB), B) pT2NX, C) CXCL12, D) TPO, E) VCAM1

amplicons. A descriptive depiction of the DNA ladder and the band sizes (left) and base pairs (right)

are also shown on the left part of the image.

DNA Fragment length
pT2NX 5764 bp
CXCL12 288 bp
TPO 1080 bp
VCAM1 2043 bp
FN 1107 bp

Table 3.4. The length in base pairs of the pT2NX plasmid and the DNA sequences encoding the four
proteins used in this work.

After the verification of the correct plasmid and insert size, the two parts were ligated using

Gibson assembly384 and the end construct was transformed into L. lactis NZ9020. After the
electroporation, transformants were seeded on selective plates, individual colonies were
picked and cultured in GM17-C medium and plasmid was isolated and sequenced. The

sequencing results were analysed on the Benchling online platform and were compared to

the original sequences. A match between the compared sequence ensures that the original
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DNA sequence has been incorporated in a correct manner in the specified region of the
plasmid according to our original design. The proteins expressed in NZ9020 are fused with a
6xHis-tag to facilitate their detection and quantification. The levels of protein expressed by
the bacteria were assessed using a His-tag ELISA assay. This was performed on the
supernatant of standing bacteria cultures, obtained during the stationary phase in the case
of CXCL12 and TPO, and at the lysate obtained from the isolation and solubilization of the
bacterial cell wall-associated proteins in the case of VCAM1. CXCL12 was produced at
280.32 ng/mL, TPO at 175.4 ng/mL and VCAM1 at 99.18 ng/mL (figure 3.7 A). Furthermore,
the recombinant protein concentration was measured in biofilms, where different
populations of NZ9020 producing different proteins were co-cultured in the same biofilm.
After 3 days of culture, the protein concentration was assessed using a His-tag ELISA assay,
in the same way as the quantification of the individual expressed proteins. Different
combinations of the populations produced different levels of 6xHis-tagged proteins when
the bacteria were cultured in biofilms, as shown in figure 3.7 B. The difference between
protein levels in graphs C and D is based on the directly proportional relationship between
the number of bacteria and the amount of recombinant protein produced; standing cultures
produce much higher protein quantities (A) than biofilms (B). Furthermore, some variation
can be noted between the different combination of strains on each biofilm. This can be
attributed to the difference on the absolute number of bacteria in each condition, as the
procedure of biofilm formation is not a standard method and depends highly on
uncontrollable variables that can affect the number of bacteria that attach to our substrate
and form the biofilm, the strength of that attachment and any potential bacterial
dissociation from the biofilm during the washing steps. In any case, the level of protein
produced by the biofilms falls within the physiologically relevant range that has been
observed in the bone marrow of mice3#. More precisely, CXCL12 has been measured to be
produced at around 220 ng/ml in the murine BM, while no absolute expression values have

been determined for VCAM1, TPO or FN in the BM386,
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Figure 3.7. Recombinant protein production by L. lactis NZ9020. A) Protein was isolated from a
standing culture of L. lactis NZ9020, during the stationary phase. Quantification was performed using
a His-Tag ELISA. B) Protein production measured after 3 days of culture in NZ9020 biofilms.
Statistical differences were determined using a one-way ANOVA with a Tukey post-hoc test and an
alpha = 0.05 between the conditions are depicted using asterisks, where: *p < 0.05, **p < 0.01 and
***p < 0.001.

3.3.2. Growth monitoring of the different bacterial populations

In order to closely mimic the BM microenvironment, different combinations of the
recombinant cytokines had to be provided to the system and the cultured HSC at the same
time. Therefore, it was necessary to co-culture different bacterial populations that express
different recombinant proteins at the same time, in the same biointerface. To make sure
that this is possible and make sure that no one bacterial population would outcompete the
others, we measured the growth kinetics of each population. Same amounts of overnight
cultures of CXCL12, TPO, VCAM1 and FN lll7-10 expressing NZ9020 were cultured for 1000

minutes and the ODggo of each was measured every 10 minutes (figure 3.8).

As shown, all bacterial growth curves follow the same trend, however, there are apparent
differences between the growth rates of different populations (figure 3.8 A). While the
EMPTY, CXCL12 and TPO-producing bacteria grow at very similar speeds, the VCAM1 and
FN-producing population seem to have an observably slower growth rate. This lower growth
rate is supported by the lower growth constant values and higher doubling times (figure 3.8
B), suggesting that these two protein fragments pose a higher metabolic burden to L. lactis.
This difference between the strains is expected and is directly proportional to the size and

complexity of each molecule produced by the bacteria. In the case of CXCL12 and TPO, the
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small size of the proteins does not significantly impact the growth kinetics or metabolism of
L. lactis when compared to the EMPTY bacteria. In contrast, the larger, more complex
VCAML1 and FN have a noticeable effect on the bacterial growth and doubling time.
Nevertheless, this effect can be managed by the use of the antibiotic mix described in
section 3.3.3, that was developed and used in this work. This works by slowing down the
bacterial metabolism, maintaining L. lactis in a lower metabolic state that permits

recombinant protein production but restricts cell doubling.
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Figure 3.8. Growth kinetics of L. lactis populations. A) Growth kinetics, as absorbance measured at
A=600 nm over the course of 1000 minutes every 10 minutes. The strains expressing TPO, CXCL12
and the control strain present similar kinetics in terms of growth constant k and shorter doubling
time. As expected per values shown in C), CXCL12 and TPO-producing strains show higher expression
levels compared to VCAM-1, where lower growth constant values and higher doubling times suggest
that the expression VCAM-1 and FN impose a higher metabolic burden on the cells, consequentially
yielding lower protein expression.
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3.3.3. Biofilm viability characterization

This work is largely based on the ability of L. lactis NZ9020 to form biofilms and produce the
recombinant proteins of interest in order to induce specific stem cell behaviours. To achieve
this, we first evaluated the ability of L. lactis to form biofilms that remain viable and produce

detectable amounts of the engineered proteins.

Previous in-house studies have suggested that the longest HSC culture time that can be
achieved without the need for a media change is 5 days, therefore, it was of paramount
importance to ensure that the biofilms remain viable for this length of time. Previous work
on biofilm formation on coverslips for co-culture experiments has suggested that L. lactis
forms biofilms and remains viable on glass coverslips for up to 4 days3?®’. Despite the
hydrophilic nature of glass, it has become apparent that uncoated surfaces result in weak
adhesion forces, that are insufficient for the retention of the bacteria in a monolayer for
longer periods of time. To overcome this obstacle, previous work has supported that the use
of the synthetic polymer poly (ethyl acrylate) (PEA) as a coating for glass coverslips results in
increased biofilm stability that lasts over 4 weeks, with the viability remaining unaffected®’,
For the purpose of our study, we required a coating that enables a longer biofilm
attachment than glass but without necessarily as high adhesion dynamics as PEA offers.
Moreover, the hydrophobicity of the coating had to be considered, as it has been described
as an important factor in mediating bacterial adhesion on substrates388. Given the naturally
hydrophobic surface of the bacterial strain L. lactis NZ9020 used in this work3?® and the
hydrogen-bonding forces that would surround the hydrophobic moieties, selecting a more

hydrophobic substrate than glass could provide a stronger attachment for the bacteria3®°.

The effect of hydrophobicity on surface interaction dynamics has been described in detail in
the extended Derjaguin-Landau-Verwey-Overbeek model (XDLVO)3°. In terms of the
interactions between the bacterial cells and the substrate, the model describes a two-step
adhesion process. Initially, the electrostatic repulsion between the negatively charged cell
and surface create an energy barrier that allows the bacteria to approach but not directly
interact with the substrate. Once the bacterial cell approaches the surface closer, it enters a
lower repulsive energy barrier that allows for a first, reversible approach and interaction
between the bacteria and the substrate. Once attached, the bacteria will start producing

adhesion structures, such as pili, fimbriae and lipopolysaccharides, that will encourage the
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adhesion of other bacteria and the ultimate formation of a biofilm39%3%3, Biofilms are be
formed on most natural substrates3®* and their formation time and mechanics depend on a
variety of factors, including nutrient availability, the ionic strength of the medium and

properties of the substrate3?>. The stages of biofilm formation are described in figure 3.9.

® ¢
Planktonic

phase
@

® L
® ® ove e sets SOSHOaD

Reversible Irreversible Microcolony Biofilm Bacterial

attachment attachment formation formation dispersal
» time

seconds minutes hours days

Figure 3.9. The stages of biofilm formation. At an early phase, a few bacterial cells approach and
reversibly attach to a given surface. Within minutes, the adherent bacteria initiate the biogenesis of
adherent structures that recruit more bacteria and solidify their attachment to the substrate. The
formation of the biofilm continues through the stationary phase of the culture. Depending on the
strength of the interaction between the biofilm and the substrate, bacterial cells start to detach
after a period of time, as the adhesion dynamics between the bacteria and surface drop.

Once in an appropriate medium, L. lactis will form biofilms on any available substrate and
proliferate continuously. For optimal conditions, the species require the availability of a
carbon source, most commonly a sugar, that will be metabolised into lactic acid. This
creates a challenge for any system based on a co-culture between L. lactis and mammalian
cells as extensive bacterial proliferation will both deplete the medium of the starting
nutrient and result in a build-up of lactic acid, reducing the pH of the media. To address this
issue, previous research has suggested that the use of tetracycline (TC) at 10 pg/mL is
sufficient to impede bacterial metabolism without negatively affecting mammalian cells for
up to 4 days3®’. This effect is mediated by the binding of the antibiotic to the 30S subunit of
bacterial ribosomes that impedes bacterial protein synthesis by restricting the binding of
aminoacyl-tRNA (transfer Ribonucleic acid) to the ribosomal acceptor (A) site3%® as shown in

figure 3.10.
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Figure 3.10. Tetracycline mechanism of action. The antibiotic binds to the A site of the 30s bacterial
ribosomal subunit, preventing tRNA binding and inhibiting bacterial protein synthesis.

Since a typical HSC culture conducted in this work lasts 5 days and the shortest culture of
MSCs that allow for the detection of a start of differentiation is 14 days, it was imperative to
develop a method that will prevent bacterial overgrowth, while ensuring that the biofilm
remains viable and the recombinant proteins are still secreted. To achieve this, we tested a

variety of other antibiotics, for further inhibition of the metabolism of L. lactis.

The strain used in this work carries a chloramphenicol (Cm) resistance gene. Therefore, to
prevent other bacteria from growing in the media, our culture conditions always include Cm
added to the GM17 culture media or any other cell culture media used in each experiment.
To test the effect of different antibiotics on L. lactis viability, we performed an overnight
culture of a NZ9020 biofilm in a variety of different antibiotic conditions. On top of
Chloramphenicol, we used sulfamethoxazole (S/le) at a concentration of 5 pug/mL and
erythromycin (Ery) at 5 ug/mL, as well as a combination of Tet, S/le and Ery (at 10 pg/mL, 5
pug/mL and 5 pg/mL respectively), named Antibiotic mix. Sulfamethoxazole is a inhibits the
synthesis of dihydrofolic acid due to its structural similarity to para-aminobenzoic acid
(PABA), an endogenous substrate crucial in folic acid synthesis. The antibiotic competitively
inhibits dihydropteroate synthase, the enzyme responsible for bacterial conversion of PABA
to dihydrofolic acid, that downstream leads to the inhibition of tetrahydrofolate production

and ultimately the synthesis of bacterial purines that lead to the inhibition of DNA
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synthesis®®’. On the other hand, erythromycin exerts its bacteriostatic properties by
inhibiting protein synthesis. Ery binds to the 23S ribosomal RNA molecule in the 50S subunit
of the bacterial ribosome inducing a conformational change that prevents the exiting of the
growing peptide chain3%. This reversible interaction stops bacterial growth through the
resulting halt in protein release from the ribosome. This particular property is especially
advantageous for use in co-cultures of human and bacterial cells, as human cells have
different ribosomes and therefore the antibiotic has no inhibitory effect on mammalian
protein synthesis. Furthermore, we used hemin at a concentration of 5 ug/mL as an aerobic
metabolism promoter. In L. lactis cultures, hemin has been found to suppress lactic acid
production indirectly via switching to aerobic respiration and has been used to prevent

undesirable shifts of the pH because of bacterial metabolism3%.

In the effort of suppressing or at least diminishing the production of lactic acid, we aimed to
maintain a high biofilm viability and density, while also ensuring that the bacteria will not
escape the biofilm and overpopulate our co-culture system. Figure 3.11 depicts biofilm
behaviour in different L. lactis cultures in a variety of antibiotics. More precisely, a biofilm
was developed on a sterile glass coverslip and was incubated for 24 hours in GM17 + Cm
(base culture medium for L. lactis, control) plus another antibiotic of interest or a
combination of the tested antibiotics. Our results suggest that NZ9020 viability remained
high, above 99% in all conditions (figure 3.11 A, B). A small statistical difference was
observed between the viability of the biofilm cultured in the antibiotic mix with the addition
of hemin, compared to the culture containing just the antibiotic mix as well as compared to
the control. However, this difference is small when the extremely high viability (99.9%) is
taken into consideration, so the difference can be ignored for the purpose of our study.
Similar differences were observed in the recorded biofilm density between the condition
containing hemin and the antibiotic mix, control and media containing Tet. Our experiment
recorded a higher number of bacteria per field of view in the media containing the antibiotic
mix compared to the other conditions. Nevertheless, a clear biofilm was observed in all
conditions. Notably, the viability of the biofilms where the antibiotics were used remained
comparable to the control, which is expected, as the antibiotics used in this work only aim
to slow down the metabolism of the bacteria and have no bactericidal effect at the

concentrations used.
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Figure 3.11. Biofilm viability and density in different antibiotics. A) NZ9020 biofilm viability after a
24h incubation in the different antibiotic conditions. Tetracycline, Sulfamethoxazole and
erythromycin were used at a concentration of 5 pg/mL, and they were all combined at the same
concentrations to make the Antibiotic mix. Hemin was also used at 5 pug/mL. B) Representative
images of the bacterial cell viability assay for biofilms in each of the antibiotic conditions, showing
live bacteria in green and dead bacteria in red. C) Biofilm density, described by the number of
bacteria measured per field of view. All biofilms were cultured in GM17 + chloramphenicol, which is
also the condition used as a control, plus the antibiotic of interest described in each condition.
Antibiotic mix: GM17 + chloramphenicol + tetracycline + erythromycin. The statistical differences
between the conditions, as measured by a one-way ANOVA test, are represented with asterisks,
where * p £0.05, ** p<0.01 and *** p <0.001. Scale bar: 100 um.

Collectively, our results confirm the maintenance of a high biofilm viability in all antibiotics,
while also showing that a biofilm can be formed and maintained in all conditions. Yet, when
observed under the microscope, some of the conditions revealed a planktonic phase of
NZ9020 above the biofilm, which is non-optimal for our system. More precisely, in all
conditions except the biofilms cultured in the antibiotic mix with or without hemin bacteria
that had escaped the biofilm have been observed. Some enlarged representative images of
the bacteria viability assay discussed above clearly demonstrate this issue in figure 3.12.
Here, bacteria can be viewed in different planes, a lower plane where the biofilm is attached
on the glass coverslip and appear clear and focused and an upper, out of focus plain, where
the planktonic bacteria can be seen. Examples of this planktonic phase are demonstrated

with arrows in figure 3.12.
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Figure 3.12. L. lactis biofilms. In the images in the top row the biofilm has been cultured in base
medium plus the antibiotic mix, with or without hemin respectively, and is depicted as a green
fluorescent monolayer. In cultures containing only base medium (control) or base medium +
Sulfamethoxazole, bacteria appear to escape the biofilm, forming a planktonic phase inside the well
(shown with arrows).

Consequently, we have chosen to add the antibiotic mix (Cm, Tet, S/le and Ery, at 10 pg/mL,
5 ug/mL, 5 pug/mL and 5 pug/mL, respectively) plus hemin to our co-culture experiments, as
this condition has been found to both sustain high biofilm viability and maintain the bacteria
in the biofilm and as a monolayer, preventing them from escaping. We chose to control the

bacterial growth dynamics using an antibiotic cocktail rather than genetic manipulation
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since our system was optimised and aimed at short term cultures, made out of a frozen
stock. The timescales of bacteria and stem cell cultures were short enough (< ??) to prevent
the development of antibiotic resistance by the bacteria, and since each biofilm was made
from a frozen bacterial stock the possibility of the development of antibiotic resistance in
our system was negligible. However, we acknowledge that if this system were to be used for
longer timescales (e.g. in clinical applications), the possibility of alternative methods of

regulating the bacterial growth such as genetic engineering should be considered.

Furthermore, since HSCs are cultured in IMDM media, we tested the viability of biofilms in
GM17 and IMDM. In both cases, the biofilms were developed overnight in GM17 and were
then either maintained in GM17 or IMDM with media changes every 4 days. The viability
was measured after 10 days and the results are displayed in figure 3.13. The fluorescence
images represent the visualized results of the Live/Dead assay, after which the live bacteria
appear green, while the dead bacteria obtain a red colour upon illumination. The two-colour
fluorescence assay used, features the SYTO® 9 green fluorescent nucleic acid stain and the
red-fluorescent nucleic acid stain, propidium iodide. While SYTO® 9 penetrates and stains
nucleic acids in all cells, propidium iodide penetrates only bacteria with damaged
membranes, causing a reduction in the SYTO® 9 stain fluorescence. This results in the
retention of the green fluorescent colour by the live bacteria and the red fluorescent colour

by the damaged, dead bacteria.

The Live/Dead assay results suggest that the bacteria remain viable after 10 days, while a
slight increase in viability is also observed with time. No statistical difference has been
observed between the conditions, culture media or timepoints, suggesting that the biofilms
can be cultured in either medium and they will retain high viability for the duration of our

experiments.
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Figure 3.13. Biofilm viability in GM17 and IMDM. (A) viability of the biofilms used in the co-culture
experiments, produced by combining CXCL12 (C), TPO (T) and VCAM-1 (V) at different ratios and the
control strain, were determined after 5 or 10 days using the FilmTracer viability kit. Viability values
do not show a statistically significant difference (p-value 2 0.05) between the different strains and
time points. (B) Representative images of the Live/Dead assay for biofilm viability after 5 days of
culture.

3.3.4. Surface treatment for efficient biofilm production

Despite the ability of L. lactis to form viable biofilms on a variety of substrates, these
biofilms are often unstable and detach after a few days, depending on the shear forces
acting on them?®, As described above, surfaces with hydrophobic properties display an
increased biofilm attachment. In our work, it is imperative that we maximise the strength
and time of biofilm attachment to the substrate and avoid the escaping of bacteria from the

biofilm, as this will increase the chances of uncontrolled proliferation of the bacteria. This in
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turn would result in the complete acidification of the media and its complete depletion from
nutrients, something that would negatively impact the survival of the co-cultured

mammalian stem cells.

Since the biofilms used in this work have been developed on glass coverslips, we selected
two different silanes as coatings and tested their properties in culture. A variety of different
coatings have been used in the literature to improve the adhesion and immobilization of
cells on different materials*9%492493 Two of the most commonly used silanes for such
applications are (3-aminopropyl)triethoxysilane (APTES)*** and Sigmacote®®. To determine
the optimal conditions for the development of stable L. lactis biofilms we developed and
maintained the bacteria in monolayers on coverslips coated with both silanes for 5 and 10
days. The glass coverslips were initially sterilised by sonication in 70% ethanol and dried at
80 °C, followed by UV-irradiation for 30 minutes. Then the coverslips were coated with the
silanes according to the manufacturer’s protocols. Biofilms were developed overnight on
the different surfaces and the viability as well as the surface covering of each biofilm was

assessed as shown in figure 3.14.
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Figure 3.14. Biofilm characterization. (A) Biofilm viability on the different tested surfaces and culture

media, in this case GM17 and IMDM were used to compare the different culture conditions and their

effect on the bacterial biofilm. No statistically significant differences were found (p > 0.05) between

the different time points or conditions. (B) Biofilm area density, as in percentage of area covered by
the bacterial biofilm, was determined for the same conditions used in (A) at the same time points.

The results were generated by subtracting the total area of the biofilm that appears as dark spots on
the brighfield images, from the total area imaged. Surfaces treated with Sigmacote kept a higher

biofilm density compared to APTES, and IMDM showed the higher values. The statistical differences
between the conditions, as measured by a one-way ANOVA test, are represented with asterisks,

where * p <0.05, ** p<0.01 and *** p <0.001.
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Our findings suggest that biofilm viability remained unaffected by either coating (p-value >
0.05) at both time points and in both media (figure 3.14 A). The viability data is consistent
with previous research that has indicated that both Sigmacote and APTES can be used in
bacterial*®®4%7 and human cell*®® cultures without displaying any cytotoxic effects. Similarly,
bacteria have been shown to be able to colonise a variety of surfaces and successfully form
biofilms?*®. This property has proven especially problematic in medical areas, where biofilms
of pathogenic bacteria in particular pose a threat to patients and their recovery*!°, In
contrast, our work requires that the biofilm remains strongly attached to the substrate so
that the bacteria remain in a state of low metabolic activity, ensuring that the media will not
be depleted by nutrients and acidified due to excessive bacterial metabolism. Our effort to
maintain a balance between a low bacterial metabolic activity and physiologically relevant
production of recombinant proteins can be achieved by culturing the biofilm on Sigmacote-
treated glass coverslips. According to our results depicted in figure 3.14 B, Sigmacote
treatment of our substrate can both achieve a stable biofilm attachment and a higher
surface coverage compared to APTES. Compared to the high bacterial viability on the silane

coating, Sigmacote has been selected as the coating of preference for the rest of this work.

3.4. Discussion

L. lactis is a non-pathogenic, gram positive lactic acid bacterium that has been used for
centuries in food fermentation and the production of dairy products. In recent years, its fully
sequenced genome and GRAS characteristics have fuelled research on its potential
applications in medicine and healthcare through genetic engineering for therapeutic protein
delivery. The wide variety of gene manipulation tools that have been developed for L. lactis
has enabled both constitutive and inducible production of small molecules and recombinant
proteins of interest for specific clinical applications. In recent studies, L. lactis has been
genetically engineered to produce cancer-fighting cytokines, such as IL-17A*%, anti-human
cytotoxic T lymphocyte-associated antigen 4 412 as well as the KiSS-1 peptide*'3, in an effort
to fight a variety of cancers including gastrointestinal tract and human papilloma virus
(HPV)-induced cancer. Furthermore, L. lactis has been also suggested as an effective vaccine

delivery vector as it grows very efficiently in vitro, it lacks lipopolysaccharide (LPS), its
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metabolism and growth or death can directly be mediated with the use of antibiotics, and
their genetic material does not integrate into the host genome. According to these
attributes, a variety of vaccines have been produced, with the most successful and
promising one being a human papillomavirus type 16 E7 oncogene oral vaccine that has
passed the first stage clinical trials in 2020 and will be proceeding in stage Il in the near
future*'#, The aforementioned clinical advantages have solidified the position of L. lactis as a
tool of great scientific potential and has encouraged further research on the endless

possibilities it provides for medicine.

Despite its recently obtained recognition as a clinically significant tool, L. lactis has not
gained the popularity of the gold standard for bacterial protein production, currently held
by E. coli. Its unparalleled fast growth kinetics associated with easily achieved high-density
cultures, the readily available, inexpensive culture media and the wide array of established
transformation strategies have made E. coli the bacterium of choice for most mainstream
recombinant protein production applications*!®>. However, except for the difficulty of
expressing certain heavily post-translationally modified human proteins and the
accumulation of others in inclusion bodies*!, E. coli-based protein production can also be
subject to LPS and endotoxin contamination!’, that requires labour intensive procedures to
remove them before the expressed protein can be safely administered to humans.
Furthermore, due to the high expression of ECM proteins by E. coli, some expressed
recombinant proteins can get trapped in the matrix, making their isolation and purification

especially demanding®8.

In contrast, the low LPS produced by L. lactis and the lack of considerable ECM production
from its biofilms, makes the species an attractive alternative for medical applications. In our
study in particular, the co-culture of bacteria and mammalian cells would not have been
possible had we chosen a species that produces LPS and an extensive ECM, due to the
induced inflammatory responses and the difficulty of the mammalian cells to access the
recombinant proteins produced by the biofilm due to the secreted bacterial ECM. This work
has been based on previous studies where FN and BMP2 were produced in L. lactis
MG1363°1187 gnd NZ9000/NZ9020'88 respectively, and have been shown to directly impact

and influence stem cell behaviour.
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For the purpose of our study, we have expressed CXCL12, TPO and VCAML1 in L. lactis
NZ9020. The genetic engineering of the bacteria has been performed using Gibson
assembly, a versatile technique that utilises primer overlaps to allow precise annealing of
multiple fragments of interest. Given the plasmid backbone and the protein sequence of
interest, we could perform PCR to elongate and produce multiple copies of both, that could
then be ligated and produce a final assembly containing the complete plasmid and target

protein gene, that could be inserted and expressed by L. lactis.

We have demonstrated that physiologically relevant expression levels of CXCL12, TPO and
VCAML1 can be produced in L. lactis NZ920 and expressed constitutively in the pT2NX
plasmid. In particular, we have designed and achieved the production of soluble CXCL12 and
TPO, that are secreted by the bacteria after expression with the use of the Usp45 secretion
peptide. In contrast, we have chosen to only express and produced the extracellular part of
VCAM1, that also contains the signalling part of the protein and describe the production and
display of the peptide on the extracellular membrane of L. lactis, using the S. aureus protein
A anchoring protein. In all cases, the recombinant proteins were tagged with a 6-His tag,
that facilitated their optimal characterisation after isolation*'°. The tag was added to either
the N- or the C- terminal of each protein depending on the localisation of its signaling part,
in order to ensure the tag did not interfere with protein functionality. For example, the
signalling part of CXCL12 is located near its C-terminus, therefore the 6-His tag was placed
on the N-terminus of the protein to prevent major structural changes that would interfere
with its normal activity. The levels of the expressed proteins were assessed using a His-Tag
protein detection kit. This kit is based on competitive ELISA, where a His-tagged protein of
known molecular weight is pre-coated on the provided microwell plate and protein
standards are used to generate a reference standard curve, from which the target protein

concentration in our samples can be extrapolated.

We have achieved a physiologically relevant expression of all proteins of interest, at a
similar level to previously reported recombinant BMP2 expression levels in NZ9020, as
shown in table 3.5. Our results suggest that CXCL12 was expressed at a higher concentration
compared to TPO, and that both soluble protein expression was higher than VCAM1. This
observation can be explained by the size difference of the aforementioned proteins, where

the smaller and less complex signalling molecules are expressed in higher amounts than the
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larger, more complex ones. Accordingly, monitoring of the growth rate of the different
engineered L. lactis populations displayed the same trend. The populations expressing
smaller molecules (CXCL12 and TPO) had a similar growth rate to the EMPTY bacteria, while
the bacteria producing VCAM1 and FN appeared to grow at a significantly slower rate
compared to the rest of the populations. Therefore, we can conclude that the different
recombinant proteins pose different levels of metabolic strain on L. lactis, depending on

their size and tertiary structure complexity.

Recombinant protein Expression level
(average £ SD, n=3)

CXCL12 280.32 £ 43.84 ng/mL

TPO 175.4 £ 15.82 ng/mL

VCAM1 99.18 +6.74 ng/mL

BMP2 299 ng/mL

FN Hl7.10 5.84 ng/cm?

Table 3.5. Quantification of L. lactis recombinant protein expression. Displayed are the values
obtained by the His-Tag ELISA performed on samples obtained in this work (CXCL12, TPO, VCAM1)
and the expression levels of proteins engineered previously (BMP2, FN lll7.10). It should be noted that
values required for differentiation in the literature are not currently available or with wide ranges
preventing meaningful comparison.

Our data also suggests that L. lactis can form biofilms that remain viable in a variety of
media, suggesting the suitability of the bacteria for co-cultures with mammalian cells in
their culture media. More precisely, since the aim of this work is to create an ex-vivo bone
marrow analogue, we compared the biofilm viability in GM17 (L. /lactis media) to IMDM (HSC

media), demonstrating that there is no statistical difference between the two conditions.

Furthermore, for a successful bacterial-human stem cell co-culture, it has been important to
establish the optimal conditions that would both provide a viable, actively protein-
producing biofilm and ensure that the bacteria will not escape the biofilm, overgrow and
overpopulate the co-culture. We therefore assessed biofilm viability in a variety of different
antibiotics in order to determine the most effective antibiotic mix conditions that maintain

the desired co-culture balance. Our results suggest that when cultured in a mix of
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Chloramphenicol, Sulfamethoxazole, Erythromycin, Tetracycline and Hemin, L. lactis retains

high viability, while also remaining in a stable biofilm, attached to the provided substrate.

While previous research has shown that L. lactis biofilms attach and remain stable on glass
coverslips for 4-5 days, the need for longer cultures urged us to find a way to increase the
adhesion dynamics between the bacteria and the substrate. Taking into account that a
stronger attachment can be achieved by increasing the hydrophobicity of the substrate, we
tested the bacterial viability and surface coverage on two different silanes. According to our
data, both APTES and Sigmacote maintained a high biofilm viability after 9 days. Sigmacote
also provided a higher surface coverage compared to APTES, so we chose this coating for all

further experiments.

3.5. Conclusion

The work described in this chapter shows that L. lactis has been successfully engineered to
produce recombinant CXCL12, TPO and VCAML1 in a constitutive manner with bacteria
attached to a surface. All proteins are produced at different concentrations and the
respective bacterial populations display different growth rates, according to the specific

characteristics of each produced protein.

Furthermore, we provide evidence that biofilms producing different recombinant proteins
remain viable for more than 9 days when cultured in both the L. lactis media, GM17, and in
HSC maintenance media, IMDM. We have also assessed the impact of different antibiotics
as a control mechanism of L. lactis growth, with an aim to achieving a low bacterial
metabolism that would prevent bacterial overgrowth. Based on our data, we suggest that
NZ9020 biofilms cultured in the antibiotic mix described above is sufficient to maintain the
bacteria in a biofilm monolayer, in a high-viability, lower-metabolic state, that still produces

the engineered proteins of interest.

Finally, we tested the efficiency of two different silanes, APTES and Sigmacote on biofilm
viability and surface coverage. Our results suggest that while high viability is maintained in
biofilms cultured on substrates treated with either silane, Sigmacote yields a better surface

coverage by the biofilm and has been selected as the preferred coating for future work.
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The results discussed in this chapter have laid the foundations for the development of a BM
analogue based on genetically engineered bacteria. Our aim has been to utilise the biofilm
as an active support mechanism for stem cell culture, that will provide the essential soluble
and adhesion factors to direct stem cell behaviour. The successful genetic engineering,
protein quantification and the achievement of the optimal conditions for a viable, stable
and long-lasting biofilm have been of great importance for the co-culture experiments

described in later chapters.
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Chapter 4. Bacteria-MSC interactions

Summary

This chapter is focused on the interaction between L. lactis biofilms and human BM-derived
human MSCs. These interactions were studied in co-culture experiments, where the MSCs
were co-cultured with biofilms of genetically engineered L. lactis, producing CXCL12, TPO,
VCAML1 and FN, alone or in different combinations. Initial studies involved the analysis of
stem cell adhesion and spreading on the biofilms, as well as evaluation of cell viability in the
co-culture experiments. Furthermore, the phenotype of MSCs cultured on different biofilms
was evaluated in an effort to use the biofilms as a substrate to control stem cell behaviour.
Finally, we tracked the movement and characterised the migration patterns of MSCs on

different biofilms.

Our results suggest that the presence of L. lactis and its use as a substrate for human MSC
cultures has no negative impact on cell’s viability. Additionally, MSCs attached and spread
on the different biofilms and showed different morphologies, depending on the
recombinant protein produced in each condition. Finally, MSC phenotype analysis displayed
evidence that the biofilms induced the maintenance of a BM-resembling, stem-like
phenotype on the cells, while at the same time preventing their osteogenic and adipogenic
differentiation. This observation was consistent with and without the presence of a hydrogel
in the cultures, with a clear maintenance of stemness markers and downregulated

expression of osteogenic markers compared to the control.

We also performed tracking experiments to determine the movement patterns of MSCs on
the different L. lactis biofilms, with and without the presence of a hydrogel covering the
cells. Qur analysis suggests that the MSCs migrate following random paths when cultured on
all biofilms and cover large distances in 2D. In the presence of a degradable hydrogel, MSCs
displayed the ability to degrade and remodel their microenvironment, as they migrated at
higher average speeds and followed larger movement trajectories compared to the non-
degradable gel condition. Therefore, we suggest that our engineered biointerface-based
microenvironment has the potential to mimic the native BM conditions, resulting in the

maintenance of a naive MSC phenotype that retains its differentiation potential, while at
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the same time allowing for physiological cell movement and migration in both 2D and in the

presence of degradable hydrogels.

4.1. Introduction

Since their discovery in 16764, bacteria and their interaction with humans and other
species have been closely observed and studied by the scientific and medical communities.
In the early years following the first discovery of microorganisms, bacteria have attracted
increased interest in two main emergent areas, medicine and food production*?!. With
science advances, and despite the bad reputation of many pathogenic species as infectious
agents, several non-pathogenic species have been identified and studied due to their health

and economically beneficial properties.

Outside the direct use of L. lactis for drug production and administration, the possibility of
enabling their use as stem cell fate manipulation mechanism have not yet been explored in
detail. Stem cells have been identified as a very promising solution to a variety of clinical
conditions because of their unique capacity to differentiate into a variety of cell types,
inducing tissue repair and regeneration. Therefore, the need to accurately and precisely

mediate stem cell fate decisions holds a tremendous medical potential.

The study of native stem cell niches in the human body has revealed that the cellular
microenvironment is linked to providing the internal cues responsible for stimulating and
directing stem cell behaviour. The spatial organisation and mechanical properties of the
niche influence the adhesion dynamics provided by the niche are directly linked with stem
cell survival, proliferation and differentiation*?2. Stem cells therapeutic potential has
instigated research into the identification and recapitulation of the most widely recognised

niche cues associated with clinically relevant stem cell-based medical outcomes.

For most adherent cells, like MSCs, the principal link between the cell and the extracellular
environment is provided by membrane-spanning integrins. Upon cell adhesion, integrins
start forming clusters and initiate the recruitment of other proteins including talin, paxillin
and vinculin, resulting in the formation of focal adhesion complexes (FAs)*?3. Except for the
structural proteins, FAs are coupled to a variety of intracellular signalling molecules that

directly activate further signalling pathways. These include activation of the Rac, RhoA and
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Cdc42 GTPases, that translate changes (biochemical, mechanical) in the ECM into signalling
processes that directly influence the morphotype and phenotype of the cell by mediating
cell migration and adhesion to its surroundings*?442°>, More precisely, at the initial stages of
cell adhesion to the ECM, integrin-mediated activation of Rho initiates the downstream
ROCK effector that regulates the myosin light chain#?®. This signalling cascade is crucial in
the maintenance of the balance between internal stiffness and extracellular force exerted at
the FAs*?’. Furthermore, Rho directly regulates cell contractility and migration by
microtubule-associated guanine nucleotide exchange factor (GEF)-H1-dependent
activation®?®, Cell adhesion is also mediated through the Rac/Cdc42 pathway through p21-
activated kinase-signalling and via activation of the Arp2/3 complex. More precisely, p21-
activated kinase has been shown to induce cytoskeletal reorganisation and its activity has
been linked with cell spreading and migration*?°. Additionally, Arp2/3 forms modular ‘hybrid
complexes’ consisting of the actin-nucleating subunits of Arp2/3 and either vinculin or
vinculin and a-actinin, resulting in actin polymerisation, that regulates lamellipodia
formation®3%, and in turn mediates cell adhesion and migration*3l. These main molecular

interactions between the cells and ECM are summarised in figure 4.1.
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Figure 4.1. Major regulatory pathways in cell adhesion and migration. Rho family members are key
regulators of actin reorganization and intermediate filaments. Activation of different members of
the family of GTPases results in direct reorganisation of the cellular cytoskeleton, mediating cell
morphology and localisation.
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In contrast, cell survival, proliferation and differentiation are closely interconnected and rely
mostly on stimulation by tissue-specific soluble signalling®32. Cell proliferation and renewal is
particularly important in stem cell studies and is regulated by the cell cycle, that can in turn
be influenced by external stimuli to drive tissue and organ homeostasis and in some cases
the development of malignant cell phenotypes and tumorigenesis*33. Furthermore,
stemness and differentiation is a bidirectional, dynamic state that is largely governed by the
stem cell niche, allowing for plasticity and adaptability to changing conditions*3443>, Given
its central role in mediating stem cell behaviour, the biophysical and biochemical
composition of the niche (figure 4.2) has been a major focus of scientific research. The
closer study of the niche factors and signalling pathways that can promote stem cell
function, enrich for cells with stem cell properties, or direct their differentiation towards

specific lineages could have significant implications in regenerative medicine and tissue

engineering.
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Figure 4.2. Schematic diagram of the stem cell niche. Shown here is a stem cell interacting with the
various mechanical, topographical and soluble stimuli provided by its niche. In this image, the stem
cell interacts with other cells residing in its microenvironment and the soluble signals provided by
them. Furthermore, the stem cell adheres to the ECM, sensing the topography, mechanical
characteristics and 3D architecture of the niche. The interplay between the niche-derived signals and
stem cell responses mediate tissue homeostasis through regulating stem cell survival, proliferation
and differentiation.

Even though MSCs are one of the most studied stem cell types, given their central role in
regulation of the bone marrow niche*3®%37 and their potential for differentiation for

biomedical applications*3®43°, their interplay and regulation by their niche is not completely
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understood. In contrast, most scientific efforts have been focused on the understanding of
the mechanisms through which MSCs contribute to niche homeostasis and drive the
maintenance and expansion of other cell types, such as HSCs#**9441, Recent studies have also
examined the role of MSCs in healing processes, with wound**>443 and bone?*** repair being
the most prominent. Furthermore, MSC behaviour has been investigated in response to
different substrate characteristics, such as nanotopography#*>44¢, stiffness**’448 as well as

mechanical stimulation°.

Efforts to better understand the intrinsic mechanisms of MSC function have mainly focused
on the impact of specific gene regulation®%%1 and methylation patterns*? on MSC activity,
while few articles have been published on possible effects of microenvironmental cues, such
as the availability of adhesion motifs*>3 on MSC regulation. Outside of mechanical stimuli,
the only interactions between MSCs and ECM proteins have focused on the effects of
laminins*#45> and fibronectin°%4>’, However, the complexity of the BM microenvironment
and the variety of the biochemical and mechanical signals it provides to its cellular
components have made efforts to understand the mechanisms of stem cell regulation highly

challenging.

Outside of cell phenotype and differentiation, major research focus has been placed on cell
migration as a driver of a variety of clinically significant physiological processes. Cell
migration is integral in organ development, tissue morphogenesis**® and repair®>?, wound
healing®®®, immune responses®®1462 as well as the development, progression and
invasiveness of malignant conditions such as cancer®3, Therefore, the study and better
understanding of cell motility and the effects of environmental cues on cell movements can
better direct the design of more efficient and physiologically relevant biotechnologies for

tissue engineering applications?64465,

Different models have been developed to study cellular migration dynamics. In particular,
research has been focused on multiple aspects of cell movement, tracking both individual
cells or aggregates and focusing on the presence or absence of external cues, such as
chemical stimuli, extracellular matrices, as well as substrate topography and polarity*®®. This
variation on the specific characteristics of each cellular microenvironment can have a large
impact on the directionality of cellular migration and is important to quantify, regardless of

whether the migration is directed by chemical and mechanical signals or not.
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The most commonly used method for individual cell tracking is the persistent random walk
(PRW) model, that was developed to mathematically track cell migration occurring in
isotropic media. The main assumption of PRW is that a cell follows a Brownian motion,
where it is assumed to migrate directionally at short time intervals, but lose its persistence
at longer time intervals*®’. The relationship between this persistent directional movement
to the random one is characterised by the directional persistence time (P), an estimate of
which can be obtained by fitting the mean square displacement (MSD) of the tracked cells

to Firth's formula (equation 4.1).
MSD(t) = 4D[t — P (1 - e_%)] (1)

Equation 4.1. Flrth's formula. Calculation of MSC, where D is the diffusion coefficient, and t is time
during which the migration takes place.

Initially, this fitting was performed with ordinary nonlinear least-squares regression
analysis*®’. The equation involves fitting the experimental mean-squared displacement of
the cell or population with a known speed and persistence in time as the two parameters.
However, later studies observed that deviations for large time interval data were big enough
to question the underlying assumption that migrating cells actually undergo PRW4¢8, More
precisely, studies have suggested that in the absence of external cues, mammalian cells
undergo a persistent, random walk, rather than Brownian motion4¢%479, Careful analysis of
mammalian cell migration trajectories suggested that cellular movement can alternate
between two different modes, a directional mode and a reorientation, or zig-zag-like mode,
where, in particular, the cell-tracks of starved cells exhibit many turns with the cells

repeatedly visiting the same position*%.

The aim of this chapter is to study the interaction between genetically engineered L. lactis
biofilms and MSCs. The recombinant proteins expressed by the bacteria (CXCL12, TPO,
VCAM1, FN) are expressed by a variety of BM-residing cell types and therefore are an
important regulator of the BM niche®’2. This provides us with the opportunity to create a
dynamic microenvironment that mimics some of the biochemical characteristics of the BM
and assess the impact of these stimuli on MSC behaviour. By closely monitoring the impact
of the different adhesion and soluble proteins on MSCs, our goal is to further our

understanding on the way BM signals affect MSC survival, maintenance, differentiation, and
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migration as well as determine the conditions that best maintain a stem-like MSC

phenotype in order to create an ex-vivo BM analogue.

4.2. Materials and Methods

4.2.1. MSC viability on L. lactis

Human BM-derived MSCs were cultured on genetically engineered L. lactis biofilms at an
initial density of 10,000 cells/cm?for 3 and 5 days, with the aim of assessing the impact of
the biofilm on cell viability. To distinguish live from dead cells, we used the LIVE/DEAD®
Viability/Cytotoxicity Kit (ThermoFisher), that involves staining the sample with the green
fluorescent calcein-acetoxymethyl ester (AM) staining and the red-fluorescent ethidium
homodimer-1 (EthD-1) that indicate intracellular esterase activity and loss of plasma
membrane integrity respectively. Dead cells are associated with a damaged plasma
membrane. This feature allows EthD-1 to enter the cytoplasm, where it bins nucleic acids,
resulting in a conformational change that enhances its fluorescence and results in the

emission of a bright red signal (excitation ~495 nm, emission ~635 nm)#’3, In contrast, live

cells display a uniform cell membrane that prevents the entry of EthD-1 into the intracellular

space. However, the cell-permeant calcein AM can be transported into the cytoplasm,
where it can be enzymatically converted to the intensely fluorescent calcein, producing an

intense green fluorescent signal (excitation ~495 nm, emission ~515 nm)*’4,

At the desired timepoint, MSCs were washed once with sterile phosphate buffered saline
(PBS, Invitrogen) to remove any excess cell culture media. The samples were then stained
with a mix of 1:2000 calcein plus 1:500 EthD-1 and incubated in a covered tissue culture
plate for 30 minutes at room temperature in absence of light. The samples were then
transferred to microscope slides and imaged in a Zeiss AxioObserver Z1 fluorescence
microscope. Results were obtained by image analysis by counting the number of green-
stained cells (live) versus the red-stained cells (dead). Image processing was conducted

using the open-source software Fiji/Imagel.
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4.2.2. Cell adhesion and spreading on biofilms

The adhesion and spreading of cells on L. lactis biofilms on glass coverslips were assessed
through vinculin and actin immunostaining, respectively. Human MSCs were cultured at a
density of 5,000 cells/cm? and were incubated for 3 hours in DMEM with no added fetal
bovine serum (FBS) in a humidified incubator at 37°C, 5% CO,. Similarly, murine FN7/-
fibroblasts were seeded at the same conditions to serve as a negative control. After the
incubation period, the cells were washed in PBS and fixed in 4 % formaldehyde in PBS at 37
°C for 15 minutes. The samples were washed three times with PBS and the cells were then
permeabilized after a 5-minute incubation in 0.5% Triton-X100 in PBS, in room temperature.
Afterwards, the samples were incubated in 1 % bovine serum albumin (BSA) in PBS at room
temperature for 1 hour to block reactive sites and subsequently decrease background
fluorescence. Following the incubation period, the samples were incubated in a mouse
monoclonal anti-vinculin antibody (Sigma, V9131, UK) diluted to 1:400 in 1 % BSA / PBS for 1
hour at room temperature. The samples were washed three times with 0.5% v/v Tween 20
in PBS and were then incubated in an antibody mix containing Cy-3-conjugated rabbit anti-
mouse secondary antibody, and Alexa Fluor 488 phalloidin, diluted 1:200 and 1:100 in 1 %
BSA / PBS, respectively. The reaction was run for 1 hour at room temperature, with the
samples protected from light. Finally, the samples were washed three times with 0.5% v/v
Tween20 in PBS. Each coverslip was stained with a drop of mounting media containing DAPI
and transferred on to a clean microscope slide for visualisation and analysis, that was

conducted under a fluorescence microscope (Zeiss AxioObserver-71).

4.2.3. In-Cell Western (ICW)

In order to evaluate any phenotypical changes on the MSCs in response to direct co-culture
on genetically engineered L. lactis biofilms, we conducted an ICW analysis. Human BM-
derived MSCs were seeded on biofilms cultured on clean glass coverslips at a density of
5,000 cells/cm?. The cells were cultured in DMEM supplemented with 10% FBS and 10ug/ml
antibiotic mix containing chloramphenicol, tetracycline, erythromycin, sulfamethoxazole
and hemin. The samples were incubated for 14 days in a humidified atmosphere incubator
at 37°C, 5% CO,, with media changes every 3 days. The control conditions for this

experiment were naive MSCs, cultured on a glass coverslip in DMEM + 10% FBS + 10ug/ml
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penicillin/streptomycin (P/S) for 24h to avoid loss of phenotype, and MSCs cultured in
osteogenic differentiation media containing 25 ng/ml of BMP-2, cultured for 14 days. After
the desired timepoint, the cells were fixed with 4% formaldehyde in PBS for 30 minutes at
room temperature and were permeabilized during a following 5-minute incubation in 0.05%
Triton X-100 in PBS. The samples were then incubated for 1.5 hours in 1% BSA in PBS on a
rotary shaking platform at room temperature. The importance of this step lies in the
blocking of reactive sites, reducing the nonspecific protein adsorption and thus background
fluorescence at the end of the experiment. In order to determine if the MSCs had retained a
stem-like phenotype or if they had differentiated towards the osteogenic lineage, we
stained for the stemness markers Nestin, Strol and ALCAM, and the osteogenic markers
osterix (OSX) and osteopontin (OPN). We also performed a normalization step to correct for

well-to-well variation in cell number, by staining for the internal control protein beta-actin.

Mouse primary antibodies against the markers mentioned above were diluted in 1% BSA in
PBS as described in table 4.1. The cell staining took place at room temperature for 1 hour.
The primary antibody solution was then removed, and the samples were washed five times
for 5 minutes on a shaking platform with washing buffer, consisting of 0.1% Tween-20 in
PBS. A rabbit anti-mouse IRDye 800CW secondary antibody, diluted 1:800 in 1% BSA in PBS,
along with an anti beta-actin antibody (1:500) were added to the samples, and incubated at
room temperature for 1 hour, protected from light. After the incubation period, the samples
were subjected to 5 washes, each lasting 5 minutes, in washing buffer. Finally, the buffer

was removed, and the samples were dried overnight under laminar flow.

The plate containing the stained and dried samples was imaged using an Odyssey® CLx
Imaging System (LI-COR Biosciences). The relative protein levels were normalised against b-

actin and were quantified and analysed using the GraphPad Prism 8 graphing program.
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Antibody Dilution in 1% BSA / PBS
Anti-OPN primary antibody 1:200 w/w
Anti-OSX conjugated antibody 1:200 w/w
Anti-Strol primary antibody 1:200 w/w
Anti-ALCAM primary antibody 1:200 w/w
Anti-Nestin conjugated antibody 1:200 w/w
Anti-beta-actin primary antibody 1:100 w/w
IRDye 800CW secondary antibody 1:800 w/w
Anti-beta-actin secondary antibody 1:500 w/w

Table 4.1. The antibodies used for the ICW analysis of MSC phenotype on biofilms. All antibodies
were purchased by abcam and were reconstituted and used according to the manufacturers’
specifications.

4.2.4. Cell tracking

To determine cellular movement and migration patterns, we set up different timelapse
experiments, with an aim to track human MSCs cultured on L. lactis biofilms. Biofilms were
formed overnight on glass coverslips and were washed three times before MSC seeding.
Human BM-derived MSCs were seeded on the prepared biofilms at a density of 8,000
cells/cm? and were incubated in DMEM + 10% FBS + AB mix in a humidified incubator at
37°C, 5% CO.. For the conditions containing a hydrogel, the cells were allowed to adhere to
the biofilm for 3h before the addition of a 5% w/v PEG hydrogel. Degradable hydrogels were
formed by substituting 50% of the SH-PEG-SH with VPM.

For cellular tracking, we used an EVOS FL Auto 2 microscope (ThermoFisher). Results
analysis was performed in Fiji/ImageJ) and Microsoft Excel, using the macros in the protocol

developed by Gorelik and Gautreau (2014)47>.

4.3. Results

4.3.1. MSC viability on biofilms

MSC viability was assessed on L. lactis N29020 biofilms expressing all recombinant proteins
of interest (CXCL12, TPO, VCAM1 and FN) as well as the EMPTY population that expresses no
protein. The single population biofilms were chosen rather than combinations of different
populations in order to understand the direct impact of each population and perhaps of the

recombinant cytokine on the viability of the co-cultured stem cells. Since our ultimate goal is
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to use MSCs as a support layer for HSC expansion, we measured MSC viability after 3 and 5

days, according to the duration of our HSC cultures.

As shown in figure 4.3, MSC viability appears completely unaffected by the co-culture with
the L. lactis biofilms. More precisely, no dead cells were recorded after imaging the
Live/Dead assay, performed after either timepoint. This result is a clear improvement
compared to previous studies conducted in our group, that noted a gradual decrease in MSC
viability over a 14-day culture on L. lactis biofilms?°3, This difference can be attributed to a
variety of factors. First, the strain used in the previous studies was NZ9000, a much more
metabolically active strain, that produces lactic acid as its metabolic end product. This would
result in a rapid decrease of the pH of the culture medium, that could explain a drop in MSC
viability. The increased metabolic activity of the biofilm would also deplete the MSCs from
the glucose and growth factors provided by the culture media, resulting in higher cell death.
In contrast, the biofilms used in this work were made out of L. lactis strain NZ9020, where
both known lactate dehydrogenase genes are knocked out and have been replaced with
erythromycin and tetracycline resistance genes, to allow for positive screening?. The
resulting strain has been associated with a metabolic shift, producing mainly ethanol and
acetoin during fermentation instead of lactate®’®. A more detailed description of the

metabolic end products of NZ9020 can be found in table 4.2.
A B Cell viability

day 3

M day5

CxCL12 | |

1004

50

% viable cells

Figure 4.3. MSC viability on biofilms after 3 and 5 days of culture. (A) MSC viability on L. lactis
biofilms. Representative images of the Live/Dead assay are shown for each condition. Live MSCs are
displayed in green, while no dead MSCs were recorded (red channel). (B) MSC viability of cells
cultured on CXCL12, TPO, FN, VCAML1 for 3 and 5 days was determined with a mammalian viability
kit (Thermofisher). No non-viable (red-stained) cells were found in any of the conditions, assuming a
100% viability in all the tested conditions.
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Species | Aerobe | Lactate | Formate | Acetate | Acetoin | Butanediol | Ethanol | Pyruvate
NZ9020 | + 0.6 ND 12.0 17.9 0.1 1.4 2.6

(1.0) (20.3) (60.5) (0.4) (2.4) (4.5)
NZ9020 | - 1.5 ND 10.0 5.6 ND 25.2 0.5

(2.5) (16.9) (18.9) (42.7) (0.8)

Table 4.2. Growth and fermentation characteristics of Idh-deficient L. lactis strain NZ9020 cultured in
aerobic and anaerobic conditions. Each value is displayed as concentration (mmol/L) of metabolic
end product formed. ND: Not detected*””.

In aerobic cultures, the Idh-deficient bacteria maintain their intracellular redox balance
through the activity of the endogenous NADH oxidase, that allows for continued sugar
fermentation. In contrast, in the absence of oxygen, the metabolic rate of the bacteria is
reduced, resulting in the production of acetate and ethanol. The metabolic shift that results
in the conversion of pyruvate to ethanol and acetate instead of acetoin, suggests that these
pathways are used as an alternative electron sink, since the reducing steps involved require
NADH as a co-factor. Furthermore, the increased production of mannitol observed in the
Idh-deficient strain NZ9020, suggests that the bacteria suffer from redox stress in anaerobic
cultures and that the use of acetate is important for the maintenance of the redox balance
during pyruvate metabolism*’8, The strain is therefore unable to produce as much lactate as

a fermentation end product, preventing a large pH drop.

Nevertheless, anaerobic NZ9020 metabolism still yields significant amounts of ethanol,
which is also detrimental for stem cell culture. To address this issue, studies have identified
that heme can both prevent huge drops in pH and improve bacterial viability in aerobic
conditions. Exogenous presence of heme in aerobic LAB cultures has been associated with
the establishment of an aerobic respiratory chain, which reduces O, to H,0 in the presence
of H* (Figure 4.4)*’°. More precisely, in the presence of oxygen and heme lactococcal growth
occurs through glucose fermentation, and when the external pH drops to approximately 5.3
the bacteria switch to respiration*®, The consequent shift in the NAD*/NADH ratio, results
in a metabolic change mediated by enzymatic use of either NAD or pyruvate as a substrate.
This results in a more energetically favourable metabolism, that also protects the bacteria

481

from oxidative and acid stress in the presence of oxygen*®!, and for the purpose of our

experiments provides a way of achieving a neutral pH, during the co-culture experiments
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conducted in the presence of oxygen. Therefore, we performed all of our co-culture

experiments in the presence of hemin at a concentration of 5 pg/mL.

Respiring lactobacilli require
menaquinone

H+

All respiring LAB
require heme

: 1
' i H+
v 1
o, :
e transporter Terminal
quinone ) PR oxidase
00 ) O 0!
NADH dehydrogenase Menaquinone Cytochrome bd oxidase
noxA noxB menFDXBEC cydABCD
m H+
O, + 4 H* + de- 2H,0

Respiration in LAB: Energy gain, | ROS, | Acid

Figure 4.4. Schematic representation of the major electron transport chain components in
respiration-competent LAB, in the presence of exogenous heme. The major components of the
respiration chain include the electron donor (NADH dehydrogenase), electron transporter, and a
heme-requiring terminal electron acceptor (cytochrome quinol oxidase, called CydAB, in LAB). L.
lactis genes associated with each stage are indicated below each component. Several LAB, including
lactobacilli require the presence of menaquinones that can be obtained by their environment. In
aerobic conditions, LAB can establish a respiratory chain, based on the reduction of O, to H,0 in the
presence of H, a reaction mediated by an ATP synthase. ROS, reactive oxygen species. Image
adapted from Hatti-Kaul et al (2018)*7°,

Furthermore, we have developed and optimised a mix of different antibiotics that reduce
the metabolic rate of our bacteria. As discussed in previous chapter, except for
chloramphenicol, to which NZ9020 is resistant, we used sulfamethoxazole3®’, erythromycin

and tetracycline3%

at 5 ug/mL in an effort to maintain the bacteria in a metabolically active,
latent state. In this way, we could deter the over-proliferation of the bacteria and ensure
that their minimal metabolic requirements do not deplete the culture medium of nutrients
essential for MSC survival. The high MSC viability suggests that the stem cells can be used in
combination with the biofilms in any future experimental setup that aims to create a BM

analogue in order to either study or direct stem cell behaviour, expansion and proliferation.
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4.3.2. Cell adhesion

The ECM is a major component of every natural stem cell niche and plays a key role in
regulating stem cell morphology and behaviour. Except for structural support, the ECM
binds and displays ligands and signalling molecules that can directly affect stem cell fate
decisions, proliferation, and survival*®2. Given the importance of the interaction between
stem cells and their surrounding microenvironment, we studied the mechanical interaction
between human MSCs and L. lactis biofilms with emphasis on the cell morphology and

adhesion dynamics.

The adhesion of MSCs to the bacteria was assessed on biofilms expressing CXCL12, TPO,
VCAM1 and FN, as well as empty bacteria, producing no recombinant cytokine. After
seeding, the MSCs were allowed to interact and adhere to the biofilms for 3 hours, before
they were fixed and immunostained for actin and vinculin. MSCs cultured on the FN-
expressing biofilm display a statistically significant more spread and elongated morphotype
compared to the cells seeded on the other biofilms (figure 4.5 A). This resembles the
behaviour of MSCs cultured on FN-treated substrates, showing that the biofilm has an
observable effect on MSC adhesion and spreading behaviours, similar to the one directed by
traditional methods*®. Furthermore, the effect of the FN-expressing bacteria on the MSCs is
obvious compared to the cells grown on a glass coverslip that do not display significant cell
elongation and retain a more rounded shape. In terms of the other recombinant protein-
producing bacterial populations, our data shows that MSCs do attach to the biofilms but
remain in a rounded conformation, showing no observable cell spreading (figure 4.5 B). The
cell shape observed on the CXCL12, TPO and VCAML1 biofilms has proven to be comparable
to the one on the wild type bacteria (EMPTY) as well as the glass coverslip, therefore
suggesting that the aforementioned cytokines have no measurable effect on cell adhesion
and spreading. Since FN is a protein well known as an adhesion molecule associated with
strong cell adhesion and a spread morphotype, this observation is expected and in
agreement with previous research conducted on biointerface interaction dynamics between

L. lactis and MSCs187,
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Figure 4.5. MSC spreading on biofilms 3 hours post-seeding. (A) The cell area of MSCs cultured on
biofilms expressing CXCL12, TPO, VCAM1 and FN was measured by image analysis and was
compared to an EMPTY biofilm as well as MSCs grown on FN-coated and uncoated glass coverslips.
The cells grown on CXCL12, TPO, VCAM1 and EMPTY biofilms were found significantly smaller in size
compared to cells grown on the FN-expressing biofilm and the two glass coverslip conditions (n > 15
cells analysed per condition, 3 biological triplicates) after a one-way non-parametric ANOVA with
Kruskal-Wallis post-hoc test (a = 0.05). Data are presented as mean  SD, (***p-value<0.001). (B)
Actin immunostained Human MSCs cultured on the different biofilms. Scale bar: 100 um. ANOVA;
analysis of variance, SD; standard deviation.

Despite the differences in cell spreading, analysis of the focal adhesions (FAs) formed by the
MSCs cultured on the biofilms suggests that the cells adhere to the bacteria in all conditions.
Vinculin analysis after a 3-hour MSC-biofilm co-culture suggests that MSCs cultured on the
FN-expressing biofilm display a larger area of FAs compared to cells cultured on biofilms
made up of a combination of CXCL12/TPO and CXCL12/TPO/FN. However, no other
significant difference was observed between the rest of the conditions (figure 4.6 A).
Furthermore, we report no statistical difference between the circularity of the FAs between
our conditions (figure 4.6 B). In this work, circularity was calculated as ¢ =
4nt(area/perimeter?), where 0<c<1, with c=0 for a straight line and c=1 for a perfect circle.
The circularity of the FAs is correlated to the stress that the cell is supporting, with higher
circularities suggesting higher tension®®. According to our data, the FAs examined show a
range of conformations between the two values, a distribution that is uniform among all
conditions. This observation suggests that the MSCs interact with the biofilm and experience
a comparable degree of stress in all cases and regardless of the recombinant protein

produced by the bacteria.
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Figure 4.6. Area and circularity of focal adhesions on biofilms. (A) The area the FAs of MSCs cultured
on biofilms expressing different cytokines was measured by image analysis. The area of the FAs of
cells grown on biofilms expressing a combination of CXCL12/TPO and CXCL12/TPO/FN were found

significantly smaller in size compared to FAs of cells grown on the FN-expressing biofilm (n > 15 cells

analysed per condition) after a one-way non-parametric ANOVA with Kruskal-Wallis post-hoc test (a

= 0.05). (B) The circularity of the FAs was also determined by image analysis of vinculin
immunostaining, where no significant difference was observed between the conditions. (C)
Representative images of DAPI (blue) and vinculin (red) immunostaining of MSCs cultured on
biofilms. Scale bar: 100 pm.

Focal Adhesion
circularity

This claim is further supported by analysis of the area distribution of the FAs in the different
conditions. As shown in figure 4.7 A, the area distribution of the FAs formed on CXCL12, TPO
and FN-expressing biofilms appear statistically comparable after 3 hours, with and without
the use of FBS. In particular, we divided the FAs by area, in order to classify them according
to their maturation stage®®®. Therefore, we classified FAs into two categories; those smaller
than 0.2 um? were considered immature focal attachments and up to 2 pm?, were classed
as mature FAs. Comparison of the two classes of FAs demonstrated that their frequency is
consistent among the different biofilms examined, supporting our claim that the mechanical
stress exerted to the MSCs by the bacteria is independent of the recombinant protein
produced by the biofilm. This trend could also be visually confirmed, as shown by the

representative images in figure 4.7 B. Imaging of the vinculin immunostaining performed,
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show clear FA development on the MSCs cultured on all biofilms (CXCL12, TPO and FN-

expressing L. lactis), with and without the use of FBS, after 3 hours of culture.
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Figure 4.7. Area distribution of the focal adhesions of MSCs on biofilms. (A) The area distribution of
FAs of MSCs cultured on biofilms expressing different cytokines, with and without the addition of
FBS was measured by image analysis. No statistical difference was observed between the
distribution of the FAs between the conditions in 3-hour cultures, with and without the addition of
FBS (n 2 15 cells analysed per condition) after a one-way non-parametric ANOVA with Kruskal-Wallis
post-hoc test (a = 0.05). (B) Vinculin immunostained images of MSCs representative of each
condition. Scale bar = 100 um.

Finally, the number of focal adhesions of each cell were measured on bone marrow-derived
MSCs cultured on biofilms expressing CXCL12, TPO or FN for 3 hours. Our observations
suggest that the distribution of the FAs measured in MSCs cultured on all biofilms followed
the same distribution (figure 4.8). The same trend was observed with and without the use of

FBS. Collectively, our data supports the maintenance of a similar area and number of FAs
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per cell, in all conditions. Therefore, FA turnover appears to be comparable and consistent
among the conditions tested, further supporting our claim that the stem cells interact with
the different bacterial populations in a fashion that is independent on the recombinant

protein produced by each biofilm.
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Figure 4.8. Frequency of the number of focal adhesions per cell. Human bone marrow isolated MSCs
were cultured on L. lactis biofilms expressing CXCL12, TPO or FN, with and without the use of FBS.
The number of focal adhesions was measured in a minimum of 30 cells per condition. No significant
differences were observed in the frequency distribution of the FAs among the conditions.
Furthermore, the number of FAs per cell appeared to be independent of the use of FBS in the culture
media.

4.3.3. MSC phenotype on biofilms

MSCs have long been studied for their ability to differentiate into mature cell types for
biomedical applications. Earlier studies focused on the capacity of MSCs to respond and
regulate cell fate decisions in the presence of soluble cytokines. More precisely, a variety of
growth factors and cytokines have been explored for their osteogenic, chondrogenic and

adipogenic potential, as shown in table 4.3.
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Cytokine / Growth factor / Hormone

Impact on MSC differentiation

TGF-B1 Osteogenesis*®, Chondrogenesis*®’
TGF-B3 Chondrogenesis*®®

TNF-a Osteogenesis*®

IGF1 Osteogenesis*®, Chondrogenesis*®
VEGF Osteogenesis*!

FGF 1 and 2 Stemness Maintenance?9%4%3
Insulin Osteogenesis**

Estradiol Osteogenesis*®*

Estrogen Osteogenesis?9>4%

Growth Hormone Adipogenesis*’

BMP2 Osteogenesis , Chondrogenesis?984%
BMP4, BMP6 Chondrogenesis>®%4%9

IL-1B, IL-6, IL-7 and IL-23 Osteogenesis®t’

IGFBP2 Adipogenesis®??

Table 4.3. Key factors associated with MSC differentiation towards the osteogenic or adipogenic

lineages. A variety of cytokines, hormones and growth factors have been examined for their effect

on maintaining or changing the naive MSC phenotype.

To evaluate the effect of the different bacteria-based interfaces, expressing different

recombinant proteins on hMSC fate, we performed 14-day co-culture experiments and

followed by in-cell Western (ICW) analysis of phenotype. We selected the osteogenic

markers osteopontin (OPN)>%3°04 and osterix (0SX)>°* and the stemness markers Nestin%>,

Stro1°%°97 and Activated Leukocyte Cell Adhesion Molecule (ALCAM)>% that have been

widely used in the literature to assess MSC phenotype. The results were normalised against

the housekeeping protein B-actin, commonly used in studies to obtain reliable and

reproducible quantitative results in Real-Time PCR, Western Blot and ICW analysis®®. In

particular, Strol, Nestin and ALCAM, have been described as markers commonly used to

select for naive BM MSCs°19°11512 | contrast, OPN and OSX have been identified as drivers

of osteogenesis®’®>* and have been highly linked to MSC differentiation into osteoblasts'>.

The results were compared to osteogenic and a stem-like controls, consisting of MSCs

cultured in osteogenic media (with the addition of 2.5 ng/ml BMP-2) for 14 days and MSCs

cultured in base medium for 1 day, to prevent differentiation in longer timepoints,

respectively (figure 4.9). The same phenotyping analysis was conducted on MSCs cultured

on biofilms containing a combination of bacterial populations, expressing more than one

recombinant protein at the same time, with the results shown in supplementary figure 1.
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Figure 4.9. In-cell Western analysis of MSC phenotype on biofilms. MSC were phenotyped using in-
cell Western to analyse relative expression of ALCAM, Nestin, Strol, osterix (OSX) and osteopontin
(OPN). Analysis was performed after a 14-day co-culture with the biofilms depicted in the graphs,
namely CXCL12, TPO, VCAM1, FN, osteogenic medium (OSTEQ) and glass-only control MSCs grown
for one day to ensure phenotype preservation (day 1 MSCs). No statistical difference was observed
between the stemness markers expressed by the control MSCs and the stem cells cultured on L.

lactis (A-C). Interestingly, increased expression of osteogenic differentiation markers osteopontin

and osterix (D, E) was not observed in any of the conditions except for the osteogenic medium, (***

p < 0.001) compared to the rest of the conditions (two-way ANOVA with Tukey post-hoc test) and in
the OSX graph (* p<0.05, ** p< 0.01, *** p < 0.001 compared to the reference condition, OSTEO,

labelled as #).

ICW analysis of Strol, Nestin and ALCAM expression revealed that all three markers of
stemness are expressed by the MSCs after 14 days of culture on all biofilm conditions.
Despite the notable overexpression of ALCAM and Strol by the MSCs cultured on biofilms
consisting of mixed L. lactis populations expressing TPO/FN/VCAM-1 (figure 4.9 A, C), the
difference is not significant compared to the MSC control. Furthermore, Nestin expression
was comparable between the MSCs cultured on all biofilms and the control (figure 4.9 B).
Together, these results suggest that MSCs cultured on recombinant L. /actis biofilms have
the potential to maintain their stem-like phenotype in a similar level to naive MSCs cultured

for one day (MSC control).
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Staining for osteogenic markers (figure 4.9 D, E), also suggested that all biofilms can
maintain an undifferentiated state of MSCs compared to our osteogenic control. We
selected OPN, a highly abundant non-collagenous protein found in bone tissue, that has
been extensively used as a marker for the early osteogenic differentiation of MSCs>'6°17 and
0OSX, a commonly used marker that may indicate the onset of the osteogenic differentiation
of MSCs>*8, Our data suggests an observable difference between cells cultured on all
biofilms and the osteogenic control (figure 4.9 D), and a comparable production of OPN
between the biofilm conditions and the undifferentiated MSC control. MSCs cultured on all
biofilm conditions, except for CXCL12, showed significantly less OSX expression than the
osteogenic control (figure 4.9 E). Combined, our results suggest that the tested recombinant
L. lactis biofilms can maintain a stem-like MSC phenotype for up to 14 days in culture, while

reducing their potential for osteogenic differentiation.

To further verify our claim that the MSC phenotype is maintained in long term co-cultures
with the biofilms, we repeated the 14-day cultures and stained for the early adipogenic
differentiation marker Pref-1. Consistent with our hypothesis, the expression of Pref-1 by
the MSCs was significantly downregulated compared to the adipogenic control (figure 4.10).
This trend was consistent among all biofilm conditions, with the exemption of CXCL12,
where Pref-1 was expressed at comparable levels to the differentiated cells. Combined with
the results reported in figure 4.10, our data suggests a possible influence of the L. lactis
biofilms in maintaining the MSCs in a stem-like phenotype for up to 14 days in co-culture

without inducing their differentiation towards the osteogenic or the adipogenic lineage.
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Figure 4.10. In-cell Western analysis of adipogenic potential of human BM-derived MSCs cultured
on different biofilms. Stem cells grown on L. lactis were stained for Pref-1 and were compared to the
adipogenic control. With the exception of CXCL12, cells grown on all other biofilms showed
significantly downregulated expression of Pref-1, and no commitment to the adipogenic lineage.
Data was analysed using a two-way ANOVA followed by a Tukey post-hoc test (* p < 0.05, ** p< 0.01,
*** p <0.001, compared to the adipogenic control).

The same analysis was conducted in the presence of a hydrogel in order to determine
whether a 3D component would have any effect on the MSC phenotype after co-cultures
with the biofilms. Like the experiment described above, human BM MSCs were seeded on
CXCL12, TPO, FN, VCAM1 and EMPTY L. lactis biofilms, as well as a FN-coated coverslip and
MSCs grown in osteogenic media, that served as the control conditions. To resemble the BM
architecture more closely, we added a 5% w/v PEG hydrogel on top of the biofilm-MSC co-
cultures, in all of the conditions and controls. The cells were co-cultured for 14 days and the
MSC phenotype was assessed using ICW analysis and the same markers and normalisation

procedure as described above.

Our data suggests that the stemness markers Nestin and Strol are not statistically different
to the MSC control. At the same time, the EMPTY biofilms, as well as the osteogenic control
displayed significantly lower Nestin expression compared to the MSC control, while the

same trend was observed in the case of the osteogenic media and Strol expression when
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compared to the MSCs (figure 4.11 A, B). ALCAM expression appeared statistically lower in
all conditions compared to the MSC control (figure 4.11 C). At the same time, both
osteogenic markers OPN and OSX were significantly upregulated in the osteogenic control
compared to the biofilm conditions (figure 4.11 D, E). Together, this data suggests that even
in the presence of a hydrogel, the biofilms have the potential to maintain a BM-resembling,
stem-like MSC phenotype in long term cultures, while at the same time preventing the
commitment of cultured MSCs towards osteogenic lineages. This observation solidifies our
hypothesis that MSCs can be maintained in a stem-like state on the biofilms both in a 2D
and 2.5D environment, and as an extension, this platform could more closely resemble the

BM conditions, and could be used to more closely mimic the BM HSC niche.
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Figure 4.11. In-cell Western analysis of the phenotype of human BM-derived MSCs cultured on top
of L. lactis biofilms in the presence of a 5% w/v hydrogel for 14 days. The phenotype of the cells was
assessed by staining for Nestin, Strol, ALCAM, OPN and OSX and the data was normalised against
the housekeeping protein B-actin. Combined, this data suggests a maintenance of the stemness
markers Nestin and Strol by the biofilm conditions, and no commitment of the stem cells towards
osteogenic differentiation, as supported by the absence of statistically significant expression of OPN
and OSX compared to the osteogenic control. Data was analysed using a two-way ANOVA followed
by a Tukey post-hoc test (* p < 0.05, ** p< 0.01, *** p < 0.001, **** p < 0.0001 compared to the
reference condition).
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To sum up our findings, we compared the phenotype displayed by the MSCs when cultured
with and without the PEG hydrogel. To easier visualise the data, we took the average of the
readings obtained for each MSC-biofilm condition and normalised against the average MSC
reading. The results are presented in figure 4.12. In the comparison between the stemness
markers expressed by the MSCs in the gel and no gel conditions we observed a similar
expression of Nestin and ALCAM (figure 4.12 A, B). At the same time, Strol appeared
downregulated in the presence of a hydrogel, especially on MSCs cultured on TPO, VCAM1
and FN-expressing biofilms (figure 4.12 C). A similar trend was recorded in the expression of
OPN, that was shown to be expressed at significantly higher levels in the absence of the
hydrogel (figure 4.12 D). Finally, OSX was also expressed at a higher rate in 2D compared to
stem cells cultured in the presence of a hydrogel, and especially on MSCs cultured on
CXCL12-expressing bacteria (figure 4.12 E). Our results suggest that while most stemness
markers show similar expression levels with and without the hydrogels present, the
osteogenic markers appear over-expressed in the absence of the 3D element. Therefore, we
can suggest that the presence of a hydrogel in the biofilm-MSC co-cultures may have a
higher potential to maintain the MSCs in a more naive state, resembling their BM

phenotype, while also preventing their osteogenic differentiation compared to 2D cultures.
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Figure 4.12. Comparison between the expression of stemness and osteogenic markers by human

BM-derived MSCs. Stemness (A-C) and Osteogenic marker (D, E) expression was assessed on stem

cells cultured on biofilms for 14 days with and without the addition of a non-degradable, 5% w/v
PEG hydrogel. The data presented constitute the average of each condition (n > 3), normalised

against the MSC reading for each marker. In total, the data suggests that while there is no significant

difference between the expression of nestin, alcam and Osterix, Osteopontin and Strol appear

downregulated in the presence of a hydrogel. Data are presented as mean + SD (*p-value<0.05),

after a Student’s t-test between the conditions.

Following our observation that the biofilms have the potential to maintain the cultured
MSCs in a naive state, we aimed to investigate whether the stem cells maintain their
differentiation capacity following their co-culture with the engineered L. lactis. As
previously, we cultured human BM-derived MSCs on L. lactis biofilms producing CXCL12,
TPO, FN and VCAM1, as well as EMPTY bacteria. The co-cultures were maintained in base
MSC culture media for 14 days, following another 14 days of culture in osteogenic media.
After the total of 28 days, the MSCs were stained for OPN and OSX to assess their
differentiation towards the osteogenic lineage. The results were compared to MSCs cultured
on a glass coverslip in osteogenic media (labelled as MSC on the graphs) and are displayed in
figure 4.13. ICW analysis revealed no significant difference in the expression of neither OPN
nor OSX compared to the osteogenic control (figure 4.13 B, C), suggesting that the

differentiation capacity of MSCs after long term co-cultures with the biofilms is maintained.
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This interesting observation is consistent among all biofilms, suggesting that the expression
of the different markers, combined by the active presence of the biointerface may provide a
degree of resemblance to the BM, where MSCs reside in a naive, stem-like state, while also

retaining their characteristic ability to differentiate into other cell types.
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Figure 4.13. In-cell Western analysis of the phenotype of human BM-derived MSCs to assess the
maintenance of their differentiation capacity. The cells were cultured on top of L. lactis biofilms in
base medium for 14 days, following another 14-day culture in osteogenic media. The results were

normalised against the housekeeping gene b-actin and were compared to MSCs grown in osteogenic
media for 14 days (MSCs). No statistical difference was observed between the differentiated MSCs,
and the stem cells cultured on the biofilms (two-way ANOVA, followed by a Tukey post-hoc test).

4.3.4. MSC tracking on biofilms

Following the study of the phenotype decisions of the MSCs in response to their interaction
with the biofilms, we aimed to examine the movement and migration of the stem cells in
our co-cultures. The mechanism by which cells control directional persistence during
migration has been a major topic of research for a variety of applications, ranging from

519

studies aiming to characterise the cell-material interactions>!?, attempts to control and

direct stem cell migration in tissue engineering and injury repair*°°2°, and efforts to better

521

understand pressing clinical issues such as immune cell migration>?! or cancer invasiveness

and metastasis®22.

Inspired by the constant state of flux and remodelling that characterises native stem cell
niches>?3>24 we aimed to evaluate the way MSCs move and explore their surroundings in

our dynamic system. To mimic the 3D structure of the niche, we tracked MSC trajectories on
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different L. lactis biofilms, with and without the presence of a hydrogel, bearing stiffness
within the range found in human BM>%. Specifically, the hydrogels used in this work had
been previously characterised and have been shown to have a stiffness of 5 kPa. Initially, we
examined whether there is a difference between MSC movement in 2D and 3D, by tracking
cells seeded directly on the biofilms and comparing them to cells seeded in a monolayer
between the biofilms and a hydrogel. At the same time, we also investigated whether the
biofilms, producing different recombinant proteins could be linked with any potential
changes in the movement patterns of MSCs, in both 2D and 3d. Figure 4.3.13 depicts the
movement trajectories followed by the cells, at different timepoints and in different culture
conditions. Analysis of a 24h tracking of the cells displayed a significant difference between
the range and speed of motion exhibited by the MSCs in the presence of a hydrogel
compared to its absence (Figure 4.14 A). Cells seeded in 2D were highly mobile and
appeared to actively explore their environment, following large trajectories. In contrast, the
presence of the hydrogel appeared to significantly restrict cell movement, resulting in less
active cells that largely remained attached to their initial seeding point. The same trend was

observed after analysis of cell speed, with higher speeds measured in 2D compared to 3D.

Following this observation, we aimed to examine the effect of hydrogel degradability on cell
movement. In a similar experiment, we seeded MSCs on the L. lactis biofilms and tracked
cell movement in the presence of a non-degradable and a degradable hydrogel. To provide a
close BM analogue, we fabricated protease-degradable hydrogels, using the crosslinking
peptide GCRDVPMSMRGGDRCG (VPM)>2¢, which is rapidly cleaved by the matrix
metalloproteinases MMP-1 and MMP-2°%7, The degradable hydrogels were manufactured at
a 1:1 PEG:VPM ratio, while the non-degradable hydrogels consisted of 100% PEG.To allow
enough time for the cells to degrade and remodel their 3D environment, we tracked cell
movements at days 3, 5 and 7, after seeding. Analysis of the cell trajectories and average
cell speed suggested a significant difference between the cells cultured in contact with the
degradable and non-degradable hydrogels (Figure 4.14 B-D). The difference was more
pronounced on days 3 and 7, with the MSCs cultured in the presence of the PEG-VPM
hydrogel moving at an observably higher speed compared to the non-degradable condition.
While most differences in cell movement appear to have settled by day 5, we again

observed a significant change at day 7, with similar cell movement trends as in day 3.
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Figure 4.14. Average speed by cell. Human MSCs were seeded on L. lactis biofilms in either 2D or 3D
conditions and were tracked at different timepoints. (A) The cells were initially tracked for 24h
hours, with 5-minute intervals after overnight incubation, the average speed by cell was recorded
and comparisons were drawn between the cells incubated with and without the presence of a
hydrogel and between the different biofilm conditions. (B-D) Cells were incubated on top of L. lactis
biofilms in the presence of either a non-degradable (PEG) or a degradable (VPM) hydrogel. Cell
speed was measured after tracking for 1 hour with 2-minute intervals on days 3, 5 and 7 of the MSC-
biofilm co-cultures. Data was analysed using a two-way ANOVA followed by a Tukey post-hoc test (*
p <0.05, ** p<0.01, *** p < 0.001, **** <0.0001).
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The collective observation that MSCs cultured in the presence of degradable hydrogels are
more active in exploring their surroundings and move at a higher speed compared to cells
cultured in non-degradable 3D conditions is further supported by mean displacement (MSD)
analysis data (Figure 4.15), that suggests a larger area explored by MSCs cultured in the
degradable hydrogel conditions. For this analysis, we used the Excel plugin provided by
Gorelik and Gautreau®’>. The program plots the average square displacements over
increasing time intervals between positions of a migration trajectory, that in our experiment
describes the displacement of MSCs as they move on the L. lactis biofilms. MSD is a
commonly used in the context of cell migration, as it indicates the surface area explored by
cells over time (Figure 4.15 A-C), which can be related to the overall efficiency of migration
and carries information about both speed and directional persistence of the particles
measured. MSD can also be expressed as a log-log plot, with log(MSD) on the y axis and
log(time interval) on the x axis (Figure 4.15 D-F). The slope of these log-log plots, often
called the a-value, is a handy index for directional persistence: it equals 1 for randomly

moving cells and 2 for cells that move in a perfectly straight manner.

Our data suggests that, in general, MSCs move in a random manner. They appear to be
relatively immobile in the presence of non-degradable hydrogels, exploring smaller areas
and showing minimal cell movements around their area of initial attachment. In contrast,
MSCs cultured in the presence of the degradable PEG-VPM hydrogels appear to follow
larger trajectories and being significantly more mobile. There is a slight change of cell
migration on day 5, as MSCs in almost all conditions appear to slow down their movement, a

trend that disappears by day 7.
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Figure 4.15. Mean square displacement analysis for MSC migration on different L. lactis biofilms in
the presence of a degradable (VPM) or a non-degradable (ND) hydrogel. MSCs were cultured on L.
lactis for 7 days and the cells were tracked on days 3, 5 and 7, for 1 hour with 2-minute intervals.
MSD plotted on a linear scale top and a log-log scale, bottom for each timepoint. All cells appear to
follow random cell movement and explore a larger area in the degradable gel conditions compared
to the non-degradable. The large error bars shown in graphs D, E and F, represent outliers. N 2 3,
error bars are standard error of the mean.

Overall, MSCs appear to actively explore their surrounding environment, especially in the
presence of the degradable hydrogels, on all biofilms. Representative images of
representative cell trajectories for all conditions are displayed in supplementary figure 2.
Furthermore, the migration trends of MSCs in terms of MSD are consistent with the average
speed by cell recorded in our experiment, showing that the stem cells how more efficient
migration in the presence of degradable compared to non-degradable hydrogels. This result
may suggest that except for displaying increased mobility, MSCs may also be actively
remodelling their ECM, resulting in degradation of the PEG-VPM hydrogels that would allow

them to move more freely and explore larger areas of the niche.
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4.4. Discussion

The innate ability of multipotent MSCs to differentiate into a variety of mature tissue cells
(Figure 4.16) has placed the cells in the spotlight of experimental bioengineering. The
importance of MSCs in cellular therapeutics and regenerative medicine has directed
scientific interest towards the development of innovative culture methods in order to
provide more effective, cost efficient and safer strategies for stem cell transplantation. To
address this medical need, a variety of studies have explored the use of different
biomaterials, each bearing unique biochemical and mechanical properties for the ex-vivo

MSC maintenance, differentiation, and expansion.

MSC proliferation

/@/{ﬁ% .

Stromal cell

formation
Lineage @

committment . A @ Q

N

| | \ |

Osteogenesis Myogenesis Chondrogenesis

Osteocyte - Myocyte - Chggﬁ![irﬁ:;‘ée i Bone marrow
bone formation muscle formation formation cell populations
Mature R,
tissue Wiy ) @ :
formation 9

N e N

Figure 4.16. The differentiation capacity of MSCs. Multipotent MSCs have the capacity to commit to
different lineages and differentiate to a variety of mature tissue cells.

The first and foremost attribute of any material designed for clinical applications is its
biocompatibility. All clinically significant materials must therefore be engineered to interact
with biological systems without affecting cell viability, in order to be successfully used for

therapeutic or diagnostic purposes. The requirement for the lack of any adverse effects on
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the human body has been recognized from the onsets of the field of biomaterials, with early
studies suggesting that any clinically relevant material should not cause blood clotting,
inflammation or any other immune response, and should generally be non-cytotoxic>?.
Advances in the field, combined with the need to address more complex clinical issues,
drove the development of more sophisticated biomaterials with added characteristics, such
as biofunctionality and the featuring of active components. More precisely, the ability of the
biomaterial to encourage cell adhesion and spreading has been identified as a key feature of
developed implants and transplants. In particular, cell adhesion has been highly associated
with cell communication and regulation, through a variety of signals that regulate cell
survival, migration, differentiation, and quiescence and is therefore fundamental for the
development and maintenance of tissues®?°. The importance of cell adhesion has been
further consolidated by evidence suggesting that changes or disruption in cell adhesion can
lead to a variety of diseases, including osteoporosis>3, arthritis®3!, and various forms of

cancer®3,

Our findings, outlined in section 4.3, suggest that L. lactis NZ9020 can be used as a living
biomaterial in co-cultures with human MSCs, without negatively affecting cell viability.
Furthermore, the strain can be genetically engineered to encourage cell attachment and
spreading by expressing human recombinant adhesion proteins, such as the FN Ill7.10
fragment and the extracellular part of VCAML1. In particular, the FN-expressing L. lactis has
been shown to induce a similar degree of cell spreading as observed in cells seeded on a FN-
coated substrate. This finding is of particular interest, as it demonstrates that our living
biointerface can induce the same effect on human stem cells, in terms of cell adhesion, as
traditional culture methods. Moreover, our data support that the bacterial biointerface
allows for the interaction between the MSCs and the biofilm, with MSCs forming focal
adhesions when cultured biofilms expressing all recombinant proteins used in this work.
Therefore, the characterisation of the interaction between the biofilms and MSCs has
shown that the biointerface can be used successfully as a substrate for cell culture, as it
displays the most relevant basic characteristics of biomaterials; biocompatibility and the

potential for cell adhesion and spreading.

Another equally important feature of successful biomaterials is their ability to direct cell fate

according to the clinical application they are designed to address>33. In their natural niche,
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stem cells are tightly regulated by a combination of physiochemical factors, thus,
conventional cell culture approaches based on the addition of soluble factors to direct stem
cell fate have resulted in limited success. This limitation has led to the development of
bioactive materials, featuring surface modifications>3*, as well as mechanical®®, electrical3¢,
morphological and chemical properties®®. In this way, the designed materials aim to deliver
stem-cell-regulatory signals in a precise and near-physiological fashion with the aim to
mimic the native tissue microenvironment and elicit the target cultured stem cell
response>3. Hence, a variety of different natural and artificial biomaterials has been
developed, each bearing different levels of biocompatibility, biodegradability,
bioresorbability, low immunogenicity and low toxicity, providing a variety of tools that can
be tuned to meet each clinical application®®°. Some of the most important aspects of
successful biomaterials are their ability to induce cell adhesion, present and deliver soluble
signals, and provide a form of architecture either in terms of a 3D environment or micro- or

nanotopography in 2D settings>%.

In our work, we have created a system that aims to actively provide stem cells with
adhesion molecules and soluble signals, directly produced by the bacteria, while also
simulating a form of nanotopography with the presence of the biointerface. In this way, our
engineered microenvironment provides the cultured stem cells with the required signals to
induce cell fate decisions in a precise, tunable manner, to allow for an easy, adaptable and
inexpensive way of controlling stem cell fate. Except for providing a substrate that
encourages cell adhesion and spreading, we have shown that the adhesion molecules and
soluble cytokines produced by NZ9020 can maintain human MSCs in a naive state that
resembles their phenotype in the bone marrow. After 14 days of cultures on the biofilms,
the MSCs maintain high Nestin, ALCAM and Strol production, at similar levels as naive BM
MSCs, while they show no sign of commitment towards osteogenic differentiation, as
suggested by the lack of OPN and OSX expression (section 4.3.3). Furthermore, the co-
culture with the biointerface was not shown to induce the adipogenic differentiation of
cultured MSCs either, as demonstrated by the absence of Pref-1 expression by the MSCs in
the majority of the conditions. The same trend was observed in the presence of a hydrogel,
as MSCs showed high maintenance and expression of the selected stemness markers, while

also displaying no significant overexpression of OPN and OSX. This observation may suggest
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that the combination of the biointerface, the chemical and adhesion signals it provides, and
the 3D environment provided by the hydrogel may present the MSCs with a collection of
conditions that closely resemble their natural niche in the bone marrow and as a result

contribute to the maintenance of the cells in a naive, stem-like state.

Another essential characteristic of stem cells and one of their most clinically significant
attributes is their ability to differentiate to a variety of mature tissue cells. In our effort to
engineer a platform to maintain MSCs in a naive, stem-like phenotype for clinical
applications, it is important to assess whether our system affects the differentiation
potential of the cultured stem cells. To test this, we performed a 14-day culture of MSCs on
different L. lactis biofilms, followed by another 14 days of incubation in osteogenic media.
After the total of 28 days, phenotype analysis showed an overexpression of OPN and OSX in

all conditions at statistically similar levels to the osteogenic control.

MSCs have been identified as a prominent candidate for cell-based therapies for a variety of
immune-mediated, inflammatory, and degenerative diseases, due to their
immunosuppressive, immunomodulatory, and regenerative potentials. However, limiting
factors including the limited availability of clinically significant cell numbers due to the low
ex vivo MISC survival, the difficulty of ex vivo cell overexpansion prior to infusions as well as
the intrinsic differences between MSC and different sources and donors, variability of
culturing protocols, have created an urgent need for the development of novel methods of
long-term maintenance and expansion of MSCs. A variety of approaches to improving the
immunosuppressive and immunomodulatory properties of MSCs aimed for transplantation
have been explored, including cell priming with soluble cytokines>*', MSC priming using
hypoxic environments®*!, or pharmacological drugs such as isoflurane>*? and all-trans
retinoic acid®*3. Additionally, a range of different biomaterials have been developed with a
view to improving the therapeutic potential of MSCs has been reported. Such methods
include the use of a variety of polymers as 3D culture systems>*4, nanotopographical
design>*, as well as the incorporation of functional properties on different polymer
scaffolds>*®, to provide MSCs with the appropriate signals in order to direct stem cell fate for
each desired application. Nevertheless, the chemical and architectural complexity of the

bone marrow and the constant state of flux directed by the ECM remodeling by other BM-
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residing cells have significantly limited the progress and outcomes of efforts to mimic and

recreate a BM niche ex vivo.

In the field of cellular therapeutics, current efforts to improve the clinical efficacy of MSCs
include priming with interferon-y (IFN-y)*#’, interleukin-17 (IL-17)°*%, or other pro-
inflammatory cytokine cocktails®*°. Combined with some of the aforementioned culture
methods involving bioactive materials, these approaches have demonstrated an
enhancement of the immunosuppressive properties of MSC and some regulation of their
differentiation potential, however, the open question of generating high numbers of naive
MSCs that maintain their functional properties after long term cultures still remains
unanswered. Our work has provided evidence that MSCs cultured on genetically engineered
L. lactis biofilms remain phenotypically similar to their BM-residing state in long term
cultures. Furthermore, we have shown that those MSCs retain their differentiation potential
and can be easily directed towards the osteogenic lineage in a way comparable to
traditional methods. This observation bears significant clinical potential, as we have
demonstrated that our system can maintain MSCs without affecting their stemness, an

attribute that would be of great medical significance for therapeutic applications.

Finally, we have shown that MSCs cultured in our system remain active and retain their
ability to migrate and remodel their microenvironment, resembling their BM-residing state.
In section 4.3.4, we demonstrate that the MSCs move freely on the L. lactis biofilms,
constantly exploring their surroundings. We also suggest that the addition of a 3D
component, in the form of a degradable or non-degradable hydrogel has a direct impact on
MSC movement on the biointerface, with cells moving at a higher average speed and
following longer trajectories in the presence of the degradable ECM compared to the non-
degradable one. This result suggests that the MSCs maintain their active phenotype and
their functional capacity to secrete matrix metalloproteinases, that allow them to degrade
and remodel their surrounding microenvironment, resulting in increased cell movement in
the degradable matrix. MSC migration has been identified as a key mechanism for successful
cellular therapies based on the ability of the stem cells to “home” to areas of injury in
response to signals of cellular damage and initiate tissue regeneration>*°. Consequently, by
demonstrating that our system has the capacity to allow cell migration in 2D and 3D,

provides evidence of a close representation of the native BM conditions ex vivo.
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To our knowledge, there is a lack of studies of the characteristics of migration potential of
MSCs on artificial BM-mimicking microenvironments. Nevertheless, recent research has
identified a small number of chemokine receptors and adhesion molecules that mediate the
homing of MSCs in the BM. In more detail, the chemokine receptor CXCR4 and its binding
partner CXCL12>>%, as well as VCAM1°>2 have been recognized as significant regulators of
MSC homing. CXCL12 in particular, has been used as a pretreatment to enhance the
migration and increased the secretion of pro-survival and angiogenic cytokines in order to
enhance the therapeutic potential of MSCs, while the CXCL12/CXCR4 signaling pathway has
been described as critical for MSC survival, migration and cytokine secretion>3. Our data,
based on the use of recombinant CXCL12, is in line with previous research, both in terms of
contributing to MSC phenotype maintenance and in inducing normal cell migration in our
co-cultures. Furthermore, upregulation of the CXCR4 chemokine receptor has been
identified as a key player in enhancing the migration ability>>* and inducing mobilization of
MSCs to sites of tissue damage®>>°. Consequently, we can suggest that the expression of
CXCL12 by the biofilms may result in the overexpression of CXCR4 on the MSCs, that in turn
upregulates the expression of stemness markers and prevents the differentiation of the
stem cells, while also maintaining their migration capacity. FN has also been studied as a
substrate for stem cell culture because of its wide presence in natural ECMs and its
consequent potential to mediate cell adhesion and influence cell behaviour>°®, Our
observations that MSCs attached and spread more on the FN-expressing bacteria and the
FN-coated substrate is in agreement with previous research suggesting that MSC culture on
FN-coated surfaces results in faster cell spreading, an enhanced formation of the actin
cytoskeleton and its co-localization with proteins found in focal adhesions>>’. Similarly, the
ability of our system to allow for normal MSC migration is consistent with the previously
reported enhanced migration patterns of MSCs on FN-coated materials>>8. Despite the
limited number of studies on the effect of cytokines and adhesion molecules on MSC
phenotype, fate and migration capacity, our data supports the hypothesis that our
engineered biointerface has the potential to closely mimic the BM conditions and contribute
to the maintenance of cultured MSCs in an active, stem-like state, close to the one observed

in the BM.
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4.5. Conclusion

Having gathered increased scientific and medical interest, and having been used in more
than 1000 clinical trials>>°, MSCs have solidified their position as a major therapeutic
strategy in the field of regenerative medicine. However, clinical outcomes can be negatively
influenced by a variety of factors, such as the different tissue origins of used MSCs, donors
of different gender, age, and medical history, variability in the tissue processing and culture
conditions, freezing and thawing of the cells, and different administration routes>.
Furthermore, to meet the high clinical demands, MSCs are cultured for long periods of time
to obtain the required cell numbers, which results in important changes in gene expression
and clonal selection, that affects their phenotype, biological and immunomodulatory
properties®®!. Therefore, there is an urgent need to create novel culture systems that would
provide increased, clinically relevant stem cell numbers, while also ensuring the
maintenance of the phenotype, differentiation potential and functional properties of

cultured MSCs for cellular therapeutics.

To address this issue, we have created a platform based on genetically engineered L. lactis
biofilms that produce the key BM cytokines CXCL12 and TPO, and the adhesion molecules
VCAM1 and FN. Our aim is to create an ex vivo BM-analogue with a view to providing the
MSCs with the necessary signals to induce their proliferation and expansion, while at the
same time maintaining their naive phenotype and differentiation potential. Our initial
results indicated that the biofilms have no negative effect on MSC viability during co-culture
experiments. Furthermore, we have shown that the MSCs interact, attach, and spread on
the biofilms, and especially on the FN-expressing bacteria, displaying strong focal adhesions
and an elongated phenotype comparable to currently used traditional methods. Moreover,
our data suggest that the MSCs are able to maintain both a naive phenotype, similar to the
one found in the BM, and retain their differentiation capacity when cultured on top of the
biofilms. At the same time, we show that the biointerface does not induce stem cell
differentiation towards the osteogenic or adipogenic lineages. Finally, tracking experiments
have demonstrated that the MSCs cultured on the biofilms retain their innate active
behaviour and showed increased cell movement and migration. At the same time, we have
shown that the stem cells are able to remodel their microenvironment, after recording

higher average speeds and longer migration trajectories of the MSCs cultured in the
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presence of degradable compared to non-degradable hydrogels. Combined, our results
suggest that our engineered biointerface can be successfully used as a substrate for stem
cell culture and can be tuned to direct MSC fate to fit the desired medical applications. We
aspire that our system be used in the future, in 2D, 3D or in a bioreactor setting, to provide

the answer to current limitations associated with traditional stem cell culture methods for

cellular therapeutics.
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Chapter 5. Bacteria-HSC interactions

Summary

This chapter is focused on the interaction between L. lactis biofilms and human BM-derived
HSCs. To study this interaction, we set up co-culture experiments, where the HSCs were
seeded on biofilms of genetically engineered L. lactis, producing CXCL12, TPO, VCAM1 and
FN, alone or in combinations. At an initial stage, we evaluated the interaction between the
biointerface and the seeded CD34+ cell population (general cell population containing a
number of HSCs) in 2D culture experiments, where the biofilm remained attached to a
hydrophobic coverslip, while the stem cells were seeded directly on top of the bacteria at a
density of 50,000 cells/ml. The populations that emerged from the CD34+ cell sample were
assessed by flow cytometry after 5 days of culture. We also evaluated the force of adhesion
and work of detachment between the stem cells and different biofilms, in order to assess
their interaction dynamics in more detail. Furthermore, with the aim to move the system
into 3D, we integrated a hydrogel into the system. In our 3D experiments, we encapsulated
a sample of CD34+ cells in degradable or non-degradable PEG hydrogels of controlled
stiffness and functional properties and cultured them on the same bacterial biofilms and in
the same experimental settings as previously. We report no negative impact of the
biointeface on CD34+ cell viability in both 2D and 3D environments. Our data also suggest
that the biofilms can prevent lineage commitment of the CD34+ cells, maintaining them in a
naive state, and achieving a similar level of HSC expansion as traditional methods featuring

2D cultures in HSC expansion media and cytokine cocktails.

5.1. Introduction

Hematopoietic stem cells (HSCs) constitute a rare cellular population residing in the bone
marrow (BM) and have recently gained traction in research due to their significant clinical
potential. These multipotent, self-renewing cells have the unique capacity to regenerate the
whole hematopoietic system in the event of hematological disorders®%°63, Currently, there
are two ways to obtain HSC grafts for regenerative medicine, including allogeneic HSC
transplantation, in which hematopoietic stem and progenitor cells (HSPC) are procured from

a healthy donor and used to reconstitute a patient's hematopoietic and immune systems;
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and autologous HSC transplantation, in which the patient's own HSPC are isolated and
cultured to make up the end transplant®®4. In clinical settings, human allogeneic stem cell
therapy relies on HSC grafts that can be isolated from peripheral blood, bone marrow or
cord blood. However, the scarcity of donors, combined with the additional requirement that
immunological barriers need to be overcome to allow sustained engraftment while
minimising risk of graft-versus-host disease developing in the recipient of transplanted stem
cells pose a significant problem to widespread, successful, and easy to access transplants>©°.
Combined with the need to identify and match donors for human leukocyte antigens (HLA)
and the time required to identify and procure an HLA-matched unrelated donor, allogenic
HSC transplantation may take too long for patients with rapidly progressive malignancies>®®.
Furthermore, the long and painful HSC isolation procedure needed for autologous HSC
transplantation, combined with the increased possibility of infection and often low isolated
or surviving HSC numbers have posed significant limitations in the medical use of
autologous grafts®’. Given the importance of the presence of high numbers of definitive
hematopoietic stem cells (HSCs) in the donor material for the long-term durability of this
treatment, current research is focusing on the identification and study of the key HSC
regulators of HSC fate decisions, including survival, proliferation and expansion>%%°6°, Such
efforts would pave the way to creating ex vivo culture methods aiming to achieve clinically

relevant expansion of HSCs for transplantation and medical applications.

5.1.1. HSCs in the BM microenvironment

The complexity of the BM and the variety of signals that support HSC stemness and self-
renewal have proven a limiting factor in current approaches to HSC expansion methods.
Several studies in both mice and humans have reported a variety of distinct HSC niches
(figure 5.1) including the endosteal niche, where HSCs are mainly supported by osteoblastic
cells®’%571 the perivascular niche, in which HSCs are maintained by vascular and perivascular
cells®”?, as well as a third niche, formed and regulated mainly by Nestin* mesenchymal stem

cells®73,
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Figure 5.1. The HSC niches. The endosteal, perivascular, and Nestin+ MSC regulated HSC
microenvironments.

Each HSC niche consists of a variety of cells, such as osteoblasts, mesenchymal stem cells
(MSCs), adipocytes, endothelial, perivascular and stromal cells, that secrete a variety of
chemical signals that influence HSC fate>. Furthermore, HSCs are regulated through
hormonal and sympathetic nervous system signals as well as chemokines and adhesion
proteins secreted by the other cells present in the BM. Except for the biological cues, the
physical characteristics of the BM have played a critical role in HSC regulation. The stiffness
of the niche, combined with the ligands present, have proven key determinants of the

lineage specification of HSCs®.

5.1.2. Cellular components of the HSC niches

The HSC niches are regulated by an intricate interplay between a variety of different cell
types and the chemical stimuli they produce. A schematic representation of some of the key

cellular components of the niche and the effect they induce on HSC fate through cytokine
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production is depicted in figure 5.2. In all cases, HSCs appear to be in close proximity to
mesenchymal stem cells, while HSCs with the highest hematopoietic potential have been
reported to reside in the endosteal niche and adhere to the endosteal matrix>’. MSCs that
can differentiate into both osteogenic lineage cells, as well as adipocytes and chondrocytes,
are another major component of the BM niche. Perivascular CXCL12-expressing
mesenchymal progenitors are especially important in HSC maintenance as they induce cell
maintenance and are associated with increased repopulation activity®. Additionally, MSCs
have been reported to produce angiopoietin-1 (ANG1) and stem cell factor (SCF), key
cytokines for HSC expansion and self-renewal. Nestin+ MSCs have also been reported to
play a role in HSC maintenance and homing in the BM. Studies have shown that
Angiopoietin-1 and Interleukin-7 secretion by Nestin+ MSCs has a direct effect on HSC

phenotype quiescence and mobilisation in the BM>74,

Osteoblasts are the key regulators of the endosteal HSC niche. They produce a variety of
chemical and adhesion stimuli that directly impact HSC fate. Specifically, osteoblasts
produce SCF, TPO® and OPN, as well as angiopoietin 1 and 2, the levels of which regulate
HSC maintenance, homing and quiescence®’>. Apart from providing attachment and homing
for HSCs through N-cadherin®’¢ and annexin-2 expression?, osteoblastic cells tightly

regulate haematopoiesis through Wnt and Notch signalling>.
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Figure 5.2. Cellular and molecular components of the HSC niche. The target plot depicts the different
kinds of cells present in the HSC niches, the chemical stimuli they produce and the effect they induce
on HSCs. Adapted from Pinho and Frenette (2019)%77.

Endothelial cells present in the BM, also serve as a source of secreted ANG1, CXCL12 and
SCF®2. Furthermore, the expression of E-selectin (CD62E)°’8 and VCAM1 (CD106)°”° on
endothelial cells has been associated with HSC adhesion to the BM through P-selectin
glycoprotein ligand-1 (CD162) or integrins a4p1, a4B7 and a9B1°%°. Stromal cell populations
including osteolineage cells, perivascular CXCL12-expressing cells, endothelial cells,
adipocytes, neuronal, and glial cells are another component present in the perivascular HSC
niche that also secrete maintenance factors and contribute in HSC expansion and
proliferation®. Stromal N-cadherin and SCF expression has been shown as a key regulator of
HSC homeostasis®. Stromal cell lines have also been used in ex vivo cultures to support HSC

maintenance and self-renewal®. Neuronal and glial cells have also been implicated in HSC
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fate decisions, inducing their mobilisation through CXCL12 production and quiescence
through transforming growth factor B (TGF-B) signaling®’. More specifically, the sympathetic
nervous system has been shown to contribute to HSC trafficking from the bone marrow by
coordinating the circadian egress of HSCs into the circulation through regulating local

production of CXCL12°81,

5.1.3. HSC adhesion in the BM

The hematopoietic stem cell niche is a complex microenvironment, containing a variety of
different cell types, including osteoblasts, vascular cells, and mesenchymal stem cells, all of
which are directly implicated in the regulation of HSC fate. In addition to the cellular
components, many aspects of HSC behaviour are directly regulated by the ECM, via the
interaction of the cells with the soluble and adhesion factors presented by their
surroundings, as well as the mechanical properties of their extracellular space>®2. These BM
components control the HSC fate decision through direct cell—cell interactions, mediated
mostly via cadherins, cell-ECM interactions, mediated mostly via integrins, or through

soluble mediators like cytokines and extra-cellular vesicles (EVs).

Integrins are one of the most important classes of adhesion molecules mediating cell-ECM
interactions. HSCs in particular, are known to express B1, B2, B3, and B7 integrins, the
expression and activation of which has been associated with key fate decisions during the
HSC lifecycle. More precisely, B1 integrin has been suggested to regulate HSC migration and
homing®®. Furthermore, integrins a4p1, a5B1, and alLB2 are both important in the interplay
between HSCs and endothelial and in the trans-endothelial migration of HSCs toward the
stromal cell-derived factor (SDF)-1a (CXCL12)-expressing stromal cells. Additionally,

integrins a4B1 and a5B1 have been identified as key mediators of FN-associated adhesion of
the HSCs in the BM>84, while integrin avB3 has been linked to both FN and thrombopoietin

mediated HSC maintenance in the niche®®>.

Selectins are another set of molecules, highly associated with the homing of healthy as well
as transplanted HSCs to the bone marrow niche. In particular, E-selectin has been identified
to regulate a variety of HSC functions, including dormancy, self-renewal as well as

chemoresistance and resistance to radiation in transplanted HSCs>%0. Furthermore, E- and P-

selectins have been linked to HSC homing, through adhesion to endothelial cells in the
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BM>%’, Finally, despite the controversy on the role of N-cadherin in the regulation of HSC
fate, the protein has been determined to be expressed on a subset of the HSC population,

and may play some role in hematopoiesis and HSC homing in the BIM?>%8:>89,

5.1.4. Current methods for HSC expansion

The increased demand for high HSC numbers to be used in cellular therapeutics, combined
with the need to improve the efficacy of bone marrow transplantation and interest into new
insights in the regulation and maintenance of HSCs in the field of regenerative biology has
fuelled the development of a variety of culture methods that aim to provide different
stimuli for HSC expansion. Inspired by the soluble factors associated with HSC survival and
expansion in the BM, initial studies had focused on the addition of cytokine cocktails to HSC
cultures. Stem cell factor (SCF), Flt-3 Ligand FLT3L, Thrombopoietin (TPO), and Interleukins 3
and 6 (IL3, IL6) have been among the most promising candidate cytokines associated with
the highest ex vivo HSC expansion®°%>°!, High throughput screening methods of different
molecules with the potential to increase HSC proliferation has identified Prostaglandin E2
292 Stemregenin 1 (SR1)°%3 and UM171°% as promising candidates for HSC expansion in
vitro. Additionally, a variety of natural and synthetic polymers have been assessed for their
potential in HSC expansion efforts. Materials made of proteins, polysaccharides, amino
acids, and apatite, as well as decellularised ECM have been developed for tissue
regeneration, based on the assumption that their natural origins may support stem cell
survival and proliferation®%>>%, Other approaches have attempted to mimic the BM
microenvironment by using MSCs>%’, osteoblasts>®, or stromal cells>®® as feeder cells to
improve the long-term survivability, migration, proliferation, differentiation, and

maintenance of HSCs in vitro.

More recently, research groups have tried to incorporate dynamic elements in their
developed BM-mimicking microenvironments and provide more multi-faceted approaches
to the development of ex vivo HSC niches. Static and dynamic culture conditions in a

perfused 3D PEG-hydrogel based bone marrow analogue®®

, as well as a bone marrow on-a-
chip 3D co-culture approach, based on a hydroxyapatite- coated zirconium oxide scaffold®%!
have shown promising potential for HSC maintenance and expansion. Other alternative

approaches include 3D hanging drop models of MSCs and HSPCs co-cultures®©?, biomimetic
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macroporous PEG hydrogel-based 3D scaffolds®®®, computationally controlled “fed-batch”

HSC cultures®®4, and functionalised electrospun polymer nanofiber scaffolds®%. Finally,

606 607

decellularized ECM derived from both mouse®® and human®®/ cells has been investigated as

a potential substrate to regulate the expansion potential of HSCs.

In the effort to design and engineer microenvironments for the ex vivo HSC expansion, the
most commonly used method has been the use of 3D hydrogel platforms made of synthetic
or natural polymers. Poly(ethylene glycol) (PEG) hydrogels have been previously identified
as a suitable platform for the multiplication of human hematopoietic stem and progenitor
cells®9®, Except for its mechanical properties, PEG hydrogels have also been used to
covalently bind and present key HSC maintenance cytokines, such as stem cell factor (SCF)
and interferon-y (IFNy), as well as the cell adhesion sequence Arg-Gly-Asp (RGD) and
connecting segment 1 to more closely represent the BM conditions in culture®®®. Covalently
immobilisation of stem cell factor has also been reported to induce the maintenance and
expansion of HSCs cultured in gelatin methacrylamide (GelMA) hydrogels, while also
preventing their rapid differentiation®°. Glycosaminoglycan-based hydrogel systems have
also been reported to balance the proliferation of human HSCs and maintain their
guiescence through simultaneous regulation of exogenous biochemical and biophysical
cues®ll, Zwitterionic materials bearing star-shaped poly(carboxybetaine acrylamide) and
polypeptide crosslinkers containing alternating lysine and glutamic acid sequences and a
metalloproteinase-degradable motifs have successfully supported the maintenance of
stemness and self-renewal of HSCs during long-term cultures through inhibition of excessive

reactive oxygen species (ROS) production®2,

Despite the plethora of resourceful biomaterial platforms available to examine the effect of
the biophysical and biochemical properties of HSC niches, the current multifunctional
biomaterial-based approaches have made small progress towards guiding HSC fate. The
sensitive and highly active nature of HSCs has created the need for the study and
engineering of highly complex microenvironments with the aim to closely mimic the BM.
However, despite the scientific community’s increased progress and better understanding of
the various signals associated with HSC maintenance and expansion in vivo, such complex

environments have not yet been possible to recapitulate in vitro.
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5.2. Materials and Methods

5.2.1. HSC culture
All cultures containing CD34+ cells were performed in Iscove’s Modified Dulbecco’s Medium
(IMDM) supplemented with 20% BIT and 10% L-glutamine. IMDM is a serum-free media,

developed by Guilbert and Iscove®’3

as a modification of Dulbecco’s Modified Eagle’s
Medium (DME). It contains selenium, additional amino acids and vitamins, sodium pyruvate,
HEPES buffer, and potassium nitrate instead of ferric nitrate. A more comprehensive list of

the components of IMDM is shown in table 5. 1.

In the 2D experiments, CD34+ cells were seeded directly on top of L. lactis biofilms
producing the proteins of interest at a concentration of 2.5*10° cells/ml. In our 3D cultures,
the CD34+ cells were encapsulated in plain or functionalized PEG hydrogels at a
concentration of 108 cells/ml, according to the current standard for HSC expansion 3D
cultures. In both 2D and 3D, the cells were incubated in IMDM + 20% BIT and 10% L-
glutamine. No soluble cytokines were added in the cultures where the bacteria produced
recombinant proteins. In contrast, the media in the positive control conditions was
supplemented with 10 pg/ml of SCF and FLT3L, and 5 pg/ml of TPO. All cultures were
performed for 5 days, without media changes and were maintained in a humidified

incubator at 37°C, 5% CO..

5.2.2. Flow cytometry

Prior to staining with antibodies for the flow cytometry analysis of the CD34+ cell
populations, the cells were isolated from their culturing microenvironment depending on
each experimental setup; either by direct aspiration, in the 2D experiments where the
CD34+ cells were seeded directly on top of L. lactis biofilms, or after removal and
subsequent degradation of the hydrogel containing the cells in the 3D experiments. More
precisely, in our 3D setups, the hydrogel containing the encapsulated CD34+ cells was
removed from the cultured well and biofilm, and was placed in a new sterile well. The
hydrogel and cells were incubated in 1:1 IMDM:PBS media containing 2.5mg/ml collagenase

D (Sigma) and the gels were allowed to degrade for 90 minutes in a humidified incubator at
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37°C. The above media was selected for the incubation during the degradation of the
hydrogels in order to allow for the optimal activity of collagenase D, by minimizing any
inhibitory effects the IMDM could incur, while also keeping the CD34+ cells in close to

physiological conditions for the duration of the hydrogel degradation.

To prepare the cells for flow cytometry, the cells were spun down and resuspended in flow
buffer. Then they were stained with an antibody mix containing: 84% flow buffer, 10%
Lineage antibody, 2% CD34, 2% CD90 and 1% CD38 antibodies (Thermo Fisher Scientific).
The excitation and emission spectra of each antibody are displayed in table 5. 2. The cells
were incubated with the antibody mix on ice for 30 minutes and were then washed twice
with flow buffer. After resuspension in flow buffer, the cells were run in the flow cytometer.
Compensation beads (Thermo Fisher Scientific) were used to ensure that the portion of the
emission spectrum of each fluorochrome will not fall in the detection spectrum of another.
More precisely, the beads work by capturing species-specific antibodies conjugated to
fluorophores with the purpose of setting voltages and gating parameters for obtaining
accurate fluorescence signals. The beads used in this work consisted of a mixture of
antibody-coated positive compensation beads and uncoated negative compensation beads,
combined in the same vial. The beads were prepared by incubating 4 populations of beads
(1 for each fluorochrome) with the respective antibody, as above, at 4°C for 30 minutes.
During the incubation period, the antibody-coated positive compensation beads bound the
antibody, while the negative beads did not. This allowed us to set the correct compensation
thresholds, in order to accurately detect and differentiate between the stained cells of

interest to unstained cells®14.

Flow cytometry was performed on an Attune NxT Accoustic Focusing Cytometer and data

analysis was performed using FlowJo, software Version vX.0.7 (Flowjo LLC, Ashland, OR).

Fluorophore Excitation Emission
Lineage antibody mix 490 nm 525 nm
CD34 488-561 nm 578 nm
CD38 488-561 nm 775 nm
CD90 488 nm 695 nm

Table 5.1. Excitation and emission spectra for the antibodies used in the flow cytometric analysis of
the CD34+ cells used in this work.
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5.2.3. Spinning Disk Microscopy

To image our engineered microenvironment in 3D, we used the K-562 HSCs reporter cell line
(ATCC). The cells were GFP-tagged to allow for easier imaging and were encapsulated in
plain or functionalized PEG hydrogels of different stiffnesses, placed on top of L. lactis
biofilms. For visual purposes, we also used a GFP-tagged strain of L. lactis. The system was
incubated in IMDM supplemented with 20% BIT, 10% L-glutamine and 10 pg/ml
Chloramphenicol and was maintained overnight in a humidified incubator at 37°C, 5% CO,.
The following day, the culture was visualised using a Cell Observer Spinning Disk Confocal
microscope (Zeiss), at 10x magnification. Image and z-stack analysis was performed using

the Zeiss ZEN Blue image acquisition software.

5.2.4. Atomic Force Microscopy

In AFM measurements of cell-substrate interactions, a sensitive and small probe, the
cantilever, is used to detect the nanoscopic deviations of the deflection of a laser beam
relative to its positional change. An individual living cell can be attached to the tip of the
cantilever and act as a probe for the adhesion strength measurement between cell-cell or

cell-matrix adhesions.

To measure the adhesion forces between the biofilm and CD34+ cells in 2D, we used a Zeiss
Axio Observer Aal atomic force microscope (AFM) (Zeiss). L. lactis biofilms producing
different recombinant proteins were formed overnight on sterile hydrophobic, Sigmacote-
treated glass coverslips. The following day, the biofilms were washed three times with
sterile PBS. A population of CD34+ cells were seeded at the side of each well, but not on the
biofilms, to allow for single cells to be “fished”. In this work, we used NanoWorld Arrow™
TL1 cantilevers (Micro Shop) with a known spring constant ranging from 0.03 to 0.09 N/m.
Prior to the measurements, we performed the calibration of the cantilever. Initially, we
calibrated the thermal noise of the cantilever, followed by its deflection. For that, we used
the known spring constant to convert the measured distance that the cantilever deflects in a
given change of photodetector voltage into a force, using Hooke’s law (equation 5.1). The
force applied was small enough to ensure that only a limited amount of transient
deformation was involved in our measurements, without causing large or permanent

changes to the cell. The calibration was performed in water, using a set point of 2V, z-length
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of 50 um and speed of 5 um/s.
F=—kxx

Equation 5.1. Hooke’s law. The force (F) needed to extend or compress a spring (here the
cantilever) by some distance (x) scales in a linear way with respect to that distance.

The sensitivity of the experimental setup was calculated by the force curve between a bare
cantilever and a hard substrate (here the bottom of the petri dish). A sample force curve
displaying the deflection of the cantilever in response to changes in the position of the piezo
is shown in figure 5.3. The sensitivity is measured as the conversion factor of the true
deflection in nm per Volt of measured deflection and can be used to convert the deflection
into units of length. When the cantilever is far from the reference surface, the force of
interaction is considered to be equal to zero, which is depicted as a flat part on the right side

of the force curve.
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Figure 5.3. Sample force curve between a bare cantilever tip and a hard surface, used to calibrate
the sensitivity of the experimental setup®®.

For the purpose of this experiment, L. lactis biofilms expressing CXCL12, TPO, VCAM1, and
FN, as well as EMPTY biofilms, were cultured overnight on sterile glass coverslips and
washed with sterile PBS in preparation for the experiment. The coverslips containing the

biofilms were then transferred into a sterile petri dish filled with PBS, and a small number of
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CD34+ cells was seeded in one side of the well, away from the biofilm. To measure the
attachment of the cells on the biofilm, a single CD34+ cell was allowed to attach to the
cantilever, as shown in figure 5.4A. More precisely, a single cell was first identified, the
cantilever was then programmed to approach the cell and allow the tip to interact with the
cell surface for 30 seconds, in order for the cell to attach to the tip. The cantilever and cell
were then retracted from the surface of the well. To ensure a strong adhesion of the cell to
the cantilever, we had previously coated the cantilever tip with Poly-D-lysine (Sigma), by
incubating it in a 0.1 mg/mL Poly-D-lysine solution for 30 minutes. Poly-D-lysine is a
positively charged amino acid polymer with approximately one HBr per lysine residue and
provides a nonspecific attachment factor for cells®*®. This results in increased cell adhesion
to solid substrates by enhancing the electrostatic interaction between negatively charged

ions present on the cell membrane and the culture surface®’.

Approach Retract
A Approach Retract B =

\_/' \/
I g t « T
<.)/. ﬁﬂgo

Figure 5.4. Schematic diagram of the vertical tip movement during the approach, cell attachment

and retract parts of our experiment.

Once the cell had successfully attached to the cantilever tip, the cantilever was lowered
again, and the cell was allowed to interact with the biofilm (figure 5.4. B) for various
amounts of time. The same cell was allowed to interact with the different biofilms, that had
been formed in different parts of the same well. The cantilever and cell were then retracted
from the biofilm and the force of adhesion was recorded. The adhesion curves and force

measurement data were analysed using the JPK BioAFM software.

The measurement of the interaction between the CD34+ cells and biofilm was measured by
the changes in the position of the AFM cantilever as depicted in figure 5.5. More precisely,
the position on a photodiode of a laser beam (red line, figure 5.5 A) that is reflected off the
back of the cantilever measures the deflection of the cantilever and therefore the force that

acts on the cantilever. During the approach of the cantilever towards the substrate (green
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arrows), the cell (probe) is pressed onto the substrate until a pre-set force (here 2 nN) is
reached. In this work, we allowed the cell to interact with the biofilm for 30 seconds, before
retracting it from the substrate (blue arrows), and recording a force-distance curve like the
one shown in figure 5.5 B. The generated curve corresponds to a cell-adhesion signature as
the strain on the cell increases. The bonds that were formed between the substrate and the
cell break gradually until the cell has completely separated from the surface. The maximum
downward force exerted on the cantilever of the atomic force microscope is referred to as
the detachment force (Fdetach). During the separation of the cell from the surface, two
types of molecular unbinding events can occur. In the first event, the receptor remains
anchored in the cell cortex and unbinds as the force increases (Jumps), while the second
type of unbinding event occurs when receptor anchoring is lost and membrane tethers are
pulled out of the cell, resulting in long plateaus of constant force (Tethers). The blue shaded

area in figure 5.5 B denotes the work of detachment of the cell from the substrate.
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Figure 5.5. Atomic force microscopy. (A) Depiction of a cell-adhesion measurement, and
characteristic force curve, depicting the approach (green) and retraction (blue) of the cantilever (B).
Force curves are commonly used to set the imaging force in contact mode and to study attractive,
repulsive, and adhesive interactions between the tip and the sample and plot the deflection of the
cantilever as it contacts and separates from the sample during the extension and retraction of the
scanner. On the force curve graph, the distance of the scanner movement is represented by the
horizontal axis, and the cantilever deflection is represented by the vertical axis.

In contrast to the widely studied adhesion of MSCs to a variety of substrates, the adhesion
dynamics between HSCs and their different culture environments has not been reported so

far. While this may be due to the non-adherent nature of HSCs, that tend to mostly remain
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in solution in traditional culture methods, we cannot disregard the fact that HSCs express
integrins and adhesion molecules, through which they attach to their BM niche. The only
previous literature report of the study of HSC adhesion dynamics has been conducted using
non-invasive microscopy. In this work, we aimed to perform a more mechanically relevant
assessment of the force of adhesion and work of detachment mediated by the HSCs in
response to the different biofilms that act as culture substrates. This system can provide a
quicker, more accurate and more direct evaluation of the interplay between the cells and
substrate compared to microscopy. Nevertheless, the non-adherent characteristics of HSCs,
their sensitivity to external manipulation and the conformation of the biofilm needs to be
taken into account when using this system. Extra care needs to be taken when handling the
HSCs both before and during the experiment, and an appropriate coating (such as poly-D-
lysine used in this work) needs to be applied to the cantilever to ensure that the selected

cell has properly attached to it.

5.3. Results

5.3.1. HSC adhesion on the L. lactis biofilms

The adhesion dynamics between the CD34+ cells and the biofilms were measured in 2D,
using an atomic force microscope (AFM) and the results were compared to the adhesion
dynamics between CD34+ cells and glass coverslips. Analysis of the AFM data suggested that
the CD34+ cells form stronger attachments to the FN-expressing biofilms compared to both
the other biofilm conditions and the glass coverslips (figure 5.6 A). The higher adhesion on
the recombinantly produced FN appears to also have resulted in a higher work of

detachment by the stem cells, as shown in figure 5.6 B.
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Figure 5.6. Interaction dynamics between CD34+ cells and L. lactis biofilms. The force of adhesion (A)
and work of detachment (B) of the stem cells from L. lactis biofilms expressing CXCL12, TPO, VCAM1,
and FN, as well as EMPTY biofilms and glass coverslips (controls) was measured using atomic force
microscopy. The work of detachment was calculated as the area under the curve from Z =0 to the
detachment point, shown as the area between the curve and the dotted line in (C). Result analysis
was performed using a one-way non-parametric ANOVA with Kruskal-Wallis post-hoc test (* p <
0.05). (C) Sample AFM curves showing the force of adhesion of CD34+ cells to CXCL12 and EMPTY
biofilms.

Despite the small differences between the conditions, the higher adhesion dynamics
between the CD34+ cells and the FN-expressing biofilms is consistent with current literature
supporting the natural interactions between niche-resident HSCs and the FN present in the
BM ECM®18619 Gjven the small time of interaction between the stem cells and biofilms,
more research into the effect of longer interactions on the adhesion dynamics of the system
would provide better insight into potential differences between the individual biofilms and

the glass coverslip.

5.3.2. 2D experiments

Initial CD34+ cell viability and population expansion experiments were performed in 2D. A
population of CD34+ cells was seeded on top of overnight grown L. lactis biofilms expressing
different recombinant proteins, at a concentration of 2.5 * 10° cells/ml (Figure 5.7). After 5
days of culture, the cells were isolated from the biofilm by direct aspiration and were
stained for population assessment using flow cytometry as described in section 5.2.2. Post
assessment, the percentage of live cells is calculated, and the rest of the populations are

determined in turn, as shown in figure 5.8.
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Figure 5.7. CD34+ cells on L. lactis biofilms. Fluorescence (left) and brightfield (right) images of

CD34+ cells seeded on L. /actis biofilms expressing FN. In the fluorescence image, both CD34+ and

bacterial cells express GFP and appear in green. The stem cells retain their round phenotype while

interacting with the biofilms. Scale bar 100 um
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Figure 5.8. Representative flow cytometry plots depicting the populations of the CD34+ cells after 5
days of co-culture with the L. lactis biofilms. From left to right: cell viability is determined by size,
after plotting the side scatter (SS) against the forward scatter (FS). The lineage negative cells are

then determined by plotting the live cell population in a SS vs Lineage plot. Similarly, the
CD34+/CD38- and CD34+/CD38-/CD90+ cell populations are determined by calculating the
percentages of each population on the respective plots.

Analysis of the cell populations after the 5-day co-culture experiments displayed that the

biofilms have no negative impact on the viability of the CD34+ cells. As displayed in figure

5.9 A, stem cell viability was recorded to be statistically comparable to the control

conditions, where CD34+ cells were maintained in traditional expansion media, containing
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soluble TPO, SCF and FLT3L, and without the presence of the bacteria. Similarly, the lineage
negative phenotype of the CD34+ cells was maintained in all conditions, again showing no
statistical difference compared to the controls (Figure 5.9 B). Further population analysis
suggested that the commonly defined in the literature HSC population bearing the CD34+

620 'is also maintained in the stem cell-biofilm co-cultures at similar levels

CD38- phenotype
compared to the controls. Interestingly, this does not appear to be the case in when the
biofilms do not produce recombinant cytokines (EMPTY bacteria), as the HSC phenotype
appears to be lost in this condition (Figure 5.9 C). A similar trend is observed in the
engrafting HSC population shown in figure 5.9 D. Despite some differences between the HSC
numbers on samples retrieved from different biofilm conditions, the percentage of HSCs
obtained after co-cultures with the biofilms does not statistically differ from the controls,
suggesting that the bacteria and the recombinant proteins produced by the biofilms have a
similar effect on the CD34+ cells as the added soluble cytokines used in traditional methods
for HSC maintenance and expansion. Of particular interest has been the observation that
the effect of the biofilms on the HSCs has been statistically comparable to the beneficial

effect of the aryl hydrocarbon receptor antagonist StemRegenin 1 (SR1) that has been

recently reported in the literature®?1622,
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Figure 5.9. CD34+ cell populations as assessed by flow cytometry after 5 days of culture on top of L.
lactis biofilms. (A) Stem cell viability remains unaffected by the presence of the biofilms and is
comparable to the controls, that represent traditional HSC expansion methods. The co-cultures with
the biofilms can also be associated with the maintenance of a lineage negative phenotype (B) and
the traditionally recognised CD34+/38- cell phenotype (C). Finally, the engrafting population of HSCs,
characterised by the CD34+/38-/90+ phenotype is also maintained in the conditions where a biofilm
is present, at similar levels to the positive controls (D). Interestingly, this is not the case in the EMPTY
condition, where the biofilm produces no recombinant proteins, and where both the CD34+/38- and
CD90+ cell populations are significantly lower than all other conditions. In all cases, with the
exception of the EMPTY condition, the stem cell populations of interest have shown increased
expansion compared to the initially seeded population (shown as Day 0). The data was analysed
using a two-way ANOVA with Tukey post-hoc test (* p < 0.05, ** p< 0.01, **** p < 0.0001, compared
to the reference condition). Controls: Control 1: CD34+ cells cultured on Sigmacote-coated coverslips
in the absence of bacteria in IMDM + 20% BIT + 10% L. glutamine + 10 ng/mL soluble SCF/FLT3L + 5
ng/mL TPO. Control 2: same as control 1, with added 1 pM of the SR1. Control 3: same as control 2,
but no Sigmacote coverslip was used, the cells were cultured in an empty well, in 2D.

145



Again, the EMPTY biofilms did not show any effect on HSC expansion, as the percentage of
engrafting HSCs measured in this condition was significantly lower compared to the other
biofilm conditions. This result demonstrates that L. lactis can be successfully used as an
active substrate for the maintenance and expansion of HSCs ex vivo and yield similar cell

numbers compared to traditionally used methods.

5.3.3. 3D experiments

To more closely represent the architecture and mechanical properties of the BM in our
system, we encapsulated the CD34+ cells in 3D hydrogels. We selected poly(ethylene glycol)
(PEG), due to its versatility of applications and its ability to be functionalised with various
biomolecules to study HSC proliferation and potentially induce their maintenance and
expansion®23624 |nijtially, we identified Laminin-521 and Fibronectin, two key BM ECM
molecules highly abundant in HSC niches®2>%2¢, and used them to functionalise PEG
hydrogels®27.628, We then assessed the effect of these hydrogels on encapsulated CD34+ cell
viability by Live/Dead assay. As shown in figure 5.10, neither hydrogel has any negative
effect on stem cell viability, with viability values reordered above 85% for all conditions,

after 5 days of culture.
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Figure 5.10. CD34+ cell viability in hydrogels. (A) CD34+ cell viability was recorded above 80% in all
hydrogels, including plain PEG, PEG-LM (LM), and PEG-FN (FN) hydrogels. The results were compared
to a 2D control, where the stem cells were cultured in the traditional HSC maintenance media, in the

absence of a hydrogel. No statistical difference was observed between the cell viability in the
hydrogels or the 2D control. (B) Representative images of the Live/Dead assay performed to assess
CD34+ cell viability. The live cells are shown in green, and the dead cells are depicted in red. Control:
CD34+ cells cultured in 2D, in HSC expansion media.

Following the viability assessment, we aimed to characterise the effect of the different
proteins (LM or FN) compared to the plain PEG gels on the CD34+ cell populations. Except
for providing functionality to the PEG hydrogels and therefore representing a more
physiologically relevant HSC niche, the addition of LM and FN in the hydrogels may enable
the capturing and presentation of either the recombinant secreted cytokines, expressed by
the biofilms, or extra soluble factors expressed by the MSCs, when added as a support layer
in the culture systems. In parallel, taking into account the varying stiffness of the BM
microenvironment, we engineered hydrogels of different stiffnesses in order to determine
the optimal microenvironmental cues for CD34+ cell culture. We conducted 5-day culture
experiments with the CD34+ cells encapsulated in PEG hydrogels of different stiffnesses,

ranging from 2 kPa (3% w/v polymer) to 5 kPa (5% w/v polymer), functionalised with either
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FN or LM. The cultures were maintained in HSC expansion media with added SCF, TPO and
FLT3L as described in section 5.2.1, and the population assessment at the end of the
incubation period was conducted using flow cytometry. Except for the live population
(Figure 5.11 A), we also assessed the lineage negative cell content, including the non-
committed progenitor cells (Figure 5.11 B), as well as the HSC and engrafting HSC
populations (Figure 5.11 C and D, respectively). In total, no statistical difference was
observed between the different conditions. The viability of the CD34+ cell population
remained high, above 80% in all hydrogels, while almost half of the seeded population
retained the lineage negative phenotype. Furthermore, the HSC population bearing the
CD34+/CD38- phenotype was maintained at similar levels among all conditions.
Interestingly, the engrafting HSCs further classified by the expression of CD90, have been
shown to be maintained at similar levels to the initially seeded population in all hydrogels
after 5 days of culture. In total, our results are consistent with the previously reported
literature, supporting the important role of LM and FN present in the ECM for the
maintenance of HSCs®%°. Our observations are also in line with the hypothesis that HSCs
could be maintained in 3D materials with a range of stiffness, since the cells can be found in
different niches within the BM, ranging from the stiff endosteal niche (40-50 kPa) to the

softer perivascular niche (1-3 kPa) and the even softer medullary region (0.3 kPa)®3°,

148



A Live cells B Lin- cells

100 55—
Q 50+
90 - ‘5 ]
. &1 ‘}
s ®1 E T
o 804 o
2 2 404 o
. 0
70 351 "
GU T T T T T T T 30 T T T T T T
._g\.o sl ._g\o "g\e ﬂg\a ts:\o %Q rg'\e. é\e sl o\e sl ‘g\e
& N ° S D@L
) W <
C CD34+/38- cells D CD34+/38-/90+ cells
16 10
+=
14
3 12 s |
2 | 2 44 —-—
o 1 =] | o
2_
8 T T T T T T 0 T T T 1 T T T
s\e Ao o\o o\ ) oo e oo als  als el _eole @
5 ] 5 3 ] % R D R L. L )
RS N NS N S A

Figure 5.11. CD34+ populations in 3D hydrogels. (A) CD34+ cell viability, (B) the lineage negative
CD34+ cell population, (C) the naive HSC population and (D) the engrafting HSC population as
measured by flow cytometry after a 5-day incubation in different PEG-based hydrogels. All hydrogels
used in this experiment were based on PEG, with the addition of either the fibronectin fragment Ill;.
10 (FN) or the laminin isoform 521 (LM). The hydrogels were engineered to display different
stiffnesses, based on the percentage of the solids content (3% and 5% w/v of polymer), that ranged
from 2 kPa (3% w/v polymer) to 5 kPa (5% w/v polymer). The results were compared to the initially
seeded populations (day 0). No statistical differences were observed after data analysis using a two-
way ANOVA with Tukey post-hoc test.

After assessing the suitability of all types of our selected hydrogels for HSC culture, we
aimed to incorporate the biofilms expressing different recombinant proteins into the
system. Our envisaged system is depicted in figure 5.12 and features a hydrogel containing
encapsulated CD34+ cells, sitting on top of a L. lactis biofilm. In this work we tested
hydrogels of different stiffness, as well as biofilms expressing different combinations of

recombinant HSC maintenance cytokines and adhesion molecules in order to determine the

optimal conditions for HSC expansion.
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Figure 5.12. Our system in 3D. Z-stack image showing an EMPTY L. /actis biofilm and a hydrogel
containing encapsulated CD34+ cells incubated on top of the bacteria. Both the biofilm and stem
cells express GFP and are depicted in green for visual purposes. The image was obtained using a

Zeiss Spinning Disk microscope. Scale bar: 100 um.

Given the positive influence of the recombinant cytokines on HSC maintenance and
expansion (section 5.3.1) and the high viability of the CD34+ cells cultured in both the plain
PEG and functionalised hydrogels (section 5.3.2), we aimed to combine the two culture
systems in order to produce a closer representation of the BM niche. More precisely, our
goal was to encapsulate a population of CD34+ cells in hydrogels of different stiffness and
functionality and culture them in the presence of L. lactis biofilms producing different
recombinant cytokines. After 5 days of incubation, the CD34+ sub-populations that emerged
from the 3D cultures in the presence of the biofilms were compared to 2D cultures between
L. lactis and CD34+ cells, as well as traditional HSC expansion cultures, in 2D with the
addition of soluble cytokines. The viability and cell populations were assessed using flow
cytometry. For visual purposes, we show the best conditions in blue, compared to the initial

population of CD34+ cells, seeded at the beginning of our experiment.

Initially, we measured and compared the cell viability between the different culture

conditions (figure 5.13 A). After 5 days of culture, CD34+ cell viability had dropped
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compared to the initially seeded population and the traditional culture methods (2D
cytokine control), with statistical differences observed in most conditions. Interestingly, the
viability of the CD34+ cells cultured on the L. lactis biofilm expressing all four recombinant
cytokines (C/T/V/F), as well as the stem cells cultured in 3% PEG-FN and 3% PEG hydrogels
in the presence of biofilms expressing CXCL12, TPO and VCAM1 (C/T/V) and all four

cytokines respectively, remained high, and statistically comparable to the controls.
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Figure 5.13. CD34+ viability and cell populations as assessed by flow cytometry after 5 days of
culture inside different hydrogels, and in the presence of L. lactis biofilms expressing different
recombinant cytokines. This experiment features PEG and PEG-FN hydrogels of different stiffnesses
(3% and 5% w/v of polymer in each case), and L. lactis biofilms expressing different cytokines,
including CXCL12 (C), TPO (T), VCAM1 (V), and FN (F). After 5 days of culture, we performed flow
cytometric analysis of the populations, recording CD34+ cell viability (A), the Lineage negative cell
population (B), as well as the HSC content (C), and engrafting HSC population (D). All conditions were
compared to the initially seeded population, and a 2D control, where the stem cells were cultured in
expansion media with added cytokines, without the presence of bacteria (2D cytokines). The data
was analysed using a two-way ANOVA with Tukey post-hoc test (* p < 0.05, ** p< 0.01) and the
statistical differences are shown compared to the reference condition (#).
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Further population assessment revealed that the lineage negative phenotype of HSCs is
maintained in the majority of our conditions, after 5 days of culture (figure 5.13 B). More
precisely, more than 60% of the stem cells in all conditions showed no commitment to
mature hematopoietic lineages. The only exception was observed in the case of CD34+ cells
cultured in 3% and 5% PEG-FN hydrogels in the presence of L. lactis biofilms expressing all
four cytokines, where the lineage negative phenotype of the sample was found to be
statistically lower than both the controls and the other experimental conditions.
Additionally, our data suggests that the HSC population (CD34+/38- cells) is also maintained
after 5 days of culture, compared to the initially seeded CD34+ sample (figure 5.13 C).
Interestingly, the percentage of HSCs cultured in 2D, in the presence of the biofilm
expressing all 4 cytokines appears to have significantly expanded compared to the initial
population, at similar levels compared to the 2D control containing the HSC expansion
media and soluble cytokines. Finally, the engrafting population of HSCs expressing CD90,
showed significant expansion when cultured in 5% PEG and PEG-FN hydrogels in the
presence of biofilms expressing CXCL12, TPO and VCAM1 (figure 5.13 D). The same trend
was also observed in the 2D co-culture of CD34+ cells and the biofilm expressing all four

cytokines.

5.4. Discussion

Due to their increased clinical significance, HSCs are one of the best characterised adult cell
lines, and the only one in routine clinical use. The importance of stem cell transplantation
laid the foundations for the study of HSC behaviour with the view to developing novel cell
therapies for healthcare applications. HSCs in particular, have received noteworthy
attention due to their ability to give rise to all hemato/lymphoid lineages, leading to a life-
long reconstitution of the entire hematopoietic system following transplantation, after
acute injuries or the development of hematological disorders. However, the limited
availability of health, transplantable, immune-compatible cells, combined with the difficulty
of expansion methods that would give rise to clinically relevant cell numbers, pose a

significant obstacle to the development of successful and affordable treatment regimes.

To address this issue, a variety of studies have focused on developing the appropriate

conditions for large-scale HSC expansion, by either identifying exogenous soluble stimuli to

152



633 or their culture

increase cell numbers®31%32 or by directly manipulating the cells
microenvironment®34, Apart from the stimulation of cultured HSCs with growth factors or
soluble molecules, that has been more extensively discussed in section 5.1, a variety of
approaches have been focused on the genetic manipulation of HSCs in order to directly
influence their behaviour. Efforts to increase the medical potential of HSCs have also
suggested that genetically modified HSCs may even be more therapeutically potent than
unmodified stem cells if they can be designed to overexpress a gene product of interest.
This suggestion gave rise to two distinct methodologies for genetically modifying HSCs;
lentiviral-mediated gene delivery and nuclease-based genome editing approaches®3>.
Despite early inconsistencies with the clinical significance of lentiviral vectors as a
therapeutic tool, more recent studies have suggested a strong medical potential of
genetically modified HSC transplants as a cure for clinical disorders such as X-linked
adrenoleukodystrophy®3® and adenosine deaminase-deficient immunodeficiency®?’. As an
alternative to lentiviral-mediated gene integration, engineered nucleases have also been
used to create site-specific DNA double-strand breaks in order to introduce precise changes

to the locus of interest. Such methods have been successfully used in autologous HSC

transplants to cure HIV infections®3,

Despite the recent progress on HSC expansion methods, the variety of medical and
procedural risks associated with the transplantation of externally manipulated stem cell
grafts has created the need for the better understanding of HSC biology and behaviour
outside of their natural niche, as well as the creation of better, more efficient and reliable

HSC expansion methods.

5.4.1. HSC adhesion

The extensive study of the BM microenvironment, and the HSC niches in particular, has
indicated that fibronectin is one of the key molecules present in the BM, with a significant
role in HSC adhesion and homing. This interaction has been suggested to be mediated by
very late antigen 4 (VLA4) and VLA5%3%%40 and has been suggested to support HSC function

and growth in vitro and in vivo®4'.

In this work, we aimed to characterise the response of CD34+ cells on different stimuli,

including direct stimulation by recombinant cytokines produced by L. lactis, adhesion to
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biofilms producing different recombinant proteins, as well as matrix functionality and
stiffness. We therefore characterised the force of adhesion between CD34+ cells and
different L. lactis biofilms expressing CXCL12, TPO, VCAM1 and FN, and compared the
results with the adhesion dynamics between the cells and glass coverslips. Our data,
displayed in section 5.3.1, suggests that the CD34+ cells formed stronger attachments with
the FN-expressing biofilms compared to the glass coverslips. While the interaction of other
stem cell types, such as MSCs with fibronectin has been well characterised, and the stronger
adhesion of the cells on FN-coated substrates compared to uncoated surfaces has been
demonstrated in a variety of studies, this interaction has not been investigated in HSCs.
Despite the lack of literature on CD34+ cell attachment to biofilms, the higher adhesion
forces recorded between the cells and the FN-expressing bacteria falls in line with studies of
the HSC niche that have identified FN as an important mediator of stem cell homing.
Interestingly, no statistical difference was observed between the adhesion of CD34+ cells on
the biofilms used in this work. Despite some of the biofilms not expressing adhesion factors
(CXCL12, TPO), this observation may suggest that the stem cells interact with the biofilm
and may form weaker adhesions to the extracellular polymeric substances (EPS) including
proteins, extracellular DNA, and a small amount of polysaccharides expressed by the
bacteria during the formation of the biofilms. Furthermore, this observation can be
attributed to a possible interaction of the stem cells with pili expressed by the bacteria,
either by directly interacting with them, or by adhesion dynamics mediated by the 3D
structure and local nanotopography of the biofilms®42. However, the work of detachment of
CD34+ cells was found to be statistically similar on the glass coverslip and the different
biofilms. The only difference was observed between the FN and VCAM1-expressing biofilms,
with a higher work of detachment being recorded on the FN-producing bacteria. While the
expression of VCAM1 on HSCs has been reported previously, the interaction between
VCAM1 on HSCs and the integrin a9 on niche cells has not been well characterised and the
guestion of whether and how strongly the stem cells interact with either a9 integrins or
VCAM1 present in their surroundings is not well understood®3%44, Nevertheless, the
stronger interaction dynamics of the CD34+ cells with the FN-expressing biofilms, may
support our claim that the use of bacteria can provide an active, BM-mimicking
microenvironment in our culture system, while also expressing recombinant proteins that

directly influence CD34+ cell behaviour.
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5.4.2. HSC expansion in 2D and 3D

Initial efforts to expand HSC populations ex vivo were conducted by using culture methods
based on incubating the cells in chemokine cocktails. These expansion media were made up
of a variety of soluble factors that have been previously identified to maintain and expand
HSCs in the BM, and were traditionally used in 2D cultures, aiming to create a simplistic BM-
mimicking niche in the lab. CXCL12 has been identified to be one of the most important HSC
maintenance factors in the niche and has been described as the most potent naturally
occurring chemoattractant for these stem cells®*>. The cytokine has been linked to HSC
maintenance in the BM, due to its ability to induce HSC adhesion to both cellular (e.g.,
VCAM1) and matrix components (e.g., fibronectin) via integrin signalling®. A variety of
studies have suggested that CXCL12 produced by a variety of cells, including CAR+ and
Nestin+ cells®’, as well as stromal cells and osteoblasts®4864°, has the potential to induce
HSC expansion ex vivo. Upregulation of the CXCL12/CXCR4 signalling cascade, has also been
associated with radiation protection, and enhanced activity and mobilization of
hematopoietic stem and progenitor cells, leading to an increase of the efficacy of HSC

transplantation in clinical studies®3%6°1,

Thrombopoietin (TPO) has been initially identified as the major cytokine regulating
megakaryocyte production, through signalling via its receptor, MPL. However, recent studies
have shifted the attention of the scientific community towards the ability of TPO to directly
regulate HSC fate decisions, including their maintenance and expansion®26>3, More
precisely, the direct influence of MPL signalling in HSC regulation has been underlined in a
variety of studies on patients with congenital megakaryocytic thrombocytopenia (CAMT),
where loss of TPO signalling was associated with gradual BM failure®>*. Furthermore, studies
of TPO signalling in healthy HSCs have identified two roles for TPO in adult hematopoiesis;
its ability to maintain naive HSCs in a quiescent state to preserve them with age, and to
expand the stem cells in times of need such as in the case of hematological disorders or
post-transplantation®>. The direct impact of TPO on HSC behaviour has resulted in the
cytokine been identified as a key additive in HSC expansion media for long-term cultures®®,
and the effects of soluble TPO on HSC expansion have been reported by a variety of studies

both in 2D and 3D culture systems®7.%%8, TPO has also been identified as a key supplement

for cell cultures aiming to expand HSCs. Significant ex vivo expansion of HSCs was reported
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in 3D polycaprolactone nano-scaffolds coated with fibronectin (FN) in cultures containing
recombinant human thrombopoietin and Flt3 ligand at 50 ng mlI"165°, The HSC-expanding

potential of FN-coated substrates will be further examined in more detail below.

VCAM1 has been identified as an adhesion molecule, highly associated with the
maintenance of a naive, quiescent HSC phenotype. It is expressed by a variety of
hematopoietic cells, including myeloid and lymphoid progenitors and has been associated
with HSC activities including adhesion to the niche and mobilization upon activation®,
VCAML1 has been found to be expressed by a variety of different cell types, including
endothelial cells and macrophages, and has been suggested to contribute to HSC retention
in different niches, including the BM and the spleen®1%%2, The activation of VCAM1 and the
synergistic interaction between membrane bound VCAM1 and stem cell factor (SCF) has
been reported to induce the maintenance of naive HSCs through increased nuclear
retention of FOX03a®%%. In addition to the maintenance and quiescence signals it provides,
VCAML1 has been identified as a “don’t eat me” signal recognised by circulating
macrophages on HSCs during their migration from the BM to different sites around the

body, preventing their clearance by cells of the immune system?®3,

Fibronectin has also been identified as a key BM adhesion molecule, with direct implications
in HSC biology®®*. The protein is ubiquitously expressed in the BM, making it the main and
most studied extracellular matrix protein, and resulting in its wide use as a necessary
component in stem cell niche engineering®®. In particular, fibronectin not only mediates
HSC homing through adhesion to the BM, but it also modulates their behaviour by
facilitating their binding to a variety of BM residing cells, such as adjacent HSCs and stromal
cells. These effects are mainly mediated by a variety of integrins such as a4p1, a981, a4p7,
a5B1, avp3, Toll-like receptor-4 (TLR-4), and CD44°%%6667 Egrly studies on the interactions
between different BM extracellular matrix components suggested that the direct adhesion
and interaction of HSCs to fibronectin may retain HSCs in a naive state, inhibiting
hematopoietic progenitor proliferation and differentiation®®®. Further research displayed a
difference on the interactions between CD34+ cells with cellular BM components and FN
expressed by the ECM. CD34+ adherence to mesenchymal stromal cells is mediated through
Transforming Growth Factor-Beta-Induced Protein Ig-H3 (BIGH3) in an integrin-dependent

manner, an interaction shown to inhibit their adhesion and CXCL12-induced migration
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capacities. However, high BIGH3 expression has not been noted in FN-bound CD34+ cells,
suggesting an enhanced maintenance of HSCs in the BM, which may be explained by
reduced cell cycle progression and proliferation upon reduced BIGH3 levels®®°. Fibronectin
has also been associated with HSC quiescence and maintenance in the endosteal BM niche.
In particular, since the specific biomechanics of BM ECM can directly influence HSC
guiescence, with stiffer microenvironments supporting more a more quiescent stem cell
phenotype, FN has been associated with high HSC maintenance. These effects have been
explored in studies aiming to maintain and expand HSCs in 3D, where a higher viability,
spreading proliferation, and the retention of the cells in a more primitive, naive state was

observed on FN-coated, compared to collagen and laminin-coated scaffolds®’°,

Furthermore, efforts towards long-term, ex vivo HSC expansion displayed that the addition
of soluble thrombopoietin (TPO) synergize with low levels of stem-cell factor (SCF) and
fibronectin to sustain HSC self-renewal. In particular, the addition of 100 ng ml=* of TPO and
10 ng mi™* of SCF have been shown to expand functional HSCs cultured on FN-coated
substrates over 1 month®”, A similar effect was observed in HSCs cultured on fibronectin
coated substrates in media supplemented with 50 ng mI~* SCF, 20 ng mI~* IL-6, 10 ng ml™* IL-
3, and 25 ng ml™* Flt-3 ligand, where researchers reported significant expansion of HSCs and
improvement of their engrafting potential®%>. Additionally, HSCs cultured in media
supplemented with IL-3, IL-6, SCF and Megakaryocyte growth and development factor
(MGDF) showed significant proliferation in the presence of FN, compared to its absence, in
8-day cultures. This effect was more prominent where both FN and MGDF were added to
the cell cultures, underlying the importance of their synergistic effect on HSC expansion®”2,
Finally, studies of the effects of FN on HSC expansion where FN was either immobilized in
2D PET substrates or was supplemented in the medium of HSCs cultured in 3D scaffolds
suggest that covalent conjugation of FN in 3D structures yields the highest expansion of
CD34+ cells®’3, These cultures were performed in the presence of added cytokines including

100 ng mlI~* SCF, 100 ng ml™! FIt-3 ligand, 50 ng mI"* TPO, and 20 ng mI~* IL-3.
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5.4.3. HSCs and bacteria

Given the integral role of HSCs in regulating immune responses, the majority of research
work conducted so far on the interaction between the stem cells and bacteria, has been
focused on the biological events occurring during infections. Early studies have discussed
the difference in susceptibility and response of HSCs and other hematopoietic cells to
different infectious agents. More precisely, quiescent human HSCs have been reported to be
show full resistance to infection by the intracellular bacteria Listeria monocytogenes and
Salmonella enterica serovariation typhimurium, as well as the extracellular pathogen
Yersinia enterocolitica®’*. The same authors report that incubation of HSCs in expansion
media containing stem cell factor, thrombopoietin, and flt-3 ligand, induces the
differentiation of HSCs towards the myeloid/monocytic lineages, resulting in the uptake of
the above pathogenic bacterial species initially by micropinocytosis and at a later stage by
receptor-mediated phagocytosis. Further research has also supported the myeloid
differentiation of HSCs during infection with Listeria monocytogenes and Yersinia
enterocolitica, in a process characterised by the secretion of granulocyte-macrophage
colony-stimulating factor, interleukin (IL)-6, IL-8, IL-10, IL-12, and tumor necrosis factor-a by
the HSCs®7>. Additionally, the metabolic events occurring during the rapid expansion of HSCs
in response to stress stimuli have recently been investigated. Infection by Gram-negative
bacteria has been reported to drive an increase in the mitochondrial mass in mammalian
HSCs, resulting to a metabolic shift from glycolysis toward oxidative phosphorylation. This
transition has been linked to the increased oxidative stress and reactive oxygen species
formed during infections, and has been suggested to occur in a phosphoinositide 3-kinase

(PI3K)-dependent manner, ultimately priming HSCs to differentiate into granulocytes®’®.

In contrast to the abundance of studies on the response of HSCs to infections, few
references can be found on the effects of bacteria on HSC expansion. Perhaps the only
relevant study to our knowledge, has been focused on the effects of lipopolysaccharide
(LPS) exposure of HSCs during bacterial infections by Staphylococcus aureus. The authors
reported an induction of hematopoietic and progenitor cell activation and proliferation in
vitro following S. aureus infections, in an interferon-B (IFN-B) dependent manner.
Interestingly, despite their central role in regulating immune responses due to pathogens,

Toll-like receptor and IFN-1 signaling has been found absent and hence independent of the
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expansion of HSCs®””.

To this date, no scientific research has been conducted on the interactions between non-
pathogenic, gram positive bacteria and HSCs in co-culture experiments. In contrast to
previous studies, we did not aim to explore the effects of infections caused by bacteria on
HSCs, but to use the bacteria as an active biointerface that could direct HSC fate. Our data
suggests that our chosen bacterial species, Lactococcus lactis, does not have a significantly
negative impact on CD34+ cell viability, both in 2D and in 3D cultures, where the stem cells
are incubated directly on top of a biofilm or are encapsulated in a hydrogel that sits on top
of the biofilm, respectively. A similar observation had been made in previous research on
the interactions between MSCs and L. lactis, where, again, no decrease in stem cell viability
was observed!®”:2°2 |n 3D studies, a variety of research groups have used PEG hydrogels as a
biomimetic substrate for HSC culture and expansion. Studies in mice have shown that PEG
hydrogels functionalized with the cell adhesion peptide RGD (arginyl-glycyl-aspartic acid)
and bearing gold nanoparticle block copolymer micelle nanolithography (BCML) arrays could
be used to direct HSC fate towards T-cell differentiation®’8. The same cell adhesion peptide,
in conjunction with connecting segment 1 (CS1) were also used to functionalized PEG
hydrogels, displaying an ability of the system to retain covalently bound stem cell factor
(SCF) and interferon-y (IFNy), and resulting in significant expansion of HSCs and progenitor
cells®”®. In other studies, PEG hydrogels functionalized with covalently attached RGD and
CS1, as well as tethered SCF, CXCL12, JAG1, and IFNy showed evidence that the
functionalized gels and different combinations of niche factors can directly impact cell
behaviour. More precisely, while HSCs cultured on hydrogels functionalized with JAG1 and
CXCL12 did not proliferate extensively and were able to maintain primitive HSC populations,
cells cultured in the presence of SCF and IFNy showed much more significant proliferation.
Furthermore, the immobilization of SCF and CXCL12 onto the RGD and CS1-functionalised

PEG hydrogels has been reported to result in increased HSC in adhesion and spreading®°.

Fibronectin (FN) has been widely recognised as a key glycoprotein that is found in

abundance in the ECM, with important roles in cell adhesion due to its Arg-Gly-Asp (RGD)
and Pro-His-Ser-Arg-Asp (PHSRN) motifs®8%682 Laminins (LM) are a family of proteins also
identified as primary component of the ECM and basement membrane protein mesh that

supports and provides adhesion sites for a variety of stem cells, including HSCs in the BM®83,
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Additionally, both FN and LMs play a significant role in sequestering growth factors in the
extracellular space and presenting them to nearby cells, through their growth factor and
heparin binding domains®4%8> These attributes have classed FN and LMs as important ECM
components that promote cell adhesion, survival, proliferation, and differentiation. Hence, a
variety of attempts have been made to incorporate FN as either the whole protein®® or the
signaling parts of the molecule®®’, and LM®8 into hydrogels, with a view to engineering
niche-mimicking microenvironments for stem cell manipulation. Our data (section 5.3.3)
suggest that PEG hydrogels containing both FN and LM (isoform 521 used in this work),
support the maintenance of CD34+ cells as well as the naive, engrafting HSC populations in
3D experiments. This data is consistent with previous reports in the literature that underline
the importance of HSC adhesion to FN and LM in the BM for long-term hematopoiesis and
their sustained proliferation in vivo®®. Our observations are also in agreement with the
reported effects of matrix-associated cues on HSC proliferation, where FN and LM-
functionalised polyacrylamide substrates were shown to encourage HSC maintenance and
proliferation®’?. The two ECM proteins have also been found critical in the maintenance of
naive HSC populations in studies of niche engineering based on bone marrow-mimetic
decellularized extracellular matrix (ECM) scaffolds, as such FN and LM-rich scaffolds have
been suggested to promote the development of focal contacts via Integrin $3 signaling,
resulting in increased cell adhesion and maintenance of HSCs®%°. Our 3D co-culture
experiments between L. lactis biofilms and CD34+ cells encapsulated in PEG or PEG-FN
hydrogels of different stiffnesses, suggested that despite an initial drop in cell numbers
compared to the originally seeded population, the stem cells retain their lineage negative
phenotype in most conditions (figure 5.3.2.4). We also demonstrate that the HSC population
(CD34+/38- cells) remains statistically similar to the initially seeded HSC population after 5
days of culture in all hydrogels and biofilm combinations. Interestingly, HSCs cultured in 2D,
in direct contact with the L. lactis biofilm expressing all 4 recombinant cytokines (CXCL12,
TPO, VCAM1 and FN) shows increased proliferation, at similar levels to the control, that
features the addition of recombinant cytokines in the culture media, according to
traditionally used protocols. Finally, a notable expansion of the engrafting HSC population
(CD34+/38-/90+ cells) was observed, compared to the initially seeded population. Despite
there being no significant increase of these naive stem cells compared to traditional

expansion methods (2D control), our results provide strong evidence and proof of concept
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data that support the possibility of using genetically engineered, non-pathogenic bacteria

for the ex vivo expansion of HSCs.

In total, we believe that the 2D biofilm and stem cell co-culture may have yielded better
results in terms of HSC expansion due to the possibility of a direct interaction between the
stem cells and biofilm. Since L. lactis has been engineered to produce two secreted (CXCL12,
TPO) and two membrane-bound signaling molecules (VCAM1, FN), we suggest that the
direct interaction between the CD34+ cells and the biointerface would allow the exposure of
the stem cells to both soluble and adhesion molecules and provide a closer representation
of the signaling occurring in their native BM microenvironments. Similarly, it has been
shown that one of the conditions associated with the highest expansion of naive HSCs has
been the culture of the stem cells in 5% PEG-FN hydrogels on top of CXCL12, TPO and
VCAM1-expressing biofilms (figure 5.3.2.4 D). As suggested previously, this culture system
would present the cultured stem cells with all 4 signaling molecules, as CXCL12, TPO and
VCAM1 would be expressed by the biofilm and FN would be presented as a functional group
by the hydrogel. In addition, this particular culture condition, would provide the cells with
structural support, as they remained encapsulated within the hydrogel. In total, we can
suggest that all four cytokines we have chosen to include in our cultures have been shown
important for HSC maintenance and expansion. Furthermore, our results demonstrate that
the recombinant expression of the above cytokines by the bacteria has similar HSC
maintenance and expansion potential as traditionally used methods, involving the addition
of soluble cytokines to HSC expansion media. Finally, we can suggest that the combination
of FN-functionalised PEG hydrogels, combined with the CXCL12/TPO/VCAM1 expressing
biofilms can provide an ex vivo BM analogue, that has been shown to induce HSC

maintenance and expansion.

5.5. Conclusion

This chapter describes the interactions between genetically engineered L. lactis biofilms that
produce recombinant human CXCL12, TPO, VCAM1 and FN and human BM CD34+ cells. In
this work, we have studied a variety of aspects of that interaction, including CD34+ cell
adhesion to the different biofilms, as well as 2D and 3D co-cultures between the bacteria

and the stem cells. We have shown that the biofilms do not negatively impact the viability of
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the CD34+ cells, supporting our claim that our engineered biointerface can be used as an
active biomaterial for stem cell culture. Furthermore, we have shown that the cells interact
and attach to the biofilms, and in particular to the FN-expressing L. lactis populations,
displaying that our biofilms can provide some of the native BM niche conditions that
encourage HSC adhesion and have been found to be associated with stem cell homing. In 2D
cultures, we have shown that the biofilms can induce HSC maintenance, preventing their
commitment to differentiated lineages and encouraging self-renewal and proliferation at
comparable levels to traditionally used methods featuring the use of HSC expansion media
and cytokines (including TPO, SCF and FLT3L), as well as other promising HSC expansion
molecules such as SR1. Furthermore, we have shown that the CD34+ cells can be
successfully encapsulated and cultured in PEG hydrogels. The hydrogels used in this work
have been functionalised with the BM niche proteins FN and laminin, in order to provide a
closer representation of the HSC microenvironment. In our 3D, active culture systems
featuring the CD34+ cells encapsulated in a hydrogel and incubated on top of L. lactis
biofilms, we have observed the retention of an uncommitted CD34+ cell phenotype, as well
as notable naive HSC expansion, compared to both the initially seeded population and our
positive controls. In total, we have shown that L. lactis can be successfully used as an active
biomaterial for CD34+ cell culture, that has the potential to maintain the stem cells in a

naive state and encourage their self-renewal and proliferation.
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Chapter 6. Discussion and Conclusion

6.1. General discussion

The recent advance of the synthetic biology field has enabled scientists to expand the
clinical toolset in cellular therapeutics by enabling the use of genetically engineered cells,
instead of small molecules or biologics, as the basis for the development of novel
therapeutics®!. This development has given rise to the establishment of the field of live
biotherapeutic products (LBPs), defined by the FDA as live organisms developed to treat,
cure, or prevent a disease or condition in humans®2. In particular, a number of non-
pathogenic bacterial species have been identified as suitable candidates for live
therapeutics and have been used in a variety of applications including direct delivery to
treat diseases, their use as carriers for therapeutic agents to increase the drug availability at
the disease site and enhance the treatment efficacy®®3. In addition to their traditional use
for recombinant protein production for medical applications®4, non-pathogenic bacteria
have been used as probiotics®®, living diagnostics®®®, vaccine carriers as well as treatment
options in metabolic disorders®” and cancer therapeutics®®. L. lactis has gained increased
scientific interest due to its versatility in clinical uses, including therapeutic protein

production®?, metabolic disease management’% and vaccine development and delivery’?L.

Inspired by the versatility of L. lactis as a potential therapeutic tool, we designed an active
stem cell culture system, where mammalian cells could be cultured in 2D or 3D and receive
direct stimulation by the recombinant proteins produced by bacteria. Our engineered
populations of L. lactis have been designed to produce recombinant soluble CXCL12 and
TPO, and VCAM1 and FN in a membrane-bound form. We have used this platform for HSC
and MSC culture, stimulating the cells with recombinant CXCL12, TPO, VCAM1 and FN, and
showing that our biointerface can maintain both cell types in a naive, undifferentiated state,
and induce HSC expansion. This effect was not observed in EMPTY bacteria, that do not
produce any recombinant protein, suggesting the bioactivity of our selected expressed
factors, and supporting our claim that genetically modified bacteria can be the basis of a

novel, efficient cell culture system for applications in cellular therapeutics.

Despite its widely recognised potential as a therapeutic tool in a variety of applications, L.

lactis has not yet been fully explored for its potential in clinical application. We provide
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evidence that the bacteria can be engineered to produce a variety of secreted proteins and
adhesion molecules of interest, depending on the target use of the system described in this
work. Furthermore, our data suggests that the biointerface reported in our study can be
used successfully as a stem cell culture system, that has the potential to directly influence

cell behaviour.

In general, this thesis provides proof-of-concept data that bacteria can be successfully used
as a substrate for stem cell manipulation. The versatility and adaptability of the system to a
variety of biomedical applications has significant clinical potential, both as an experimental
tool to help better understand the natural niches of different cell types, and as a stem cell
expansion or differentiation platform for uses in cellular therapeutics. Despite its promising
potential, this work is largely based on the co-culture of human stem cells with bacteria, an
idea that could be faced with apprehension by both clinicians and the general public. In
addition to the scientific contribution to the field of biomedical engineering, and the
experimental data that aims to establish L. /actis as a clinically significant biomaterial for
stem cell manipulation, this work also aspires to provide evidence that non-pathogenic
bacteria such as L. lactis could be used in biomedicine, without compromising the safety or

reliability of the technique for future use in clinical settings.

6.2. Future work

The versatility of our proposed system provides a wide range of possibilities for further
investigation of the potential of L. lactis as a therapeutic tool for biomedical applications. As
an extension of our MSC work, it would be interesting to more closely explore the effect of
the biointerface on stem cell proliferation. Having observed the ability of the biofilms to
maintain the MSCs in an undifferentiated state, while also maintaining their differentiation
potential, it would be interesting to investigate whether the same system can be used to
induce MSC self-renewal. This could be explored by selecting the appropriate cytokines that
are associated with MSC expansion in their natural niche, expressing them in our bacteria
and culturing the MSCs with our biointerface as described in our co-culture experiments in
chapter 4. Such an indication would carry huge clinical significance, due to the lack of
reliable and efficient methods to provide clinically relevant stem cell numbers for

transplants development and cellular therapeutic applications. Another exciting possibility
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would include the further investigation of the HSC niche, as the bacteria could be
engineered to produce further key HSC maintenance cytokines, such as SCF and FLT3L.
These factors in particular have been identified as highly significant in HSC expansion, and
have been traditionally used in most cytokine cocktails aimed at encouraging HSC
proliferation’9%7%3, Furthermore, having established that HSCs can be successfully cultured
in 3D hydrogels, in the presence of the biointerface, it would be interesting to assess the
effects of added MSCs in the co-culture. MSCs have been identified as one of the crucial
modulators of the HSC niche and have been associated with the production of a variety of
signals directly influencing HSC fate decisions, including homing, proliferation and
differentiation’9479>, We suggest that the combination of the protein-expressing
biointerface, combined with the cultured MSCs and the hydrogel-encapsulated HSCs can
provide a closer BM analogue that could enable both the study of the HSC niche, and the
expansion of HSCs for biomedical applications. Except for the chemical and mechanical
stimulation of the HSCs in our engineered niche analogue, it would be interesting to further
investigate the adhesion dynamics between the cells and the biofilms. Such an experiment
would provide valuable insight into the ability of the bacteria to mimic the parts of the BM
niche where the stem cells would be maintained in a quiescent phenotype, attached to the
ECM. Investigation of this interaction on a larger number of HSCs would also be necessary to
reduce effects of the potential variance that could be observed between different cells of

the same population.

Additionally, in addition to inducing stem cell maintenance and expansion, our system could
be tailored to meet a variety of other applications, including cell differentiation. Previous
studies have suggested that L. lactis can induce the myoblastic differentiation of

387 and the osteogenic differentiation of MSCs?8%2%2, Given the range of available

myotubes
genetic tools and the indications provided in this work that L. lactis can produce a variety of
different molecules of interest, our living interfaces can be designed to produce different

growth or adhesion factors in order to drive the differentiation of stem cells into any desired

lineage.

Finally, the system can be engineered to become more self-regulated. In particular, with the
use of optogenetic tools, the system could be engineered to switch on and off the

production of recombinant proteins according to the stimulation of the bacteria by a
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specific optical wavelength. Additionally, positive and negative feedback loops could be
engineered in order to regulate the levels of recombinant protein production in the system.
For example, in a biofilm containing two L. lactis populations with the ability to produce two
different recombinant proteins, one of the bacterial populations could be engineered to
express a receptor that would get activated by the presence of the recombinant protein
secreted by the other bacterial population, and this signal could then turn on or off its own

recombinant protein expression.

Finally, further steps could be taken towards scaling up the platform discussed in this work.
The creation of a larger biointerface would provide the possibility for a larger culture of
stem cells, that would translate into the production of larger, clinically relevant cell
numbers. The ability of L. lactis to colonise and form biofilms on a variety of substrates
would enable the co-cultures to take place in larger wells, tissue culture plates or stacks.
Furthermore, the system could be used in a bioreactor setting, where the bacteria could be
isolated and kept separate from the stem cells, divided potentially by a porous membrane,
which would enable the stimulation of the stem cells by the recombinant cytokines, without
the direct contact of the human cells with the bacteria. While this approach would not be
designed to involve recombinant adhesion molecules, since the stem cells would not be in
direct contact with the bacteria, it could facilitate the isolation of the stem cells and would

potentially be met with less scepticism by healthcare professionals and the public.

6.3. General conclusion

This thesis shows the biomedical potential and versatility of applications of genetically
engineered bacteria in stem cell manipulation. Lactococcus lactis has been engineered to
produce human recombinant CXCL12, TPO, and VCAM1. These populations, with the
addition of the FN-expressing L. lactis NZ9020 that has been previously developed?®3, have
been investigated for their potential to maintain MSCs and HSCs in a naive, undifferentiated
state, while also inducing HSC expansion ex vivo. The biointerface has been shown to
directly influence MSC behaviour, by encouraging cell adhesion and spreading. Furthermore,
co-cultures between the protein-expressing biofilms and the MSCs have shown that L. lactis
can maintain MSC stemness in long term cultures, while also retaining their differentiation

potential. The same naive phenotype maintenance was recorded in co-cultures between
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CD34+ cells and L. lactis, where we show maintenance of a naive HSC phenotype, as well as

HSC self-renewal and proliferation. The versatile nature of this system enables further

modifications that would tailor our proposed platform to produce a variety of different

molecules for other biomedical applications. Overall, this thesis supports the ability of

genetically engineered bacteria to directly control stem cell fate.

Supplementary figures and Tables

Element

DNA sequence

CXCL12 ORF

CATCACCACCATCATCACATGAATGCAAAAGTTGTTGTCGTTCTTGTTTTAGTTCTTACTGCGTTGTGC
TTGAGTGATGGAAAGCCAGTCAGTTTATCATATCGTTGTCCTTGCCGTTTCTTTGAGTCTCATGTCGC
TCGTGCCAATGTAAAGCACTTAAAGATATTAAACACGCCAAATTGCGCTTTACAAATCGTTGCTCGTT
TGAAAAACAATAACAGACAGGTCTGTATAGACCCTAAGTTGAAATGGATTCAAGAGTACCTTGAAAA
AGCATTGAATAAATAA

TPO ORF

ATGGAGTTAACCGAACTTCTTTTGGTAGTTATGCTTTTATTAACTGCAAGATTGACCTTATCTTCTCCA
GCTCCGCCAGCATGTGACCTTCGTGTATTGAGCAAATTACTTAGAGACAGCCACGTGCTTCACAGCC
GTTTGTCTCAATGTCCTGAAGTACATCCTTTGCCGACGCCGGTCTTGTTGCCTGCCGTCGATTTCTCAT
TAGGAGAGTGGAAAACCCAGATGGAAGAGACTAAAGCCCAGGACATCTTGGGAGCGGTTACTCTTT
TGCTTGAGGGAGTAATGGCTGCACGAGGCCAGTTAGGTCCTACTTGTTTAAGCAGCCTTTTAGGACA
GTTATCTGGCCAGGTCAGACTTTTATTGGGCGCATTGCAGTCTTTGTTAGGGACTCAGCTTCCTCCTC
AAGGGCGTACTACGGCTCACAAAGACCCTAATGCTATTTTCTTGTCATTTCAACATTTGTTGCGTGGA
AAGGTGAGATTCTTGATGTTGGTAGGGGGCAGCACATTATGTGTGCGTCGAGCACCTCCAACCACA
GCGGTTCCGAGCAGAACAAGTCTTGTTCTTACCTTGAACGAGCTTCCTAATAGAACATCTGGCTTATT
AGAAACTAACTTCACGGCTTCAGCTCGTACTACCGGGAGCGGCCTTCTTAAATGGCAGCAGGGCTTC
CGAGCGAAGATACCTGGCTTATTAAATCAAACCAGCAGATCTTTGGATCAGATACCGGGCTATTTAA
ACAGAATCCATGAGTTACTTAACGGCACTCGTGGCTTGTTCCCAGGTCCGTCACGAAGAACGTTAGG
AGCGCCTGATATAAGCAGCGGTACGTCAGATACCGGCAGTCTTCCACCTAATTTACAGCCTGGATAC
TCTCCGAGTCCTACTCACCCGCCAACAGGACAGTACACGCTTTTTCCGTTACCTCCTACCTTACCGACG
CCGGTAGTGCAGCTTCACCCGTTACTTCCGGATCCAAGTGCGCCTACCCCTACACCGACATCTCCACT
TCTTAATACAAGTTATACTCACAGTCAAAACCTTAGTCAGGAGGGACATCACCACCATCATCACTAA

VCAM1 ORF

TTCAAGATAGAGACTACGCCAGAGAGCCGATATCTTGCACAAATAGGAGATAGCGTGTCTTTGACTT
GCTCAACGACAGGGTGCGAATCTCCGTTCTTTTCTTGGAGAACACAGATAGATAGCCCGTTGAACGG
GAAGGTAACCAATGAAGGAACAACAAGCACTTTAACAATGAACCCAGTTAGTTTTGGGAACGAACA
TTCATATTTGTGTACCGCTACATGCGAGAGCCGAAAGTTAGAGAAAGGAATTCAAGTCGAGATATAC
AGTTTTCCTAAGGATCCAGAAATTCACTTATCTGGTCCATTAGAGGCTGGTAAGCCAATAACCGTGA
AATGCTCTGTGGCTGATGTTTATCCATTTGATAGATTGGAAATAGACCTTCTTAAAGGTGACCACTTA
ATGAAAAGCCAAGAATTCCTTGAGGACGCAGATCGAAAGAGTCTTGAAACGAAATCTTTAGAGGTT
ACGTTCACCCCTGTGATTGAAGATATTGGGAAGGTGTTGGTTTGTAGAGCGAAATTACACATTGACG
AGATGGACTCAGTTCCTACTGTACGTCAGGCAGTGAAAGAATTGCAGGTATACATAAGCCCAAAGA
ATACAGTTATATCAGTCAATCCATCAACAAAATTACAAGAAGGAGGTTCAGTGACGATGACATGCTC
AAGTGAGGGCTTGCCAGCTCCAGAAATTTTTTGGTCTAAAAAGTTGGACAATGGCAATTTGCAACAC
TTATCTGGGAACGCTACGCTTACGTTGATAGCAATGCGTATGGAAGATTCAGGCATCTACGTCTGCG
AAGGGGTGAATTTGATTGGTAAGAACAGAAAGGAAGTAGAACTTATCGTCCAAGAGAAACCATTCA
CGGTAGAAATCTCTCCAGGCCCTCGAATAGCCGCACAAATCGGCGACTCAGTGATGTTGACCTGTTC
TGTGATGGGGTGTGAATCACCTTCATTCAGCTGGCGAACTCAAATCGACTCTCCATTAAGTGGAAAA
GTTAGAAGCGAGGGAACAAACAGCACTCTTACGCTTAGTCCTGTGAGTTTCGAAAATGAGCACAGTT
ACTTATGCACCGTAACATGTGGTCATAAAAAATTAGAAAAAGGGATACAGGTTGAACTTTATAGTTT
CCCTCGTGACCCGGAGATAGAGATGTCTGGTGGTTTGGTCAATGGGAGCAGCGTGACAGTGTCTTG
CAAGGTTCCATCAGTTTACCCGTTGGATCGTTTAGAAATTGAACTTTTAAAAGGCGAGACGATCCTTG
AGAATATCGAATTTTTAGAAGATACAGATATGAAGAGCTTGGAGAACAAATCATTGGAAATGACGTT
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TATACCGACTATTGAGGATACAGGCAAAGCCCTTGTTTGTCAAGCCAAACTTCATATCGATGATATG
GAATTTGAACCAAAGCAGCGTCAGAGCACTCAAACGTTATATGTCAATGTAGCCCCAAGAGACACAA
CAGTATTGGTAAGTCCGAGTAGCATACTTGAAGAGGGGAGCAGCGTGAACATGACTTGCCTTTCTCA
AGGTTTTCCTGCCCCTAAGATTCTTTGGAGCAGACAATTACCGAATGGCGAGCTTCAGCCGTTAAGC
GAAAACGCTACACTTACCCTTATCTCAACTAAGATGGAAGATTCTGGAGTTTATTTGTGCGAGGGAA
TAAATCAGGCGGGCCGTAGTAGAAAGGAGGTCGAGTTAATAATACAAGTCACTCCAAAAGACATCA
AGCTTACCGCGTTCCCGAGTGAGTCTGTGAAGGAAGGAGACACTGTTATCATTTCATGCACTTGTGG
TAACGTTCCTGAGACCTGGATCATACTTAAAAAGAAGGCTGAAACGGGCGACACTGTCTTAAAAAGC
ATCGATGGCGCTTACACCATCAGAAAGGCACAGTTGAAAGACGCGGGAGTTTACGAGTGCGAAAGC
AAGAACAAAGTCGGATCTCAATTGCGTTCATTAACCTTAGATGTGCAGGGAAGAGAGAACAATAAA
GATTACTTTTCACCGGAGCATCACCACCATCATCAC

P1 promoter

GAATTCGATTAAGTCATCTTACCTCTTTTATTAGTTTTTTCTTATAATCTAATGATAACATTTTTATAAT
TAATCTATAAACCATATCCCTCTTTGGAATCAAAATTTATTATCTACTCCTTTGTAGATATGTTATAATA
CAAGTATCA

T7 gene 10 GATCTGGGAGACCACAACGGTTTCCCACTAGAAATAATTTTGTTTAACTTTAGAAAGGAGATATACG

5" UTR plus C

RBS

Usp45 ATGAAAAAAAAGATTATCTCAGCTATTTTAATGTCTACAGTGATACTTTCTGCTGCAGCCCCGTTGTC

secretion AGGTGTTTACGCC

peptide

S. aureus GATCCAAAAGAGGAAGACAACAACAAGCCTGGTAAAGAAGACGGCAACAAACCTGGTAAAGAAGA
protein A CGGCAACAAACCTGGTAAAGAAGACAACAAAAAACCTGGCAAAGAAGACGGCAACAAACCTGGTA

membrane AAGAAGACAACAAAAAACCTGGCAAAGAAGATGGCAACAAACCTGGTAAAGAAGACGGCAACAAG
binding CCTGGTAAAGAAGATGGCAACAAGCCTGGTAAAGAAGATGGCAACAAGCCTGGTAAAGAAGACGG
domain CAACGGAGTACATGTCGTTAAACCTGGTGATACAGTAAATGACATTGCAAAAGCAAACGGCACTACT
(SpA) GCTGACAAAATTGCTGCAGATAACAAATTAGCTGATAAAAACATGATCAAACCTGGTCAAGAACTTG

TTGTTGATAAGAAGCAACCAGCAAACCATGCAGATGCTAACAAAGCTCAAGCATTACCAGAAACTG
GTGAAGAAAATCCATTCATCGGTACAACTGTATTTGGTGGATTATCATTAGCGTTAGGTGCAGCGTT
ATTAGCTGGACGTCGTCGCGAACTATAA

Supplementary table 1. Genetic elements used in this work. 6xHis tag is highlighted in yellow.

168



ALCAM NESTIN STRO1

3+ 2.5
8 8 g 2.0
I3 I3
% o 2 151
S [ 3
3 X & 1.0
o 11 o g
2 2 £ 057 ; ¢
© © - 0o
& o' & ,ﬁo.o-@"I= g}gtﬁj : @@
. . .(» Qo NP S é\«&\« Q@ é;c;,
o & a
D E
OPN 0sX
151 8-
g *kk g
2 £
5 5
2 s 2
4 S
& &
o Biofilm
& S
\ Q @ < <\$ \QS V\\ <\\Q$ «Q, 5-,(1
& &
F ALCAM G _ NESTIN . H STRO1
O3 suw i nos wew sk wx  aue 2.0 L 0.15- —F—
c I T T T T T T 1 c =
o O * )
2 'I' @ 1.5- .o @ 0.0
3 0.2 @ I -I- 8
5 | = - 10 1 I 2 ot % _I_ T
Y] @ 1.U7 .05
o & F - I o # o =+
2 014 2 2 =+
i S oid T R O o ST
] o T
© © 4
0.0 T T T T T T T T 0.0 T T T T T T T T -0.05 T T T T T T T T
K3 Qo S P L P S N N P« B¢ NS EL
v A & & o VR R & KV @ v AL P < K <
& T S & T S & ¥ Soe T
\06 N &
i & I
& & &
< 3
| OPN J 0sX
8_ *.l." "*I** "r* **I** **T’ **]k* g *r** 4- hkkk dekkk  dekkk  kkkk  hkkk ek ek
g E I T T T T T T 1
» 6 » 3
g g
g 3 #
s 4 o 2
2 s XL
- ‘a i e
£ 21 % $1 - - 5 _l e
. == Biofilm + hydrogel
S e BB R B ey Eo e =TT T T T T 7T
ST R o N < 4 PSS LS
AL Q& A o~ ALY GO GG )
& K\ & o2 @ " oF © & 4 & ¥
3@ &
& i
< <

Supplementary figure 1. Collective phenotyping of MSCs using in-cell Western analysis. (A-E)
Relative expression of ALCAM, Nestin, Strol, osteopontin (OPN) and osterix OSX) compared to
expression of beta-actin was measured after a 14-day co-culture with the biofilms. As depicted in
the graphs, MSCs were cultured on CXCL12, TPO, VCAM1 and FN biofilms, as well as biofilms made
up of combinations of the aforementioned recombinant protein-producing L. lactis populations. The
results were compared to MSCs cultured in osteogenic medium (OSTEO) and a glass-only control
containing cells after only one day of culture to avoid loss of stem-like phenotype. Preservation of
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the stemness markers ALCAM, Nestin and Strol was suggested by the lack of statistical differences
between the cells cultured on biofilms and the MSC control (A-C). Expression of osteogenic
differentiation markers OPN and OSX (D, E) was not observed in any of the conditions except for the
positive osteogenic medium, (*** p < 0.001) compared to the rest of the conditions (two-way
ANOVA with Tukey post-hoc test) and in the OSX graph (* p < 0.05, ** p< 0.01, *** p <0.001
compared to the reference condition, osteo, labelled as #). The same analysis was performed in the
presence of a non-degradable PEG hydrogel (F-J). Similarly, we report the maintenance of a stem-like
phenotype on the MSCs (F-H) and no commitment towards the osteogenic lineage (1, J). Data was
analysed using a two-way ANOVA followed by a Tukey post-hoc test. C: CXCL12, T: TPO, V: VCAM1], F:
FN.
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Supplementary figure 2. Movement trajectories of MSCs on L. lactis biofilms. MSCs were tracked for
24 h after an overnight culture (A) or for 1 hour after 3, 5 or 7 days of culture on the biofilms
respectively (B-D). Cell movement was compared inn different culture conditions, in the presence or
absence of a non-degradable PEG hydrogel (A), or between conditions containing a non-degradable
(PEG) or degradable (VPM) hydrogels (B-D). Graphs were constructed using the Plot_At_Origin
plugin for Microsoft Excel, provided by Gorelik and Gautreau (2014)*7>.
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