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Abstract
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Pluripotent stem cells (PSCs) can self-renew indefinitely in culture while maintaining their
capacity to differentiate into any cell type of an organism, thus offering novel sources for
drug screening, in vitro disease modelling, and cell replacement therapies. However, due to
their sensitive nature, many PSC lines are still cultured using undefined components such as
serum or serum-derived components, on either feeder cells or complex protein mixes such as
Matrigel or gelatine. In order to fully realize the potential of these cells we need controlled,
completely defined and xeno-free culturing conditions that maintain growth and survival of
homogenous, non-differentiated colonies. This thesis focuses on the in vitro maintenance of
both mouse and human PSCs, analysing the media and substrate requirements of these cells and
linking them to the intracellular signalling pathways involved in the maintenance of pluripotency
and self-renewal. Benchmarking of commercially available culture methods for PSCs has been
performed, evaluating their capacity to maintain pluripotency and growth of undifferentiated
PSCs over several passages and reporting new characteristics, like the tendency of mouse PSCs
to grow as floating spheres in 2i medium, a novel media formulation that uses two inhibitors
to hinder differentiation capacity and subsequently induce pure, undifferentiated cultures. The
major finding in this thesis is the identification of Inter-α-Inhibitor (IαI) as a protein able to
activate the previously described signal-transduction pathway Yes/YAP/TEAD in mouse PSCs
and to induce transcription of the well-known stem cell transcription factors Nanog and Oct3/4.
IαI is a serum protein found in high concentration in human serum that had been traditionally
described as an extracellular matrix remodelling protein. For the first time, we describe IαI to
have signalling capacity on PSCs. Moreover, IαI is demonstrated to induce attachment, growth
and long-term survival of undifferentiated mouse and human PSCs when added to serum-free,
chemically defined media. IαI is the first molecule described to date to induce attachment of
human PSCs on uncoated, standard tissue-culture treated plastic, just by supplementation as
a soluble molecule at the seeding step. Following this discovery, we evaluate a novel culture
method using the completely defined, serum-free E8 medium supplemented with IαI (E8:IαI)
for long-term propagation of four different human PSC lines and discover that IαI can indeed
support long-term culture with maintained pluripotency, differentiation capacity, growth rate
and genetic stability. Moreover, in contrast to the control culture method using a commercially
available surface coating, IαI supplementation can support single cell passaging of human PSCs,
and adapt feeder-dependent cultured human PSCs to E8:IαI with high efficiency. A mouse PSC
line is also grown for over 20 passages in IαI with retained pluripotency, differentiation capacity
and genetic stability.
IαI is inexpensive to produce and derived from human plasma, and could therefore be
produced in compliance with Good Manufacturing Practices. Ultimately, our group aims to
develop and test large-scale, completely defined, xeno-free culturing methods for PSCs, suitable
for pharmacological and medical applications.
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Introduction

Pluripotent stem cells
Pluripotent stem cells (PSCs) include embryonic stem cells (ESCs), epiblast
stem cells (EpiSCs), embryonal carcinoma cells (ECCs), embryonic germ
cells (EGCs), germinal stem cells (GSCs), parthenogenetic embryonic stem
cells (pESCs), induced pluripotent stem cells (iPSCs) and somatic cell nuclear transfer derived stem cells (SCNT-derived PSCs) (Table 1). The most
characteristic properties of PSCs are that they can self-renew indefinitely in
culture while maintaining pluripotency, or the ability to differentiate into
almost any cell type in an adult organism (reviewed in [2, 3]). In 1960, the
first PSC lines were identified. These were embryonal carcinoma cells
(ECCs), and were first derived from mouse [4] and later on from human
tissue [5]. ECCs were either derived from testicular teratocarcinomas or
mixed germ cell tumours from adult organisms. Following these studies,
ESCs were derived from the inner cell mass of cultured preimplantation
blastocysts. Originally, conditioned media from ECC growth was used to
maintain undifferentiated ESCs in vitro, showing how these cell lines display high similarity [6]. Since then, Epi-ESCs have been derived from the
embryonic epiblast stage, EGCs from embryonic gonad tissue, GSCs from
adult testicular tissue and pESCs from chemically activated, unfertilized
eggs (reviewed in [3, 7]) (Figure 1). In 2006, Yamanaka and his team induced reprogramming of differentiated somatic cells to PSCs by introduction of four stem cell related transcription factors: Oct3/4, Sox2, Klf-4 and cMyc. These new so-called iPSCs were generated from biopsies from adult
organisms, first from mice [8-10] and later on from humans [11]. The generation of iPSCs has now been perfected and achieved through several methods, such as: ectopic expression of transcription factors, ectopic expression
of transcription factors together with small molecules and ectopic expression
of microRNAs (reviewed in [2]). In 2013 Mitalipov and his team successfully derived human PSCs through somatic cell nuclear transfer. This technique, previously used for mouse PSC derivation, can generate PSCs by
transferring the nucleus of a differentiated somatic cell into an unfertilized
egg, following chemical activation and subsequent derivation of a SCNTderived PSC line from the inner cell mass at the blastocyst stage [12, 13].
The advantage of this method is that the PSC lines derived from SCNT are
epigenetically more similar to ESCs than iPSCs. In fact, some studies have
13

shown iPSC-derived cells to induce T-cell-dependent immunogenic responses in syngeneic recipients, proving that iPSCs behave somehow differently
than ESCs during differentiation [14, 15].

Table 1: Types of PSC lines derived so far [3].
Pluripotent	
  stem	
  cell	
  line	
  
Embryonic	
  stem	
  cells	
  (ESCs)	
  
Epiblast	
  stem	
  cells	
  (EpiSCs)	
  
Embryonic	
  germ	
  cells	
  (EGCs)	
  
Embryonal	
  carcinoma	
  cells	
  (ECCs)	
  
Parthenogenetic	
  embryonic	
  stem	
  cells	
  
(pESCs)	
  
Germinal	
  stem	
  cells	
  (GSCs)	
  
Induced	
  pluripotent	
  stem	
  cells	
  (iPSCs)	
  
Somatic	
  cell	
  nuclear	
  transfer	
  derived	
  
stem	
  cells	
  (SCNT-derived	
  PSCs)	
  

Tissue	
  source	
  
Inner	
  cell	
  mass	
  of	
  blastocyst	
  
Epliblast	
  embryonal	
  stage	
  
Embryonal	
  gonads	
  
Testicular	
  teratocarcinomas	
  or	
  mixed	
  
germ	
  cell	
  tumours	
  
Chemically	
  activated	
  
unfertilized	
  eggs	
  
Adult	
  germ	
  cells	
  
Differentiated	
  adult	
  cells	
  
Blastocyst	
  resulting	
  from	
  inserting	
  the	
  
nucleus	
  of	
  a	
  differentiated	
  adult	
  
somatic	
  cell	
  into	
  an	
  unfertilized	
  egg	
  

The potential of these cells in regenerative medicine but also as novel resources for basic research, drug toxicity assays and in vitro modelling of
genetic disorders, has been discussed extensively, including their key role in
understanding embryonic development (reviewed in [16]). However, realization of the full potential of PSCs is still limited by their difficulty of culture
and genetic manipulation. In the interest of solving this matter and further
exploring their potential, there is a fierce race to the discovery and development of completely defined and xeno-free culturing conditions. This culturing method must enable robust and reproducible culture of PSCs in largescale conditions, while maintaining these cells in a self-renewing and pluripotent state, and avoiding potentially harmful genetic modifications,
threatening viruses and immunogenic antigen production. For that purpose, a
very important and challenging issue in stem cell biology is to understand
the mechanisms that regulate self-renewal, including the maintenance of
growth, survival and the undifferentiated state, of mouse and human PSCs.
This knowledge should then be transferred into a minimal, completely defined and xeno-free medium that can support robust and pure culture of human PSCs, giving a controlled and easily manipulated environment for research, medical and pharmacological applications.
There are still many obstacles to overcome until these endpoints can be
fully realized. For instance, it will be necessary to find culture conditions
that support safe, simple and robust derivation of human PSCs, allowing the
transfer to small culture in vitro with high rates of survival and growth.
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Moreover, they need to be compatible with large-scale expansion systems,
and all of this without inducing mutagenesis.

Figure 1: Current protocols for the generation of PSCs for medical applications. Image representation of some of the different methods for PSC line derivation
developed so far, from the tissue of origin: ESCs derived from the inner cell mass of
blastocysts, EGCs derived from the embryonic gonads, ECCS derived from testicular teratocarcinomas, GSCs derived from adult gonads and iPSCs derived through
transformation of differentiated somatic cells. Reprinted with permission from [3].
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Mouse Embryonic Stem Cells
Mouse ESCs were first derived in 1981 [6, 17]. Since then, they have been
extensively used in basic research to study normal and pathological development and function. The knowledge obtained using these cells has been
often translated to human cell systems. Many mouse ESC lines used today
are still grown on pre-plated mitotically inactivated mouse embryonic fibroblast (MEF) feeder cells, in media supplemented with selected batches of
foetal bovine serum (FBS) and leukemia inhibitory factor (LIF) [18, 19].
The feeder cells provide a matrix that supports mouse ESC attachment and
secrete various growth factors that enhance the survival and propagation of
mouse ESC growth, whereas FBS provides hormones, essential nutrients
and extracellular matrix (ECM) components, as well as altering the physiological/physiochemical properties of the medium. LIF drastically improves
the derivation, maintenance of pluripotency and cloning efficiency of mouse
ESCs. Some mouse ESC lines have been derived and adapted to grow feeder-free on gelatine coating (heterogeneous mixture of water-soluble proteins
of high average molecular weight from bovine skin and cartilage, mainly
collagen I) in FBS and LIF containing media. Both these cell culture protocols have the shortcoming that many of their components (i.e. FBS, gelatine)
are not defined and are animal-derived. FBS, for instance, contains various
growth factors and other undefined components that promote PSC growth,
but it has also been suggested to contain potential differentiation factors that
can affect PSC plating efficiency, growth and differentiation. Therefore FBS
and gelatine batches need to be pre-screened and ESC-qualified to ensure
that the net-effect of serum factors that sustain mouse PSC maintenance and
growth outweighs the effects of differentiation-inducing factors. Feeders in
their turn secrete a plethora of factors impossible to control and are a possible source of pathogenic contamination.
To improve control of what molecules mouse PSCs are actually subjected
to and to avoid interference from undesired factors, several newer and more
defined protocols have been established. In 2003 it was shown that bone
morphogenetic factor 4 (BMP4) could be efficiently used in combination
with LIF for mouse ESC derivation and maintenance in serum- and feederfree cultures by suppressing neural differentiation via the induction of Id
proteins through a Smad pathway [20, 21]. In 2006, a chemically defined
(the exact formulation is not described) synthetic KnockOut serum replacement (KOSR) was developed to replace serum [22]. However, KOSR cannot
alone support mouse ESC single-cell culture in the absence of feeders. In
2008, it was shown that mouse ESCs could be maintained in the absence of
serum and feeder cells as free-floating spheres in a N2 supplemented medium with LIF and basic fibroblast growth factor (bFGF), herein named ESN2
medium [23, 24].
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Recently, a new defined medium was described, the 2i medium, which
contains two inhibitors: the mitogen-activated protein kinase (MAPK)
/extracellular-signal-regulated kinase (ERK) kinase inhibitor PD0325901,
and the glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021, added to
a N2/B27 supplemented medium. This medium has been shown to maintain
mouse ESC self-renewal without the addition of exogenous factors, inhibiting differentiation instead of inducing pluripotency [25-28]. Mouse ESCs
cultured in 2i medium still respond to LIF, which enhances cloning efficiency and proliferation rates, but are exposed to a reduced number of unknown
factors, being the small amount of bovine serum albumin (BSA) in B27 the
only undefined component in culture. In fact, the use of 2i medium plus LIF
has enabled the isolation of ESCs from previous incompatible mouse strains
as well as for the first time from rats [26-28]. A drawback with this culture
protocol is that in the absence of serum, the cells do not adhere to uncoated
tissue culture plates, but instead grow as free-floating spheres, which becomes impractical for most research applications. They require an ESCqualified gelatine or a small amount of serum for attachment and growth.
Moreover, the cells exhibit a significantly lower growth rate when compared
to other protocols (Paper II and Paper IV).

Human PSC culture: Toward defined, xeno-free
conditions
Human PSCs hold great promise for regenerative medicine. In fact, many
studies have shown their ability to generate specific somatic cells in vitro
that could potentially treat and cure conditions that are still considered
chronic, such as diabetes [29]. Human PSCs have proven hard to maintain in
vitro, necessitating delicate care and many requirements. For example, human PSCs cannot survive for a long time as single cells, and therefore require mechanical or gentle chemical splitting as small clumps, or when dissociated to single cells, the addition of a Rho-associated kinase inhibitor
(ROCKi) molecule that prevents dissociation-induced apoptosis (anoikis)
[30]. Chemical dissociation of human PSCs has also been linked to genetic
abnormalities and if not pre-qualified, serum-derived components fail to
consistently maintain pluripotency. Human PSCs are therefore known to be
very sensitive and dependent on their extracellular environment for their
proper survival, growth and maintenance as PSCs.
The current gold standard on human PSC culture is still far from suitable
for medicine or pharmacological purposes. The majority of the research
groups still rely on feeder cells, either from mouse origin (MEFs) or on a
wide variety of human derived fibroblasts. Human fibroblasts supporting
human PSC lines have been generated from foetal muscle or skin from
17

aborted embryos [31, 32], and from adult tissues such as fallopian tube [33]
and foreskin [34], marrow-derived stromal cells [35] or uterine endometrium
[36], even from human ESCs with fibroblast derivation, therefore removing
any external tissue source [37]. Feeder cells as a surface for human PSC
culture have several drawbacks. First, the use of feeder cells is highly impractical and time-consuming, since they need to be pre-plated, pre-screened
and pre-qualified (specially for Good manufacturing procedures (GMP)
quality purposes) [38]. But more importantly, it increases the chances of
contamination by viruses and/or immunogenic epitopes, and the cell heterogeneity makes even routine experiments challenging, with complete cell
separation being almost impossible. Interestingly, only human PSCs derived
on human feeders using no animal-derived components have been regarded
as GMP compliant so far [39]. Completely xeno-free conditions are paramount for human therapies, since animal-derived reagents expose the cells to
potentially harmful infectious agents, which could be transferred to patients
or compromise general culture and maintenance of the human PSCs. Biological products are also vulnerable to batch-to-batch variations, immune responses and limited shelf-life, and the exposure of the cells to molecules
from other species also creates changes on the cell surface that could induce
an immune response in a human recipient [40].
In a joint effort to move away from feeder cells, Matrigel and Geltrex
were developed as cell-free coating agents for human PSC culture. Unfortunately, both these ECM solutions are highly complex and from animal
origin: they are derived from the Engelbreth-Holm-Swarm mouse sarcoma
and resemble a biologically active basement membrane; they contain laminin (LN), collagen IV, heparan sulfate proteoglycans, enactin and a variety
of growth factors (e.g. Transforming growth factor-β (TGFβ), epidermal
growth factor (EGF) and bFGF). Moreover, as with the feeder cells, they
exhibit high variability and need to be pre-screened and ESC-qualified for
their capacity to maintain undifferentiated human PSC culture, suggesting
there is a tight and delicate balance of the growth factors and ECM components that can support human PSC maintenance.
To circumvent these problems, different defined surfaces have been developed and reported to maintain undifferentiated human PSC in long-term
culture. These new surfaces are typically chemically defined or produced
recombinantly, and/or from human origin and are therefore devoid of any
animal-derived components. In a recent review [41] they classify the different strategies for defined human PSC culture in six categories: 2D culture
with natural immobilized ECM components, 2D culture with ECM-derived
immobilized synthetic oligopeptides, hydrogels based on polysacchararides
(typically glycosaminoglycans (GAGs)), 2D culture based on synthetic polysaccharides, 3D microcarriers, and porous or hydrophilic 3D capsules.
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It is widely known that growth factors, hormones, ECM proteins and
small chemicals can direct differentiation of PSCs. In fact, typical differentiation protocols consist of a sequence of media formulation changes with
different combinations of biological molecules in order to guide the PSC to a
certain cell type/s [42-50]. However, new evidence shows that the physical
properties of the human PSC substrate, such as elasticity, surface roughness
and hydrophilicity, can potentially induce differentiation in a similar manner
[51, 52]. Even though traditionally, stem cell fate has been linked to genetic
and/or epigenetic factors, physical interactions with the extracellular environment can indeed guide stem cell differentiation. Stem cells tend to differentiate more efficiently into specific lineages when they are cultured on biomaterials with elasticity similar to the desired end-point tissues. The attachment of PSCs in culture is, in most culture methods, based on integrin
receptors [53, 54], and it is known that cells can sense the elasticity of the
substrate through integrin-mediated focal adhesion signalling [55]. It has
also been reported that several mouse ESCs could be maintained without the
addition of LIF in soft surfaces, while in harder substrates the cells would
spontaneously differentiate when devoid of LIF [56], suggesting that substrate elasticity and hardness not only directs differentiation, but can affect
pluripotency. For human PSCs there are, however, some contradictions. Sun
et al described that rigid surfaces maintained human PSCs [57] whereas
Higuchi et al showed, in their review, previously unpublished data suggesting that moderate softness supported human PSCs better than stiffer substrates [41]. Unfortunately, different microenvironments were used, which
could account for the different results, suggesting that different substrates
might need different elasticity to support human PSCs. Other properties of
the substrates have been reported to affect human PSC culture, such as wettability [58].

2D culture on biomaterials
Human PSCs were initially derived and grown on fibroblasts. The rational
idea was to assume that the ECM proteins deposited by these cells were
responsible for the attachment and subsequent growth of the PSCs. Therefore, the first steps towards feeder-free culture of PSCs began by using ECM
components and assessing their ability to induce attachment, growth and
maintenance of undifferentiated colonies. Two types of ECM have been
used: decellularized ECM from human cells, which is xeno-free but not defined [59, 60], and single or combinations of purified ECM proteins, which
will be discussed in more detail. One of the first commercially available,
xeno-free substrates was CELLstart (Invitrogen) composed from fibronectin
and human serum albumin. As described in Table 1, our experience with it
was quite disappointing, never really managing long-term passage of undif19

ferentiated colonies together with mTeSR1 (StemCell Technologies). However, it has been described to work together with StemPro medium (Invitrogen) [61]. Reviewing the literature, an important point stands out: the described substrates only support undifferentiated maintenance human PSC
lines for long-term when combined with specific media formulations [62],
and they tend to have only been tested in a reduced number of human PSC
lines, making it difficult to determine which is the optimal matrix for longterm culture of the majority of human PSC lines.
Purified natural or recombinant integrin-binding proteins have been described as successful human PSC substrates. The three most studied ones
are: fibronectin (FN), vitronectin (VN) and LN. FN has been described to
work both as a 2D coating agent on its own [63], and as a mix together with
human albumin (CELLStart) [64], but also in 3D culture together hyaluronan (HA)-based hydrogels [65]. Unfortunately, all of them were used in
combination with media containing high quantities of either KOSR or albumin, therefore making them unsuitable for medical applications.
LN is the first ECM protein secreted by the two- to four-cell stage embryo, and it is the main component of matrigel and the basement membrane
in vivo. This is why LN was the ECM protein thought to be the most appropriate for human PSC maintenance in vitro. Indeed, several groups have
used laminin and laminin-derived short peptides for human PSC culture,
obtaining very good results [66, 67]. Rodin et al managed for the first time
to support single cell passaging of human PSCs without the use of ROCKi
using LN521 as a substrate [68] and even more impressive, the derivation of
a human ESC line from a one cell biopsy of an eight-cell stage embryo using
a combination of LN521 and e-cadherin together with a chemically defined,
xeno-free culture medium [69]. However, LN has the drawback of being a
complex molecule, composed of three different chains and a glycosylation
pattern that make it costly to produce, and therefore unsuitable for largescale culture. Moreover, other groups have tried to compose small peptides
based on the LN integrin-binding region, failing to get them to robustly
maintain human PSCs for a long time [70].
VN might be the integrin binding protein that has produced more viable
substrates for human PSC culture. From bovine to human purified natural
VN as a coating agent [58], to recombinantly produced VN [54], but also
small peptides derived from VN’s integrin-binding region have been shown
to robustly and efficiently support human PSC maintenance for long-term
passaging [70, 71].
One of the most promising media formulations described so far has been
commercialized together with a VN-derived peptide surface. The E8 medium was described in 2011 as the first completely defined medium that did
not contained albumin and had only eight components, all produced in a
recombinant manner [72]. This very lean medium could be used together
20

with matrigel, or in order to achieve a more controlled environment, a VN
peptide called VTN-N. This peptide was based on the VN RGD and V-10
domains. These data concur with studies from Klim et al where 500 different
surfaces were arrayed for their ability to bind and maintain human PSCs and
found that the typical integrin binding site RGD (arginine-glycine-aspartic
acid) supported adhesion of the human PSCs but could not on its own maintain the cells for long-term culture [71]. They needed to add another VN
peptide, which turned out to be the heparan sulfate binding site of VN; the
known single-cell rescue molecule ROCKi was also needed for survival in
the initial phase of attachment. These data suggest that instead of what had
been thought before, integrin signalling is not the only one needed for human PSC maintenance, but that a complex cell-to-ECM and cell-to-cell
binding is needed, involving also proteoglycans such as heparan sulfate. In
conclusion, the niche or surrounding environment of the human PSCs is of
vital importance for their adherence, survival, growth capacity, and maintenance of the pluripotency state.

Synthetic surfaces
Interestingly, several groups managed to design completely synthetic polymers able to support human PSC growth and maintenance for long-term
culture. Villa-Diaz et al reported a fully defined synthetic polymer coating
(poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide], PMEDSAH) that was grafted onto TCPS dishes and managed to
support long-term passage of one human PSC line for more than ten passages in StemPro medium [73]. Another study managed growth for over 20
passages of two different human ESC lines in mTeSR1 medium on a hydrogel interface of aminopropylmethacrylamide (APMAAm) [74]. Brafman et
al tested another set of synthetic polymers and found a poly(methyl vinyl
ether-alt-maleic anhydride), PMVE-alt-MA, to support proliferation and
maintenance of two human ESCs for over five passages in StemPro medium
[75]. Synthetic polymers are preferred for medical applications of human
PSCs for their inexpensive production and their completely defined nature.
However, the mechanisms through which these polymers support attachment
of human PSCs remain elusive. The only speculations so far are that these
surfaces support deposition and binding of molecules from the medium that
can accommodate the PSC growth. It is noteworthy that all media used in
these experiments contained albumin, some even venture that it is partly
through albumin binding that the human PSCs can bind onto these synthetic
substrates [74]. It would be interesting to see if they can support attachment,
survival and subsequent growth of human PSCs in media devoid of albumin,
such as the E8 medium.
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Figure 2: Representation of some of the published defined substrates for human
PSCs long-term culture and maintenance (based on [54, 66, 68-72, 76, 77]).

Large-scale culture
Since human PSC derivation, many different substrates have been proposed
for their maintenance. A review from Stanley et al [76] and figure 2, show
some of the successful substrates discovered so far for 2D culture. However,
for proper pharmacological and medical applications, large-scale cultures are
needed, since the amount of cells required are much higher than what 2D
culture can produce in a reproducible, economical manner. Some promising
studies have been published on the scale-up of human PSCs using bioreactors together with microcarriers, encapsulation or suspension cultures [7882]. Unfortunately, these studies have been published using media containing either animal-derived components, or undefined parts such as KOSR or
BSA, some even used matrigel as a coating agent of the microcarriers.
Moreover, large-scale culture has many problems that need to be addressed,
like proper cell dissociation and recovery, shear stress on the cells due to
stirring, formation of cell aggregates that either differentiate or start apoptosis, and most importantly, large costs (specially from the large amounts of
media needed) [41]. There is still work to be done to combine lean, com22

pletely defined media formulations (such as the E8 medium) with synthetic
surfaces in large-scale cultures.
Since we started culture of human PSC lines in our laboratory, many different commercial substrates and media have been tested in order to improve, evaluate and increase our knowledge on human PSC culturing methods. Table 2 shows a summary of the internal benchmarking we performed
using different commercial substrate reagents. As mentioned above, not all
substrates support growth of different human PSC lines in different media,
and results vary in each laboratory. In our hands, the best substrates turned
out to be Matrigel (Corning), LN521 and LN511 (both from Biolamina), and
VTN-N peptide (Primorigen and StemCell Technologies). It is noteworthy
that only mTeSR1 and TeSR-E8 media (both from StemCell Technologies)
supported undifferentiated growth of our human PSC lines in our hands, and
therefore, these media were the ones used on the substrates presented. Table
2 also contains our assessment of the new medium formulation developed in
our lab, which consists of the E8 medium with supplementation of Interalpha inhibitor (I"I) at the seeding step (Paper III).

Table 2: Internal benchmarking of different commercial substrates and the I"Ibased new medium formulation for human PSC culturing. N/A stands for not applicable.
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Study of pluripotency in human PSCs
Assessment of pluripotency and proper maintenance of PSCs for long-term
culture in new substrates or culture methods is based on several, well-described
techniques. Typically, in order to assess proper maintenance in vitro of PSCs,
eight different aspects of the human PSC culture need to be examined.
1. Colony morphology: typical PSC colonies have tight cell-to-cell contact and tight boundaries, with low or no spreading of the cells at the
edge of the colonies and strong e-cadherin tight junctions (Figure 3).
2. Alkaline phosphatase activity (ALP): usually measured by colorimetric detection of enzyme activity on an added substrate (Figure 3).
3. Attachment ratio: quantified in comparison to an already established,
working substrate.
4. Proliferation ratio: assessed alongside an established culture method.
5. Gene expression of pluripotency related genes: typically measured by
polymerase chain reaction (PCR). Human PSCs have been described to
express high quantities of Oct3/4, Nanog, Sox2, Rex-1, and hTERT
(human telomerase reverse transcriptase, catalytic component of telomerase) (Figure 3).
6. Protein content of stem cell markers: measured through immunofluorescence techniques like flow cytometry, immunocytochemistry, or
Western blotting: Oct3/4, Nanog, and Sox2, and for human PSCs also
stage-specific embryonic antigens 3 (SSEA-3) and SSEA-4 and tumour
rejection antigens Tra-1-60 and Tra-1-81 (Figure 3).
7. Differentiation capacity: all PSC lines need to be proved to have the
capacity to differentiate into all three germ layers: mesoderm, endoderm
and ectoderm. There are two ways to show differentiation capacity: in
vitro differentiation through spontaneous 2D differentiation or through
embryoid body (EB) formation in serum-containing media, or teratoma
formation in NOD/SCID (Nonobese diabetic/ Severe combined immunodeficient) mice. The three germ layers are then identified by immunodetection or PCR analysis of characteristic genes (e.g. α-smooth muscle
actin (α-SMA) for mesoderm, Nestin and β-III-tubulin for ectoderm and
α-fetoprotein (AFP) for endoderm), or by haematoxylin and eosin staining of tumour section for specific tissue identification. Typically, the
generation of beating cardyomyocyte regions is also considered a proof
of full differentiation capacity (Figure 3).
8. Genomic integrity: The PSC lines need to be tested after long-term
passaging for genetic aberrations such as deletions, duplications or translocations. Traditionally, giemsa staining has been used for chromosomal
analysis, claiming that any potentially advantageous mutations would,
inevitably, produce larger aberrations that could be picked up by traditional karyotyping techniques. However, the need to assess smaller
changes in the genome is moving the field to more sensitive techniques
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such as fluorescence in situ hybridization (FISH), which can detect presence or absence of different DNA sequences through fluorescent labelling using complementary DNA probes of a high variety of sizes [83], or
single nucleotide polymorphisms (SNP)-arrays, which can detect variations in a single site of the genome. SNPs are the most frequent variation
types in the genome, and more than 50 million SNPs have been detected
in the human genome. Therefore, SNP arrays are useful tools to study
small variation between cell samples [84].

Figure 3: Representative images of some experiments for human PCS assessment
(1) Colony morphology analysis of HUES1 in E8 medium supplemented with IαI
(E8:IαI) by Brightfield microscopy (left panel) and immunostaining for tight cell-tocell binding with e-cadherin (middle panel) and stem cell marker Oct3/4 (right panel) (2) Alkaline Phosphatase (ALP) staining in HUES1 (3) Human stem cell Taqman
Pluripotency array for transcription profile analysis of four human PSCs after longterm passaging in E8:IαI (4) Immunostaining for stem cell markers Oct3/4, Sox2
and Nanog in H207 human ESCs in E8:IαI. (5) Immunostaining of specific markers
for the three germ layers after EB differentiation, suspension for 2 weeks and subsequent plating for 2 more weeks in 20% FBS, of H207 (Paper III).
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Cytoplasmic signalling network in mouse ESCs
The processes involved in the maintenance of pluripotency and self-renewal
in PSCs have been proven to be quite complex and have been studied thoroughly. Thus, nowadays we have a better idea of the many signalling pathways that cooperate to maintain this unique cell state. Figure 4 shows a
schematic summary of some of the proteins and interactions involved in
mouse ESCs self-renewal and maintenance of pluripotency. Four pathways
downstream of the LIF receptor are shown here: The PI3K/Akt pathway, the
Ras/MAPK pathway, the Janus kinase (JAK1)/Signal transducer and activator of transcription 3 (STAT3) pathway and the Yes/Yes-associated protein
(YAP)/TEA domain family member 2 (TEAD2) pathway. Moreover BMP4,
Wnt, and integrin-induced attachment complement this signalling through
their own receptors. BMP signalling has been thoroughly investigated in
relation to mouse ESC maintenance. Initial experiments showed activation
of Id proteins that supported pluripotency, however new studies show that
Smad2 could also be involved in the transcriptional core of pluripotency. It
is interesting to note that Smads and TEAD have been described to work
together in a transcriptional complex with Oct3/4 in human ESCs [20, 21,
85, 86]. Another important study showed how Tfe3 was crucial for pluripotency maintenance by its ability to induce Esrrb transcription [87]. IαI has
recently been described to activate the Yes/YAP/TEAD2 pathway in mouse
ESCs, however, its receptor/s have not been reported yet (Paper I).
The proper signalling combination of these pathways results in the expression of stem cell markers such as Oct3/4, Nanog, Sox2, c-Myc, Esrrb
and others. These transcriptional proteins are found both in human and
mouse PSCs and, together with other markers, are considered to be the core
of the pluripotency and self-renewal maintenance.
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Figure 4: LIF maintains self-renewal in mouse ESCs. The binding of LIF to the
LIFR/gp130 receptor leads to recruitment of at least 4 different downstream pathways: The JAK/Stat3 pathway, the PI3K/Akt pathway, the SFK (Src family kinase)
pathway and the Yes/YAP/TEAD2 pathway. BMP4, Wnt and integrin-mediated
signalling pathways act in combination with LIF, maintaining the self-renewing and
pluripotent characteristics of mouse ESCs. I"I can activate the Yes/YAP/TEAD2
pathway through an unknown receptor. The 2 inhibitors CHIR99021 and
PD0325901 are added as important differentiation suppressors in the 2i medium
formulation (modified illustration from [88] based on [21, 28, 85, 87, 89-92] and
Paper I).

Src family kinases and the Yes/YAP/TEAD2 pathway
Since it was discovered that reversible phosphorylation regulated the activity
of the glycogen phosphorylase nearly 50 years ago, many scientific efforts
have been made to unravel the role of protein phosphorylation in the regulation of protein function. The human genome sequencing allowed for the
identification of 518 protein kinases, showing the importance of the kinase
protein family in eukaryotes [93]. Protein kinases are fundamental in signal
transduction and regulation in eukaryotic cells, being key players in many
processes: from cell proliferation, differentiation and development, to neural
transmission, cell cycle regulation, homeostasis, transcriptional modulation,
aging, and others (reviewed in [94]). Protein kinases have the characteristic
to transfer the terminal phosphate group of adenosine triphosphate (ATP)
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onto specific substrates, i.e. a serine, threonine or tyrosine residues, and can
be further classified into different subfamilies depending on structure, subcellular localization, amino acid specificity and function [95]. They have
also been linked to pathological processes, for example: non-receptor tyrosine kinases have been found to be key players in cancer processes, when
their function is deregulated [96-98]. The nine members of the Src family
kinase (SFK) of non-tyrosine kinases have been shown to be key components in intracellular signalling processes in response to several external
stimuli, such as cytokines and growth factors.
So far, seven SFKs have been shown to be expressed in PSCs, and they
are important for maintaining growth and self-renewal in both human and
mouse PSCs [88, 99]. Our group, together with others, have described a new
pathway integrated in the stem cell signalling network that maintains selfrenewal and pluripotency in mouse ESCs (shown in Figure 4) [88, 100,
101]. It has been extensively reported that LIF and serum are important for
the maintenance of mouse PSCs in vitro [18, 19, 92, 102]. An initial study
by Annerén et al described how LIF, together with FBS, could activate Yes,
a member of the SFKs [101]. Later on, Tamm et al demonstrated how Yes is
activated through the LIF receptor and activates YAP and its cotranscription factors, the TEAD family of transcription factors [100]. Briefly, Yes is activated through tyrosine phosphorylation, and in its turn activates YAP by removal of the serine-127 phosphorylation and phosphorylation of the 357 tyrosine site [103, 104]. Activated YAP can then translocate
to the nucleus where it can bind TEAD2 and induce transcription of genes
including the stem cell factors Oct3/4 and Nanog. Yes, YAP and TEAD2 are
found to be highly expressed in self-renewing mouse ESCs, and show downregulation when the mouse ESCs are induced to differentiate. Moreover,
TEAD2 is shown to directly associate with the Oct3/4 promoter, and suppression of Yes/YAP/TEAD2 inhibits Oct3/4 and Nanog promoter activities
[100]. RNA interference knockdown of Yes, as well as exposure to the SFK
inhibitor SU6656 (described to be mainly a Yes inhibitor, 10 times more
than towards other SFKs), resulted in decrease of stem cell markers in
mouse ESCs and increased differentiation rates. On the other hand, complete
inhibition of SFK activity in mouse ESCs blocked their differentiation capacity, suggesting that different SFKs have opposite effects in the mouse
ESCs signalling network [105, 106].
During the development of the experiments that lead to the discovery and
later publication of the Yes/YAP/TEAD2 pathway and its effects on mouse
ESCs, FBS was found to also activate TEAD2 dependent transcription independently from LIF. After several fractionations, IαI was identified as a
component in serum able to induce activation of this pathway (Paper I).
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Inter-alpha trypsin inhibitor family
The IαI protein family is a complex group of protein-glycosaminoglycanprotein complexes that are present in human plasma at high concentrations
ranging from 0.6 to 1.2 mg/ml [107]. They consist of alternate combinations
of heavy chains (HC) and a light chain (Bikunin or Bk) linked together by a
Chondroitin 4-sulfate (C4S) chain, or as unassembled proteins. The most
common of the IαI family proteins are described in Table 3. The one that is
commonly referred as IαI is the most abundant form of the IαI proteins in
human serum and contains the domains HC1, HC2 and Bk.
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IαI proteins are mainly produced by the liver; the pro-peptides are processed
and assembled in the Golgi and then secreted into the blood stream. The IαI
molecule is mostly inactive until it reaches the target tissue and is cleaved,
usually by the tumour-necrosis factor gene-associated protein 6 (TSG-6).
TSG-6 cleaves the HC covalent bond with the C4S chain and forms a transient covalent bond with the HC and finally transfer it to HA, a common part
of the ECM [108]. The Bk domain increases in protease inhibitory activity
when released from the HCs together with the C4S chain [109] (Represented
in figure 5). The Bk domain is solely responsible for the protease inhibitory
activity of IαI against trypsin, chymotrypsin, plasmin and others [110].
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HA is a long, linear, non-sulfated glycosaminoglycan (GAG) present in the
ECM, it is a macromolecule with a simple structure comprising linear repeating disaccharide of (1-!-4)D-glucuronic acid and (1-!-3)N-acetyl-Dglucosamine. HA has been described as an important element in embryonic
development, gene expression, signalling, proliferation, motility, adhesion,
metastasis and morphogenesis of different cells, including ESCs in vivo and
in vitro [65, 112-114]. In addition, it is well known that HA associates with
cell-surface receptors and may help regulate cell motility, adhesion and survival [112, 115]. In tumorigenic and carcinoma cell lines, HA has been
shown to signal through CD44 and activate stem cell related transcription
factors such as Oct3/4, Nanog and Sox2, and subsequently induce selfrenewal and resistance to chemotherapy [116]. I"I has been linked to tissue
remodelling as a negative acute phase protein. As shown in figure 6, I"I is
thought to extravasate into tissues in process of inflammation. In response to
pro-inflammatory mediators such as lipopolysaccharides (LPS) or cytokines,
I"I proteins interact with at least three proteins: TSG-6, Pentraxin 3 (PTX3)
and VN. TSG-6 binds the HCs of I"I, possibly also interacting with Bk,
transferring the HCs to HA and releasing Bk alone with increased protease
inhibitory activity. The binding of HA is a primary event that secures proper
localization of the cleaved products. Subsequently, the HCs can interact with
the ECM and promote anti-inflammatory and stabilizing activity. The Bk is
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released and is able to potentiate the local anti-proteolytic activity, and
moreover, suppress transcription of some factors such as NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells) and Egr-1 (early
growth response protein 1). VN can also bind urokinase-type plasminogen
activator receptor (uPAR), which is involved in ECM remodelling. The accumulation of IαI proteins on the cell surface may in part be dependent on
localization of uPAR overexpressed at inflammatory foci [117] (represented
681
in Figure 6).
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suppresses NF-kappaB and Egr-1 transcription factors. VN also acts
as an uPAR binding protein, which is involved in ECM remodeling.
HA is represented by dotted lines. The accumulation of IaI proteins on

VN in vitro, and that IαI-deficient mice exhibited abnormal epithelial recovery seven days after naphthalene lung injury [121]. Recently, Tseng et al
detected and characterized a new isoform of IαI produced by the amniotic
membrane [124, 125]. This isoform was found to have a slightly different
molecular weight than the serum-derived IαI, which they attributed to a
different glycosylation pattern. They found that TSG-6 was also produced in
the amniotic membrane, and HA•HC complex was detected. Further studies
showed the amniotic-derived HA•HC1 has anti-angiogenic, anti-scarring and
anti- inflammatory properties [126]. Other studies also reported IαI to be
able to signal and influence migration and invasive capacity. For instance,
Werbowetski-Ogilvie et al described the HC2-IαI domain to have inhibitory
effects of the migration capacity of a malignant glial cell line [127]. IαI has
never been described as an important component of the ESC niche, or as a
serum component capable of influencing ESC culture. However, after reviewing the literature it seems like IαI is actually found in the surrounding
environment of embryos in vivo, supporting our findings that IαI does indeed affect PSC culture in vitro.
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Present Investigation

Aim
The aim of this thesis is to study the regulation of self-renewal and pluripotency of PSCs in vitro, as well as to test and develop novel techniques with
advantageous features for their growth and expansion, to support their use in
medical and pharmacological applications. In the four papers that integrate
this thesis we study different culture methods for PSC culture in vitro and
we describe novel characteristics of IαI, a serum derived protein that was
thought to be just a structural part of the ECM but has now been proven to
be able to induce intracellular signalling as well as attachment, survival and
proliferation, of both mouse and human PSCs. Through the discovery of this
new function of IαI we describe and test the ability of a new medium formulation for human PSC culture that is xeno-free, defined, cost-efficient and
that does not require any lengthy or costly surface coating. Moreover, IαI
can also induce attachment and support long-term growth of mouse ESCs
when combined with the new 2i medium. In conclusion, we describe and
study novel methods for PSC culture that can potentially be used for scaleup production of PSCs suitable for pharmacological and medical application.

Paper I
Serum Inter-alpha-Inhibitor Activates the Yes Tyrosine Kinase and
YAP/TEAD Transcriptional Complex in Mouse Embryonic Stem Cells
In a former publication the novel pathway involving the Src family kinase
Yes, YAP and the TEAD transcription factor was described as a key player
in the intricate network maintaining pluripotency and self-renewal in mouse
ESCs [100]. Yes was also reported to be activated by serum in a similar
manner as through LIF [101]. In this study we follow up on the activation of
Yes by FBS. We show that FBS can activate TEAD-dependent transcription
in a dose- and time-dependent manner. FBS fractionation is then performed
and the serum protein IαI is identified as capable of this activation. After
further purification, mouse ESCs were exposed to pure IαI, or the purified
domains HC1 and HC2, to test for their ability to activate Yes, YAP and
TEAD. Our results show a clear activation of all three components of the
pathway, as well as downstream transcription targets of TEAD such as
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Cyr61, CTGF and Oct3/4, and stem cell factor Nanog, by IαI and its HC2
domain. In conclusion, this study describes, for the first time, the importance
of the serum protein IαI, traditionally regarded as an ECM component, in
PSC maintenance as well as its ability to induce signalling effects. This discovery could potentially be important to have under consideration when
designing novel, serum-free media.

Paper II
A comparative study of protocols for mouse embryonic stem cell culture
This study is a thorough review of the most reliable mouse PSC culturing
methods available in the market right now. Moreover, it describes new characteristics of these methods: such as the ability of the 2i medium to rescue
highly differentiated cultures, create suspension culture and quickly adapt
traditionally feeder-dependent cell lines.

Paper III
Media supplementation with plasma-derived protein negates need for surface coating in human pluripotent stem cell culture
Several functionalized surfaces, the majority derived from integrin binding
proteins, have been shown to support PSC attachment and growth, however,
they all require a costly and time-consuming coating step [41]. We show for
the first time that purified human IαI supplemented to a serum-free medium
is a xeno-free culture method that supports human PSC attachment, survival
and long-term propagation on standard plastic for at least 40 passages while
maintaining pluripotency, differentiation capacity and genetic stability. In
contrast to the standard E8 protocol in which human PSCs are cultured on
VTN-N peptide-coated plates, E8 medium supplemented with IαI at the
seeding step (E8:IαI), is a xeno-free method that supports single cell passaging of human PSCs even in the absence of ROCKi. Eight different human
PSC lines were successfully adapted to the new E8:IαI protocol. Moreover,
adaptation to E8:IαI from feeder-cell dependent culture proved to be highly
efficient, with roughly a four fold improvement over VTN-N coating. The
NCL1 human ESC line, which has previously proven intractable to feederfree culture, was also successfully adapted to E8:IαI. In conclusion we present an improved and simplified culture method that is chemically defined,
xeno-free and does not require any coating step. We anticipate that it will
facilitate research as well as clinical applications of human PSCs and their
derivatives.
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Paper IV
Inter-α-inhibitor growth media supplementation promotes mouse embryonic
stem cell attachment and adherent culture
A new medium formulation (herein called 2i) has managed to dramatically
reduce non-defined components in mouse ESC culture. However, mouse
ESCs grown in 2i medium do not adhere to standard tissue culture plastic,
and require either feeder cells, a matrix-derived coating, or a small amount
of FBS, in order to support attachment and growth on the plate, otherwise
the cells grow as free-floating spheres. Typically, gelatine, derived from
animal cartilage, has been used as an ECM derived coating for mouse ESC
culture. However, both FBS and gelatine need to be pre-screened before
culture, since they are undefined components with high lot-to-lot variability.
In a recent study we reported for the first time that IαI, a major component
of serum [107], is able to signal to mouse ESCs in vitro, activating the
Yes/YAP/TEAD transcriptional pathway and stem cell factors Oct3/4 and
Nanog [128]. In the present study we show that, IαI successfully promotes
attachment, proliferation and survival of mouse ESCs in the 2i medium, in a
similar manner as gelatine and FBS. In conclusion, IαI promotes cell attachment and adherent culture of both feeder-dependent and feederindependent mouse ESCs when used with the 2i medium, without inducing
noticeable differentiation or karyotype abnormalities.
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Discussion

The papers in this thesis all stem from the initial work from Cecilia Annerén
and Christoffer Tamm where they studied and described the
Yes/YAP/TEAD pathway as an important part of the mouse ESC signalling
network [100, 101]. During these experiments it was discovered that FBS
could activate Yes and TEAD2 in a similar manner as LIF. Serum is known
to be able to activate several signalling pathways, however, most of these are
usually activated by growth factors and cytokines present in serum. Several
commercially available growth factors and small molecules were tested but
none of them had any significant effect on TEAD2 dependent transcription.
Therefore, the reverse approach was initiated; fractionation and separation of
FBS was performed in order to determine which molecule/s in serum could
activate TEAD2-dependent transcription. IαI was found to be at least one of
the serum factors capable of activating TEAD2. After that, IαI was purified
from human serum using already established techniques, reaching more than
95% purity ([129] and Paper I). This IαI was added to LIF- and serumstarved mouse ESCs and it was found to be able to activate all three components of the pathway: Yes tyrosine phosphorylation, YAP nuclear translocation, TEAD2 dependent transcription and, even further down the signalling
cascade, increased transcription of known TEAD2 target genes Cyr61,
CTGF, Oct3/4 and also stem cell factor Nanog (Paper I). IαI is a major
component of serum, however, it had never been described as a crucial part
of the mouse ESC culture environment. IαI, although it has now been described to induce signalling in other biological settings, still does not have
described cell membrane receptor/s, and mostly it is believed that IαI’s biological effects are mediated through ECM remodelling. The effect of IαI on
the mouse ESCs has been described, however, the mechanism through
which it signals remains to be discovered. Another key question stood out
during those experiments: Could IαI support self-renewal of mouse ESCs in
the absence of serum?
New and defined culture methods for mouse ESC culture have indeed
removed whole serum requirement, however, none of them mentioned IαI as
a necessary supplement (Paper II). For example, the ESN2 medium is completely serum-free, and the 2i medium only contains a small amount of BSA.
The ESN2 medium consists in the mouse ESCs growing as free-floating
spheres and the 2i medium, while it was described as a medium for two36

dimensional growth, showed in our hands to induce free-floating spheres in
our traditional gelatine coating, and required an ESC-qualified gelatine in
order to achieve some attachment. Interestingly, the addition of a small
amount of FBS (1-2%) achieved robust and efficient attachment of mouse
ESCs in both ESN2 and 2i media. A small trial of some of the integrinbinding proteins known to be found in serum (i.e. VN, FN and collagen)
showed that, only VN achieved attachment and growth of undifferentiated
mouse ESCs, and the colony morphology showed more spreading, with less
formation of the traditional, tight cell-bound colonies. In human serum, IαI
is found at high concentrations, ranging from 0.6-1.2 mg/ml. Interestingly,
addition of the corresponding amount of IαI in 1% serum (6 µg/ml) supported attachment, survival and growth of undifferentiated, tight cell-bound
mouse ESC colonies on standard, non-coated plastic when combined with
either ESN2 or 2i medium (Paper IV and results not shown).
The 2i medium has been shown to be highly efficient in supporting survival and growth of mouse ESCs. Actually, derivation of mouse ESC lines
from mouse strains that had resisted derivation in the past was achieved
using the 2i medium, and our work has shown that 2i medium can clean-up
mouse ESC cultures which high differentiation rates and even adapt feederdependent mouse ESC lines to feeder-free culture with high efficiency (Paper II). Therefore, we selected the 2i medium for further assessment of the
ability of IαI to support long-term propagation of mouse ESCs. IαI did indeed succeed in maintaining mouse ESC culture for over 30 passages, retaining their pluripotency, their capacity to differentiate and without increasing chromosomal abnormalities (Paper IV).
For human PSC culture we also found IαI to induce attachment and subsequent growth when using the completely defined and serum-free E8 medium [72]. When we first tried to supplement it to the BSA containing medium
mTeSR1 (StemCell Technologies, [130]) IαI did not support robust attachment. We later found that albumin significantly reduces IαI-induced attachment, possibly by sequestering the available IαI molecules in the media
(Paper III). Albumin is the most abundant component in serum, and it is
known to be a carrier for smaller molecules, facilitating their distribution
around the body. IαI has been linked to inflammation, and some studies
have shown that IαI is crucial during inflammation and sepsis, remodelling
the ECM and inhibiting local proteases. In vivo, albumin may store IαI in
circulation until it is needed, while in culture this effect might interfere with
its cell-binding abilities. After combination with the albumin-free E8 medium, IαI showed high and robust attachment properties. Eight different human PSC lines were successfully adapted to E8 medium supplemented with
IαI (E8:IαI), and were successfully maintained for up to 40 passages; retaining proliferation rate, differentiation capacity, pluripotency markers and
genetic integrity (Paper III).
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Interestingly, IαI only needs to be supplemented at the seeding step, and
in just 24 hours, it manages to induce spreading and survival of human
PSCs, even as single-cells and without the need of ROCKi. When we look
closely, live-imaging experiments show that IαI induces attachment of the
human PSCs just as quickly as VTN-N coating, suggesting it is not a delayed effect of IαI signalling but rather a more direct effect on the attachment to the uncoated plastic. Human PSCs seeded in the presence of IαI
spread normally and quickly onto the plastic, but do not migrate as much as
when plated onto integrin-binding surfaces. This may account for the increased survival of the dissociated human PSCs. In the presence of IαI, the
cells seem to migrate less, but make tighter cell-to-cell contacts and thus,
form small colonies that will survive over time and grow to passageappropriate sizes. Moreover, when using E8 medium supplemented with IαI
and ROCKi, we even detected survival of single cells, undergoing division
until formation of a middle sized colony without mediating any contact with
surrounding cells, thus suggesting that E8:IαI may support clonal growth
(see Supplementary Movie 3, Paper III).
Moreover, we have showed that IαI efficiently supports adaptation of
human PSCs cultured on feeder-cells to feeder and serum-free culture conditions. Using a simple step-wise adaptation from KOSR-based medium to E8
medium, the cells are harvested as single-cells using TrypLE and seeded in
E8:IαI supplemented with ROCKi. We adapted five different human PSCs
with 100% efficiency, showing proper colony formation from passage 1 and
negligible rates of differentiation from passage 2. We even managed adaptation of the NCL1 human ESC line, which had never been successfully
adapted to feeder-free culture in the past, despite several attempts. Therefore, IαI shows high affinity for PSC culture, not needing lengthy adaptation
periods like other surfaces and achieving clean, undifferentiated cultures
from the first passages.
The mechanism through with IαI induces signalling and attachment of
PSCs remains elusive. Initially, we considered the HA receptor CD44 to be
the most plausible receptor for IαI signalling, hypothesising that IαI would
bind to HA, rearrange its ECM structure, and therefore modify CD44 signalling. However, a CD44 blocking antibody failed to inhibit both the signalling and the attachment properties of IαI (Paper III and results not shown).
IαI can bind to various ECM proteins through the von Willebrand type A
(vWA) domain found in the HCs. We therefore hypothesized that IαI could
bind the ECM and rearrange or modify the signalling exerted by integrinbinding proteins such as VN and LN. However, the attachment that we see
with the E8:IαI method is very quick, showing the first cells spreading as
quickly as 10 minutes after seeding of single cells, and small clumps binding
to the plastic immediately after seeding. Therefore, the idea that IαI could
act by modifying the already deposited ECM does not appear feasible. Dif38

ferent signalling experiments have been performed in order to try to unravel
the signalling effects on human and mouse PSCs during IαI-induced attachment. When we compare these effects with integrin-binding surfaces (e.g.
VTN-N and fibronectin coating), we found that IαI did induce some focal
adhesion signalling such as FAK, P-130-Cas and Akt phosphorylation, but
to a lower extent as compared to integrin-binding proteins. We have also
observed increased Smad2 activation with IαI, but more experiments are
needed to make any firm conclusions. It will be interesting to study this going forward, since there are studies showing that Smad signalling can induce
transcription and subsequent secretion of ECM components [131], and it is
known that Smad signalling can activate epithelial-mesenchymal transition,
increasing cell migration capacities [132, 133]. Moreover, Smad signalling
through BMP4 is known to be important for mouse ESCs, inducing transcription of stem cell factors and even supporting maintenance in the absence of serum [20, 21]. Thus, it is intriguing to speculate that IαI induces
Smad signalling through BMP/TGFβ-related receptors and subsequent epithelial-mesenchymal transition and/or ECM deposition. Further studies are,
however, needed in order to test this hypothesis. Indeed, a couple of cyclic
RGD peptides were found to inhibit IαI-mediated attachment, suggesting
that IαI either needs its RGD-binding vWA domain or integrin-binding proteins deposited by the human PSCs to induce attachment and survival over
time. This could point to an effect on ECM deposition, however, it could
also just mean that IαI’s effect is mediated through the vWA domain found
in the HCs, maybe even involving other molecules that have not yet been
described to interact with IαI.
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Concluding remarks and Future perspectives

While we have conclusively shown that IαI can support long-term passaging
of human and mouse PSCs, the exact mechanism how IαI manages to support attachment and induce maintenance of self-renewal and pluripotency
remains to be discovered. Many different experiments are needed in order to
elucidate the exact mechanism through which IαI manages signalling and
spreading of both human and mouse PSCs.
The receptor/s involved in IαI’s signalling and attachment capacity remain to be described. Initially we considered the primary hyaluronan receptor CD44 to be responsible, however, blocking CD44 did not manage to
inhibit neither signalling nor attachment-inducing capacities of IαI. Therefore, there are many approaches possible in order to study IαI’s receptor/s.
The fact that we have seen some Smad activation could be an important
clue. In fact, Smad signalling has been now linked to the Hippo pathway
through YAP/TAZ binding, and a transcriptional complex involving Oct3/4,
TEAD, YAP/TAZ and Smads has been described to contribute to the human
pluripotency transcriptional core [86]. Indeed, together with the Smad’s
signalling capacity to induce ECM protein deposition and epithelialmesenchymal transition, it could account of IαI’s effect both inducing the
Hippo pathway related factors YAP and TEAD, the stem cell factors Oct3/4
and Nanog (which has not been found to be a direct target of TEAD) and
also, its effect on attachment and proliferation. IαI may even change the
physiochemical properties of the medium, which in the case of the E8 medium contains high quantities of TGF-β. Thus, maybe it is possible for IαI to
form a complex with TGF-β in the medium and somehow increase or modify its signalling.
Preliminary data showed IαI-induced attachment to be totally or partially
blocked by BSA. This has explained our initial failed attempts to induce
attachment of PSCs in media containing high concentrations of serum or
albumin. Albumin could either block IαI or simply bind to it, making it less
available for cell binding and attachment. Further study on the interaction of
IαI to albumin through ELISA and dose-competence studies could shed
some light on their interaction. This is especially interesting considering they
are both found at high concentrations in serum. Moreover, this could explain
how IαI had yet to be reported as an attachment-inducing component of
serum even though it is present at relatively high concentrations when com40

pared to well-described, integrin-binding proteins such as VN. All the synthetic surfaces described so far have been used together with serum or albumin containing media. Moreover, some have hypothesized that the surfaces
did not support direct binding to the cells, but rather that they could accommodate media components such as albumin that would then support stem
cell attachment and later on, ECM deposition by the same cells. It would be
interesting to investigate if these synthetic polymers work when paired with
a completely albumin-free medium, and if not, if the addition of IαI could
induce attachment in a similar manner as it does on standard, tissue-culture
treated plastic.
The IαI used in this thesis was derived from human plasma, more specifically, from a side fraction of the factor IX production. Therefore, IαI could
potentially be produced at GMP-grade in a relatively inexpensive manner.
The combination of IαI with a compatible large-scale setting, together with
the E8 medium, would be a GMP-compliant possibility for large-scale production of human PSCs suitable for medical applications. It would be interesting to take IαI to large-scale cultures and test its ability to support undifferentiated growth of human PSCs in such challenging conditions.
However, for medical and pharmacological application, IαI should also
be tested as a suitable material for human PSC derivation. There is a medium derived from the E8 medium (called E7 medium) that has been commercialized for induced PSC derivation. It would be interesting to test the ability
of IαI to induce attachment of newly reprogrammed human iPSCs, since it
might have the ability to increase PSC attachment while reducing survival of
the remaining, non-reprogrammed somatic cells. In a similar manner, IαI
could potentially facilitate attachment and survival of ESCs when first excised for the blastocyst.
We have shown that IαI can support long-term passaging in small scale,
in vitro culturing of both mouse and human PSCs. However, we hypothesize
that this culture method could be used for derivation and scale-up culture of
human PSCs. Therefore, in collaboration with GE Healthcare and Dr. Catherine LR Merry (University of Manchester), we would like to use IαI in 3D
settings: in large cultures using a bioreactor such as the WAVE Bioreactors
(GE Healthcare), and a 3D culture with polypeptide gels [77]. Initial experiments together with Dr. Merry have shown promising results in the 3D culture possibilities for IαI, inducing what appeared increased crosslinking of
the hydrogels and increased survival and proliferation of the human PSCs.
In conclusion, we would like this new method to eventually contribute to
stem cell research as a commercial culture method. Moreover, we would like
to test the ability of IαI not only to maintain human PSCs, but also its effects
in derivation, reprogramming and large-scale production, so that maybe one
day it can be a suitable protocol for human PSC production for clinical applications and regenerative medicine.
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