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Resumo

Células Mesenquimais Estromais (MSC) são uma população bastante heterogénica que tem sido

bastante estudada devido ao seu potencial terapêutico. No entanto, diferentes fontes, protocolos de iso-

lamento ou expansão, ou condições durante todo o processo de produção, podem originar populações

de MSC com propriedades diferentes, levando a resultados contraditórios. A expansão destas células

em condições que garantam a possibilidade de serem usadas clinicamente é essencial. Neste trabalho,

foi testada uma solução de transporte para MSC (Nutristor), e a influência do uso de laminina-521 e do

meio de cultura utilizado, tanto na expansão das MSC como na sua funcionalidade. Nutristor manteve a

capacidade das MSC aderirem ao plástico e a viabilidade celular praticamente constante durante 5 dias

de armazenamento. Porém, a percentagem de células perdidas durante o processo foi considerável. A

utilização de laminina-521 permitiu a obtenção de 2.2±0.4 mais MSC, e teve um impacto mı́nimo na sua

capacidade de suportar a expansão de células hematopoiéticas estaminais e progenitoras (HSPC). Fi-

nalmente, expandir as MSC com meio suplementado com lizado plaquetário humano (DMEM/hPL), em

substituição de soro fetal bovino (DMEM/FBS), não só aumentou a sua capacidade proliferativa, como

alterou a sua morfologia, e expressão de CD271. Adicionalmente, quando as HSPC foram co-cultivadas

com MSC cuja última passagem tinha sido com DMEM/hPL, a sua capacidade proliferativa diminuiu e

a diferenciação aumentou, obtendo-se 2.4 vezes menos células CD34+. Em última análise, este tra-

balho comprova a necessidade de analisar o impacto que diferentes condições durante a produção de

terapias celulares podem ter na função das células.

Palavras-chave: Células Mesenquimais Estromais, Solução de transporte, Condições de

cultura, Substrato de revestimento, Meios de cultura, Suporte hematopoiético.
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Abstract

Ex-vivo expanded Mesenchymal Stromal Cells (MSC) have been intensively studied due to their ther-

apeutic potential. Different sources, isolation methods, or culture conditions can originate MSC popula-

tions with different properties leading to conflicting results. There is a need to establish GMP-compliant

protocols throughout the entire process of cell-based therapies development. In this work, the impact

of Nutristor, a cold cell storage solution in beta testing phase, on MSC viability and proliferation was

assessed. Throughout 5 days of storage with Nutristor solution, MSC viability was roughly constant, and

in the end of storage time, cells maintained the ability to adhere to plastic and proliferate. Nevertheless,

a significant cell loss could be observed. In the second part of this work, the influence of culture con-

ditions, namely coating substrate (laminin-521 (BL) vs no coating) and culture media supplementation

(fetal bovine serum (FBS) vs human platelet lysate (HPL)), on MSC expansion and hematopoietic sup-

portive capacity was also evaluated. MSC were expanded on tissue culture plates with (BL-MSC) and

without (MSC) laminin-521 coating, and at the end of the expansion BL-MSC were 2.2±0.4 more than

MSC. Hematopoietic Stem/Progenitor Cells (HSPC) clonogenic capacity seemed to be enhanced after

expansion with BL-MSC feeder layers, although almost no differences could be found. Finally, MSC were

cultured with basal culture medium supplemented with hPL (DMEM/hPL) or FBS (DMEM/FBS) and it

was found that the culture medium affected MSC’s properties. When grown with DMEM/hPL, MSC were

smaller, had a higher proliferation capacity and seemed to have a higher expression of CD271. How-

ever, when MSC cultured with DMEM/hPL were used as feeder layers, their hematopoietic supportive

capacity was diminished (originating 2.4 times less CD34+ cells after expansion). Ultimately, this work

highlights the necessity to be aware of the impact of the culture conditions during the entire process of

the development of MSC-based therapies.

Keywords: Mesenchymal Stromal Cells, Short Storage Solution, Culture Conditions, Coating,

Culture Media, Hematopoietic Support
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Chapter 1

Introduction

1.1 Mesenchymal Stromal Cells

Back in the 1970s a plastic-adherent, fibroblast-like, clonogenic stromal population was isolated from

the bone marrow by Friedenstein and his colleagues [1]. The same authors later found out that those

stromal cells were important to regulate the hematopoietic niche [2].

In the end of the 20th century, this population was proved to be multipotent - cells could differen-

tiate into osteoblasts, chondrocytes, and adipocytes - and they were able to maintain the multilineage

potential after being expanded in vitro [3, 4].

Since the aforementioned cells were able to differentiate into different cell types and self renew, they

were named ”Mesenchymal Stem Cells” [4, 5]. However, due to the heterogeneity of the population

the International Society for Cell and Gene Therapy (ISCT) recommended the use of Mesenchymal

Stromal Cells (MSC) instead, since probably only a small percentage of the population could be truly

considered stem cells [6]. Following the ISCT indications, in this work we will refer to this population as

”Mesenchymal Stromal Cells”.

Furthermore, to better define the so called MSC population, ISCT has issued a series of guide-

lines that go from proposing minimal criteria to define MSC to nomenclature suggestions [6–8]. To be

considered MSC, cells should (1) be plastic adherent, (2) express CD73, CD90 and CD105, and lack

expression of CD11b or CD14, CD19 or CD79α, CD34, CD45, and HLA-DR (hematopoietic and en-

dothelial markers), (3) and lastly, they should be capable to differentiate into adipocytes, chondrocytes,

and osteoblasts in vitro [7].

Besides the intrinsic heterogeneity of MSC, these cells can be retrieved from several sources, and

their properties are reported to be affected by their source [9, 10]. The main source of MSC in adults is

bone marrow (MSC(M)) [11], however, they can be isolated from other adult tissues, like adipose tissue

(MSC(AT)) [12], or dental pulp (MSC(DP)) [13], and also from whartson’s jelly from the umbilical cord

(MSC(WJ)) [14].

ISCT guidelines are not enough to guarantee that the population that is considered MSC have the

same cellular composition. It is important to standardize procedures between laboratories, understand
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the implications of different culture conditions, and implement reproducible, cost-effective, and scalable

protocols for cell culture, compliant with Good Manufacturing Practices (GMP) [15]. Furthermore, it

is needed to define clear characterization methods and robust potency assays to access quality and

predict MSC’s therapeutic effectiveness [15, 16].

1.1.1 Clinical Interest

Beyond their ability to differentiate into given cell lines, MSC have important roles regarding tissue

maintenance and homeostasis, which holds promise for the treatment of a variety of disorders [17].

MSC can home to injured sites, inducing tissue repair and reducing inflammation by cell-to-cell contact

or resorting to their paracrine action, since they are known for the production of a variety of cytokines,

growth factors, and exosomes that act in different conditions [18–20]. Overall, MSC show, between

others, tissue regenerative [21], immunoregulatory [20, 22–24], angiogenic [25] and neural-protective

[26] properties, and have the ability to support and regulate hematopoiesis [2]. All these properties

make MSC-based therapies a focus of research interest, and they are serious candidates to be used in

clinical trials for several diseases.

Furthermore, MSC have a low expression of Human Leucocyte Antigen (HLA)-I, and they do not

express HLA-II nor co-stimulatory molecules, hence being considered hypoimmunogenic [27, 28]. MSC

can then avoid immune recognition, and allogeneic cells should not create immune responses, regard-

less the HLA match between patient and donor, which makes MSC prone to constitute a off-the-shelf

therapy.

A search at ClinicalTrials.gov with the study type ”Interventional (Clinical Trial)” and key words ”Mes-

enchymal Stem Cells” or ”Mesenchymal Stromal Cells” finds a total of 1948 studies [29]. From these

studies immune diseases, heart conditions, neurological diseases, and graft-versus-host disease (GvHD)

are amongst the most common illnesses from what MSC have been studied.

In order to develop MSC-based therapies, these cells need to be expanded in vitro to achieve thera-

peutically relevant doses. Therefore, it is needed to guarantee MSC’s biosafety after the expansion [30].

Research shows that even after extensive expansion, MSC can keep a constant immunophenotype and

show no major alterations on their chromosomal structure [31]. Besides the results of in vitro studies,

both animal models and results of clinical trials, show MSC as a safe therapeutical option [32, 33]. Nev-

ertheless, MSC products for therapies must be developed in GMP compliant conditions, and thoroughly

tested for safety before administration in patients.

Globaly, there are 10 MSC products approved to be used therapeutically (see Table 1.1). Neverthe-

less, only in 2018, Europe had its first (and for now only) therapeutic product that comprised the use

of allogeneic MSC approved. Alofisel is composed of expanded human allogeneic MSC extracted from

adipose tissue and it was approved by the European Medicines Agency (EMA) to treat complex perianal

fistulas in adults with non-active/mildly active luminal Crohn’s disease [34].
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Table 1.1: Approved MSC Therapies over the world

Product Name Product Composition Therapeutic Target Countries of
Approval Ref.

Queencell®

Autologous MSC(AT)
mixed with preadipocytes,
endothelial progenitor
cells, pericytes, mast
cells, and fibroblast.

Subcutaneous tissue defect South Korea
(2010) [35]

Cellgram® Autologous MSC(M) Acute Myocardial Infarction (Im-
proves ejection fraction)

South Korea
(2011) [36]

Cartistem® Allogeneic MSC(WJ)
Repetitive and/or traumatic carti-
lage degeneration including De-
generative Osteoarthritis

South Korea
(2012) [37]

Cupistem® Autologous MSC(AT) Complex Crohn’s fistula South Korea
(2012) [35]

Prochymal® Allogeneic MSC(M) Acute Graft vs. Host Disease in pe-
diatric patients

New Zealand
(2012)
Canada (2014)

[38,
39]

NeuroNata-R® Autologous MSC(M)
Amyotrophic lateral sclerosis (it has
a neuroprotective effect and re-
lieves its progression)

South Korea
(2014) [40]

TEMCELL® Allogeneic MSC(M) Acute Graft vs. Host Disease in pe-
diatric patients Japan (2015) [41]

Stempeucel® Allogeneic MSC(M) Critical Limb Ischemia and Knee
Osteoarthritis India (2016) [42]

Alofisel Allogeneic MSC(AT)
Complex perianal fistulas in adult
patients with non-active/mildly ac-
tive luminal Crohn’s disease

Europe (2018)
Japan (2021)

[34,
43]

Stemirac Autologous MSC(M)
Spinal cord injury (Improvement of
neurological symptoms and func-
tional disorders)

Japan (2018) [43]

MSC for immunological diseases

At the moment, the majority of diseases for which MSC are being clinically examined are immune-

mediated disorders. Between autoimmune diseases like, Crohn’s disease, Alzheimer’s, multiple sclero-

sis, or rheumatoid arthritis, and acquired disorders like GvHD, the application of MSC-based therapies

has a lot of potential.

MSC can modulate not only the adaptive immune system [20], but also the innate response [23].

Suppression of immune reaction is achieved by inhibiting maturation and proliferation of a range of

immune cells like T-cells [20], natural killer cells [24], B cells [22], dendritic cells [23], or macrophages[44]

Nevertheless, MSC environment can affect the cocktail of cytokines, growth factors, and chemokines

released by them, having the potential to change MSC’s immunomodulatory activities [45]. A technique

that is widely used to enhance MSC therapeutic effect is to precondition them to obtain the desired

secretome [46]. Oxidative stress, hypoxia, heat shok, or priming with biological factors are all examples

of techniques that are used to precondition MSC [46].

Note that specific MSC subpopulations seem to be more prone to be immunomodulatory. Sun et

al. investigated transcriptomic variations between MSC populations from different sources, creating a

panel of genes, that when expressed, make MSC more prone to immunomodulation [47]. They identified

that the expression of immune-response related genes (CCL2, CCL7, VCAM1, ICAM1, etc) was highly
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variable between sources and samples, suggesting that the assessment of gene expression prior to the

realization of other assays could be used to create an enriched subpopulation of immunomodulatory

MSC [47]. In an easier way, MSC immunimudolatory could be assessed by MSC surface markers, more

about it will be discussed at section 1.2.

MSC for neurologic diseases and heart conditions

Neurologic diseases are a growing problem in the developed world, were the expectancy of life is

increasing. Most of such disorders do not have an effective therapy, and an interesting approach is the

use of stem cell-based therapies, namely MSC-based therapies [26].

Neurodegenerative diseases usually have an autoimmune cause, Alzheimer’s disease or multiple

sclerosis are examples of such cases. Unfortunately, nowadays, standard therapies for neurodegener-

ative diseases only slow their progress. The use of stem cell-based therapies can possibly change this

paradigm [26]. Due to their immune-mediated component MSC appeared as a logical choice the de-

velop therapies for neurodegenerative diseases. Based mostly on pre-clinical trials and animal models,

it seems like MSC can regulate microglia and astrocytes, hence controling neuroinflamation [48]. Fur-

thermore, besides the immunomodulatory capacity of MSC, their presence seems to be able to increase

neuronal survival and it even seems to enhance neurogenesis and stabilize synapses [49, 50]. Trau-

matic brain disorders, like stroke or traumatic brain injury may also benefit of MSC’s neuroprotection,

neurogenic potential, and immunomodulatory ability, but also from MSC’s angiogenic potential, since

usually parts of the brain become ischemic [26]. Furthermore, MSC interaction with neurons, pericytes,

and astrocytes seems to help the maintenance of the blood brain barrier integrity [51]. The combination

of the different MSC properties previously mentioned, makes them serious candidates to reverse the

progression of neurodegenerative diseases and repair brain damage (therapeutic effects that, at the

moment, cannot be achieved with regular medicines).

According to the World Health Organization (WHO), heart conditions are also a major problem, be-

ing the main cause of death worldwide [52]. However, as in the case of neurological disorders, current

treatments for chronic heart disease can only delay its progress [53]. Such diseases are usually char-

acterized by the migration of immune cells to the heart, creating an inflammatory response, and by

myocyte death followed by further replacement with fibrous scar tissue [54]. Once more, the combina-

tion of MSC’s properties makes them an interesting candidate for heart conditions therapies. MSC can

protect the myocardium since they can reduce the inflammation [55], but also by promoting angiogene-

sis [25] and regeneration of myocardial cells MSC can avoid fibrosis, reducing the probability of further

heart failure [53, 56].

MSC to support Hematopoietic Stem/Progenitor Cells (HSPC)-based therapies

MSC are therapeutically interesting, not only to be the focus of the therapy themselves, but also

to help to develop Hematopoietic Stem/Progenitor Cells (HSPC)-based therapies. As mentioned pre-

viously, MSC were found out in the bone marrow adult hematopoietic niche, but its localization near
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hematopoietic zones since embryonic developmental stages, further supports the importance of MSC

to regulate proliferation, differentiation, and self renewal of HSPC [57, 58].

HSPC were the first adult stem cells to be identified, and can be found in the adult bone mar-

row and harvested by bone marrow aspiration or peripheral stem cell mobilization, but can also be

found in neonatal tissues, namely the cord blood [59–61]. These cells are capable to replace an entire

hematopoietic system. Hence, HSPC are the main components of bone marrow transplantations which

have been an established therapy for hematologic disorders, namely for blood cancers [62]. In fact,

according to the European Cancer Information System (ECIS), in 2019, 48 512 bone marrow transplan-

tations were performed only in europe. Furthermore, cases of blood malignancies are increasing, ECIS

also predicts that by 2040 there will be a 25% increase of leukemia and lymphoma cases [63].

Unfortunately, HSPC are a rare population, they constitute only around 1% of the mononucleated

cells of the cord blood and bone marrow aspirates [64]. So, to increase the number of cells available

and the clinical outcome of hematopoietic stem cell transplantation, ex vivo expansion of HSPC have

been a focus of research.

Despite the importance of HSPC ex vivo expansion, these cells tend to differentiate when cultured

in vitro. Hematopoietic niche in vivo is composed of several cell types which help regulating HSPC fate,

namely their hability to self-renew (and maintain the stemness), the lack of ablity to do it in vitro has been

associated with the lack of factors to mimic their natural microenvironment [65]. Logically, MSC capacity

to support the expansion of HSPC in vitro was tested, and it is now widely accepted that co-culturing

HSPC with MSC feeder layers can help the maintenance of hematopoietic stemness [66].

There are still a lot of unanswered questions about the mechanisms behind MSC capability to reg-

ulate HSPC, but it is known that cell-to-cell contact has a big impact on their interacion, despite the

existance of paracrine regulatory mechanisms as well [67, 68]. One of the mechanisms that is known to

be associated with regulation of HSPC growth and differentiation is the Notch signaling pathway. In real-

ity, MSC express Notch ligands which can then activate Notch signals in HSPC, decreasing the tendency

of HSPC to differentiate [69, 70]. It was already observed, that alteration of Notch ligand expression in

MSC decreases their capability to avoid HSPC’s premature differentiation [70].

Interaction between MSC and HSPC is important, not only to allow the expansion of the latest,

but they can also be combined in mixed therapies. As aforementioned, MSC are known for being im-

munomodulatory, and have been reported to enhance the engraftment of HSPC in vivo. Therefore,

co-transplantation of both cell types have been investigated, since it should reduce the problematics

associated with the immune response (namely GvHD) and should also fasten the hematopoietic system

regeneration [71, 72]. Nonetheless, clinical trials that make use of this strategy show contradictory re-

sults, with some trials showing promising results [71, 72] and others showing no significant differences

between performing a co-transplant with MSC or transplant only HSPC [73].

While disease-to-disease or patient-to-patient may affect the clinical trials’ results, the heterogene-

ity of MSC populations probably plays a big role in it. It is reported that MSC’s tendency to support

hematopoiesis is highly variable, depending on several factors like the donor, source, culture media,

or cells senescence [10, 74, 75]. While these factors can be controlled, the same cannot be said of
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the intrinsic heterogeneity of an MSC population [74, 75]. Furthermore, it is known that different MSC

populations seem to have different functions in the hematopoietic niche, indicating a biologic variability

between different MSC populations.

Mechanisms behind the effect of MSC on both ex and in vivo HSPC are still being studied, as the

hematopoietic niche itself is not fully defined. Information on the niche organization, components, and

mechanisms will help not only to create more efficient protocols to allow the expansion of HSPC, but

also to select the best cells for therapies.

Together with the selection of the source or culture protocol that leads to higher hematopoietic

support, the identification of surrogate markers that allow the evaluation of MSC’s potency to support

hematopoiesis - and potentially allow the enrichment of a suitable sub-population - may reduce the vari-

ability between clinical trials [47, 75]. More about surface markers and MSC subpopulations and their

characteristics can be found on the section 1.2.

Use of MSC-derived products as therapies

Lately, MSC-derived products have been investigated as alternatives to the administration of MSC

themselves for therapies, since there is evidence that most of the therapeutic potential of MSC is related

with their paracrine effectors [15, 76]. MSC secretome is mainly composed of a cocktail of cytokines,

growth factors, chemokynes, and MSC-derived extracellular vesicles (MSC-EVs). Recently, it has been

suggested that MSC-EVs can preserve MSC therapeutic action, hence, MSC-EVs are a potential can-

didate to ease the translation of cell-derived therapies to clinical practice [16, 77].

MSC-EVs are nanovesicles that are loaded with biomolecules (proteins, lipids, or nucleic acids) and

are responsible for transporting them between cells [78]. It is widely accepted that certain types of

MSC-EVs are essential for several physiological processes.

Besides the evidence that MSC-EVs maintain therapeutic roles, they have several advantages over

the use of MSC themselves: they are easier to store, have a high safety profile, present low immuno-

genicity, cross biological barriers, have a transient presence in the body, and avoid certain complications

connected to MSC - for example, entrapment in lung microvasculature or induced ectopic tumor forma-

tion [76, 78].

Furthermore, it is possible to use a selected immortalized cell line to produce MSC-EVs continu-

ally. While it is not possible to use immortalized cell lines directly as therapeutic products since there

are several risks involved, if it can be assured that the immortalization process does not affect the pro-

duced EVs, the variability for the MSC-EVs for a given application would significantly decrease, and it

would be much easier to obtain a significant number of vesicles for a off-the-shelf therapeutic product

[16, 76]. In reality, there are some proof-of-concept papers stating that the immortalization of MSC by

overexpressing c-Myc seems to not affect EV preparations [79].

The use of MSC-EVs holds great potential as a cell-free substitute to MSC administration. However,

there are some obstacles that still need to be considered. MSC secretome varies a lot with their sources

and culture conditions, which makes MSC-EVs composition very heterogeneous. Furthermore, isolotion

protocols are still not optimal and a scale-up production of MSC-EVs would need to be implemented.
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Lastly, there are some therapeutical outcomes that may be related with cell-to-cell interactions, so it

should also be considered whether MSC-EVs are therapeutically appropriate for a given application or

not.

1.1.2 MSC Manufacturing

The low ammount of MSC that can be harvested from the donor tissues requires scalable, cost-

effective, and reproducible expansion protocols to make their use in a clinical context a viable option.

Despite the lack of knowledge on the ideal doses for therapeutics, Olsen et. al predicted that by 2040

around 300 Trillion MSC would be needed per year for therapeutic products considering only 10 FDA

approved products [80]. Parameters like culture systems, culture conditions, or storage and transport

conditions can be relevant to allow one to reach the necessary ammount of cells for a therapy in a

suitable timeframe and with controlled costs.

Culture Systems

One of the first things that is considered when one wants to scale-up MSC production is the choice

of a culture system. MSC can be cultured using plannar tecnhonologies or bioreactors, depending on

the clinical strategy and necessary dose.

For small scales, usually at a laboratorial scale, static 2D planar cultures where MSC adhere as a

monolayer to the plastic surface of the culture system are usually used (for example, T-flasks or culture

plates), however to generate the large number of cells needed for therapy other strategies need to be

considered [81].

Total surface area and cell density at harvest are the main parameters that control harvest size in 2D

cultures [82]. Multiflasks or cells stackers are options that increase the surface area by creating multiple

layers where MSC can adhere in a single flask, increasing the number of cells obtained. However,

multiflasks still present several limitations to be considered a scalable production system for MSC-based

therapies [81, 82]. Namely, each flask is susceptible to culture variability, the use of these systems is

very labor intensive which limits the number of cells that can realistically be harvested [81].

3D dynamic culture systems, such as spinner flasks, vertical wheel, wave bag, stirred tank, hollow

fiber bioreactors and bed perfusion systems, represent reliable alternatives to planar culture systems

for a scalable production of MSC. These dynamic culture systems usually make use of microcarries for

MSC propagation, which have a high surface area and can be chemically modified with adhesion motifs.

Consequently, bioreactors allow the harvest of the same ammount of cells in less time than plannar

systems and avoid the passage cycles which makes it less likely to occur phenotypic changes and de-

creases the risk of senescence [83–85]. Furthermore, such systems usually provide simpler operation

protocols, can function as closed systems which decreases the probability of contamination, frequently

permit the incorporation of online monitoring and control, allow a better control of environmental condi-

tions, can provide a controlled delivery of biobimetic stimuli, have simpler harvesting processes, and are

more cost-effective at larger scales [81].
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Overall, the use of these systems can improve standardization and reproducibility of MSC expansion,

and allow the expansion of those cells on a clinical relevant level. However, there is still a need to further

optimize culture of MSC in bioreactors, namely to allow more efficient cell recovery [85].

Coating Strategies

A simple way of accelerating MSC production is by culture them in surfaces that can enhance their

adhesion and proliferation, instead of simply expanding MSC on polystyrene surfaces. To achieve better

proliferation rates, surfaces can be modified,for example, a increase on the surface’s hydrophilicity will

allow a better adsorption of adhesive proteins [86]. Alternatively, the addition of immobilized cell-binding

motifs to the surface can also be done [87]. However, one of the most common techniques to enhance

MSC proliferation is by using coating strategies.

In vivo, MSC are anchored to the extracellular matrix (ECM), which is composed by a range of pro-

teins and glycosaminoglycans (GAGs). Key cellular processes like cell adhesion, migration, proliferation,

and differentiation are regulated by specific interactions between MSC surface receptors and ligands on

ECM, so the presence of different ECM molecules on the culture system can activate those pathways

[88].

When MSC are cultured with FBS- or hPL-supplemented media, adhesive proteins (like fibronectin or

vitronectin) adsorb to the plastic surface of culture flasks, allowing the attachment of MSC, even before

the presence of their own produced ECM [86].

The use of coating strategies become specially relevant to culture MSC with xeno-free and human-

free culture media, since such culture media are not as rich in proteins. A common strategy to enhance

adhesion and proliferation of MSC on their expansion in vitro is to pre-coat cultureware surfaces with

ECM adhesion components, for example fibronection, laminin, collagen typo I and IV, and gelatin are

commonly used as coating solutions for MSC expansion. Coating with different ECM molecules can

affect MSC expansion in different ways, since these can activate different pathways [89].

Fibronectin is an adhesive glycoprotein that is present in the ECM of MSC and it is commonly used

as coating for MSC ex vivo expansion. It has been shown that fibronectin coatings enhance MSC

migration, adhesion, and proliferation [89, 90]. However, it can also be responsible for the modulation

of MSC differentiation. By instance, it has been shown that fibronectin has a pivotal role in osteoblast

differentiation, moreover this molecule seem to inhibit adipogenic differentiation [87]. Nevertheless, other

authors reported no effect of fibronectin on adipogenic differentiation [89, 91].

Collagen molecules are the most common component of the ECM. Collagen type I, II, III, and IV have

been reported to also enhance migration, adhesion and proliferation of MSC [89]. Coating of cultureware

surfaces with collagen type I (and IV, but at a lower extent), have proved to not only enhance MSC

proliferation, but also to increase their tendency for osteogenic differentiation [91–93]). Furthermore, it

has been shown that combined coating of collagen type 1 with heparin, besides of what was previously

mentioned, can also modulate MSC secretome and their immunosuppressive potency [94].

Laminins are another key element of the ECM. There are 15 different laminin (LN) isomers composed

by different combinations of α, β, and γ chains (table 1.2). Laminin chains differ structurally depending on
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the number, size, and arrangement of constitutive domains, giving the diverse members of the laminin

family both similar and distinctively significant activities [95]. In fact, it has been shown that different

laminin isoforms have different binding affinities to integrins. By instance, LN-511/521 seem to have a

higher affinity to α3β1, α6β4, and α6β1 integrins followed by LN-332, other laminins could show affinity

to specific integrins, while LN-411 seemed to be the one with overall lower affinity [96].

Coating with LN-332 have shown to be more efficient increasing MSC adhesion and proliferation

than collagen IV or fibronectin and than other laminin isomeres [92, 97, 98]. LN-521 and LN-511 also

have shown to increase MSC proliferation but at a lower extent than LN-332 [98]. However, for exam-

ple, coating with LN-211 and LN-221 did not show major improves on cell adhesion [98], and LN-111

coating shows contradictory results, it has been shown that it was as efficient as LN-332 regarding MSC

proliferation but it has also been shown that coating with this isomer decreased MSC adhesion [97, 98].

Interestingly, LN-332 seems to promote osteogenesis [92], however there are some reports that it has

no effect on osteogenic differentiation, simply promotes the formation of bone due to the enhancement

of MSC proliferation and the inhibition of chondrogenic differentiation [97, 98].

Table 1.2: Laminin isomers and their composition.

Chain Composition Former Designation Current Designation
α1 β1 γ1 LN-1 LN-111
α2 β1 γ1 LN-2 LN-211
α1 β2 γ1 LN-3 LN-121
α2 β2 γ1 LN-4 LN-221
α3 β3 γ2 LN-5 LN-332
α3 β1 γ1 LN-6 LN-311
α3 β2 γ1 LN-7 LN-321
α4 β1 γ1 LN-8 LN-411
α4 β2 γ1 LN-9 LN-421
α5 β1 γ1 LN-10 LN-511
α5 β2 γ1 LN-11 LN-521
α2 β1 γ3 LN-12 LN-213
α4 β2 γ3 LN-14 LN-423
α5 β2 γ3 LN-15 LN-523

Overall, it seems to be consensual that coating of cultureware with ECM proteins enhances MSC

adhesion, proliferation and can influence their differentiation capacity. Moreover, it seems like when a

combination of ECM proteins is used as coating there is a higher enhancement of MSC adhesion and

proliferation than it is simply used a single protein coating [92, 97].

Culture Media

Selecting an appropriate culture medium is essential for the successful isolation and growth of MSC

from various sources. Usually, culture media formulations include a basal medium with nutrients like

glucose and glutamine, like Dulbecco’s modified Eagle’s medium (DMEM) or Minimum Essential Medium

Eagle alpha (αMEM), as well as a protein-rich supplement with growth and adhesion factors necessary

for the adhesion and expansion of MSC [99].

Fetal Bovine Serum (FBS) is one of the most common culture media supplements for in vitro cell

9



expansion. FBS is well established for its cost-effectiveness and richness of growth factors, adhesion

molecules, micronutrients, and hormones that stimulate attachment, growth, and proliferation of MSC

[100, 101]. However, there are some disadvantages to its use: FBS’ composition is undefined and

varies from batch to batch. Furthermore, it is a xenogenic product, which not only rises ethical problems

regarding the use of animal-derived products for scientific purposes, but also it can induce immunologic

reactions and transmit prions or zoonic viruses [101, 102]. Keeping in mind the objective of using MSC

as therapeutic products, the aforementioned problems make FBS not compliant with GMP, since it may

affect the safety of the final cell product. Therefore, alternatives to FBS have been intensively studied.

Human Platelet Lysate (hPL) appeared as an attractive cell culture supplement to replace FBS. hPL

is produced from human outdated platelets which contain a wide range of growth hormones, cytokines,

and proteins [100, 101]. Due to the lyse of platelets, immunoglobulins, albumin, folate, vitamin B12,

glucose, triglycerides, and a variety of growth factors, including transforming growth factor beta (TGF-ß),

platelet-derived growth factors (PDGF), insulin-like growth factor 1 (IGF-1), brain-derived growth factor

(BDNF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and basic fibroblast

growth factor (bFGF) are released [103]. In fact, hPL shows a higher concentration of growth factors

than FBS which can be the explanation for why most current research concur that hPL enhances cell

growth to a greater extent than FBS [103–105].

Despite the problem of batch to batch variation not being solved with this supplement, it addresses

the ethical concerns about the use of xenogeneic products, and, as long as it is treated previously, it

can allow a GMP compliant manufacture [101, 106]. Furthermore, most studies show that MSC cultured

with hPL (MSC-hPL), compared to FBS (MSC-FBS), can maintain the cluster of differentiation mark-

ers (positive for CD73, CD90, CD105, and negative for CD34 and CD45), and do not present major

differences in their differentiation capacity (in osteocyte, adipocyte, and chondrocyte) [104]. Neverthe-

less, MSC-hPL showed a spindle-shaped elongated morphology and have higher proliferation capacity.

Overall, GMP-compliant hPL can be a good candidate to substitute FBS in translational regenerative

medicine. However, while some claim that using hPL-supplemented culture media do not have effect on

MSC function [104, 105], others found that hPL-MSC had less immunosuppressive capacity [107, 108].

Despite the overall advantages of hPL over FBS, the lack of definition of its components and the

batch variation remains a problem that can affect MSC phenotype and function. Therefore, in order

to guarantee standardized culture protocols, the ideal substitute would be a fully chemically defined

xeno-free human-free medium [101].

The development of a chemically defined culture medium is however a problem. Not only it would be

necessary to identify from the high number of components of FBS and hPL which ones are important

for attachment, growth and proliferation of MSC, but also one would need to understand the combined

action of the factors and the right concentrations. In the end, all necessary components (growth factors,

attachment factors, nutrients, vitamins and transport proteins) must be present in precisely the right

amounts. Furthermore, for clinical applications, it is essential that such culture media do not affect

cellular characteristics and they should maintain MSC’s clinically relevant properties [109, 110].

Chemically defined media are not only hard to develop and to be approved, but also, they usually
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have a poor cost-effectiveness relationship, being to expensive for the development of cell therapies, that

are already costly by themselves. Nevertheless, there are options in the market for xeno-free, human-

free options (despite not being chemically defined yet). For example, StemPro SFM MSC is one of the

commercial options that have been widely used and that showed the capacity to maintain MSC minimal

definition criteria [107, 111, 112]. In fact, a study performed by Oikonomopoulos et. al, showed that

MSC cultured with StemPro did not have their immunomodulatory function impaired [107], and more

recently Kim and collegues even showed an enhanced regenerative capacity of MSC exosomes after

expansion with StemPro [112].

In the end, the choice of culture media can always affect MSC phenotype and function. Table 1.3

displays a collection of studies that examined the effects of different culture media on MSC, mainly

differences between FBS- and hPL-supplemented media.

Storage & Transport

High quality storage and transportation systems are required to deliver MSC safely and efficiently

for therapies [117]. It is important that such systems consider not only the number of MSC that will be

recovered at the end, but also their quality. When considering autologous therapies, transport solutions

(or short storage systems) should be enough. However, if one aims to develop of-the-shelve therapies,

long storage systems also need to be considered [117].

Cryopersevation is one of the main techniques to store MSC in long term. In order to cryopreserve

cells it is needed to supplement the culture media with cryoprotetancts - substances that protect cells

from freezing damage, otherwise water crystallization would damage cells’ internal structure compro-

mising their viability [118, 119]. Despite its cytotoxic effects, Dimethyl sulfoxide (DMSO) is still one of

the most used cryoprotectants. Nevertheless, for cells to be used therapeutically DMSO should be thor-

oughly washed out which can be expensive and time consuming, but also can lead to a reduction of

the cell yield [118]. Less toxic (or ideally non-toxic) alternatives to DMSO are being investigated - sug-

ars and sugar alcohols arrive as a natural alternative to DMSO since those molecules can stabilize cell

membranes and influence hydrogen bonding of the water molecules, reducing the cellular damage from

ice, nevertheless the results are still bellow the expected [119]. NutriFreez® D5 (DMSO-reduced freez-

ing solution) and BIOFREEZE (DMSO-free freezing solution) are examples of commercially available

serum-free and xeno-free freezing media alternatives that are closer to be GMP compliant and therefore

more prone to be used in clinical context.

Regarding short storage options, there are some cold storage solutions that rise as an alternative

to cryopreservation. Such solutions act by hypothermic preservation and allow cells to be transported

between 2 and 8ºC without compromising them, which is a big advantage upon cryopreservation, since

in that case cells should be transported at -80ºC [120, 121].

Since hypothermia causes ion imbalances - affecting essential ions like Na+, K+, Ca2+ and Cl- - it

causes osmotic and oxidative stress to the cells. Therefore, a good storage medium would need to

have an ionic balance similar to the intracellular milieu [121]. Despite MSC being relatively resistant to

stress, without a solution to to tackle the perturbations of ionic balance caused by the low temperatures,
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Table 1.3: Collection of articles that compare effect of different culture media on MSC

MSC Source Culture
Media Main Conclusions Ref.

MSC(M) FBS vs hPL

hPL-MSC:
- Express lower levels of adipogenic and osteogenic
markers
- Have the ability to fully differentiate into osteoblastic,
adipogenic, chondrogenic and vascular smooth muscle
lineages
- Have increased secretion of interleukin (IL)-6 and IL-8
- Have increased growth rate (shorter culture time)

[113]

MSC(M) FBS vs hPL

hPL-MSC:
- Have increased proliferation and are smaller
- Show enhanced osteogenic differentiation and sup-
pressed chondrogenic differentiation
- Present transcriptomic changes in comparison to FBS-
MSC
- Have impaired immunomodulatory and angiogenic
functions

[108]

MSC(M) FBS vs hPL
hPL-MSC:
- Showed the same immunomodulatory properties of
FBS-MSC

[114]

MSC(M),
MSC(AT), and

MSC(WJ)
FBS vs hPL

hPL-MSC:
- Show impaired hematopoietic support ability (for the 3
sources)

[10]

MSC(AT) FBS vs hPL
hPL-MSC:
- Have increased proliferation capacity- Show signifi-
cantly enhanced neurotrophic properties

[115]

Periosteum
derived MSC FBS vs hPL

hPL-MSC:
- Have increased proliferation capacity
- Maintain phenotype and differentiation capacity
- Show suppressed adipogenic differentiation
- Present transcriptomic changes in comparison to FBS-
MSC
- After implantation, create mineralized tissue, while
FBS-MSC generate fibrous tissue.

[116]

MSC(M) and
MSC(AT)

FBS vs hPL
vs StemPro

hPL-MSC:
- Have increased proliferation capacity, alongside
StemPro-MSC:
- Exhibited diminished immunosuppressive properties
(in comparison with both FBS-MSC and StemPro-MSC)

[107]

MSC(WJ) FBS vs
StemPro

StemPro-MSC:
- Produced exosomes with higher expression of cy-
tokines related to regenerative bioactivities which re-
sulted in enhanced wound healing and angiogenesis.

[112]
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irreversible changes in MSC cellular structure would happen, leading to death and decrease in cell

viability over time [120].

In a perfect scenario, cells would be infused together with such solutions to the patient. Hence,

solutions that were previously used for infusion, have been studied for transportation and hypothermic

storage of cell-based therapies. Solutions like Ringer’s solution or Plasma-Lyte mimic electrolyte con-

centration, pH, and osmolality of physiological plasma, nevertheless, it looks like they are not able to

maintain viable MSC in cold storage for periods of time longer than 24h [120, 122]. There are GMP

compliant approved solutions that allow MSC cold storage for a few more days (for example HypoTher-

mosol® FRS can maintain MSC(M)’s viability for up to 3 days [120], and Cellsius 2-8 could maintain

viability of MSC(AT) for up to five days in storage [123]). However, these storage media are not in-

jectable, requiring a washing step prior application of MSC-based therapeutic products.

Despite the efforts that are being done to find proper storage solutions and conditions, there is still

no ideal solution. Furthermore, there is evidence that cell storage can induce changes in the therapeutic

properties of cells, compromising the therapeutic outcome [121]. It is important to establish strong and

reproducible assays to control MSC’s quality before treatment.

1.1.3 Quality Control

Despite the high interest in MSC-based therapies, the results of studies and clinical trials are often

contradictory and present mixed outcomes. One of the main reasons to justify such results is the use of

cell products with uncertain quality [15, 124]. As it has been mention throughout this work, besides the

different sources from where MSC can be isolated, different isolation and culture conditions (expansion

protocols, coating strategies, culture media, etc) can alter MSC characteristics and select different sub-

populations. Different laboratories use different expansion conditions and different assays to evaluate

MSC quality.

In order to guarantee the production of high quality cell-based therapeutic products some preventive

measures should be taken. First of all, since donor characteristics (like age, gender, or health conditions)

can affect MSC [125], a rigorous donor selection should be made. Moreover, once cell-based therapies

have the capacity to spread infectious diseases, screening for transmittable diseases should be done

before the donation [126].

During the isolation and expansion proccess, it is important to guarantee that all materials and

reagents that are used during the production are GMP compliant and from qualified manufacturers.

Furthermore, tests to guarantee that cell-products are free of any contaminants (like bacteria, fungi,

endotoxins, or mycoplasma) should be performed [126]. Moreover, it is necessary to confirm if MSC

expanded ex vivo comply with the ISCT minimal criteria to define them, and if they are viable [126].

Lastly, since tumorogenicity is one of the most critical safety concerns when using stem cells, kary-

otype assay, to guarantee that there are no chromosomal abnormality after the culture in vitro, and in

vivo tumorigenicity assays should be performed prior infusion to the patient [126].

Nevertheless, even if all the safety measures and assays are performed, it is also important to make
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sure that the MSC that will be infused kept their function after the ex vivo expansion. Therefore, it is

important to apply potency and functional assays.

Potency and Functional Assays

According to EMA, ”Potency is the quantitative measure of biological activity based on the attribute

of the product, which is linked to the relevant biological properties” and ”an appropriately validated

potency assay should be based on a defined biological effect as close as possible to the mechanism(s)

of action/clinical response” [127]. Overall, a robust potency assay should reflect a relevant mechanism

of action (MoA), for a specific disease, preferably, in a quantitative way [15, 16].

Ideally, product attributes that predict clinical efficacy should be measured, however, it does not

exist a test that can do it adequately [128–130]. Alternatively, substantial evidence of clinical efficacy is

collected by designing well-controlled investigations, which includes designing well-defined and robust

potency assays [129].

Potency tests, together with several others, are used to assure the quality of a cell product. These

tests will access the identity, purity, strength, and stability of the cell product. For a product to have

market approval, it needs to have well-designed, reproducible, and robust potency assays for every

stage of clinical investigation [128, 129].

Defining potency assays for MSC-like structures is particularly challenging, mainly due to (1) inherent

variability for starting materials, (2) limited lot size and material for testing, (3) limited stability, (4) lack

of appropriate reference standards, (5) complex and not fully understood MoA, (vi) in vivo fate of the

product (that can not be fully reproduced in vitro) [15, 128]. What has been suggested by the FDA to

solve this issue is the adoption of an assay matrix composed of several complementary potency tests

that can measure product quality, consistency, and stability [128, 129].

In order to measure potency, one can use biological or non-biological analytical assays [15, 128, 129].

Traditionally, quantitative biological assays (bioassays) are used by evaluating the activity of the product

in a living system. Nevertheless, the design of a suitable bioassay for MSC is not always possible, in that

case, non-biological analytical assays may complement the results [128]. Analytical assays measure

properties of the product outside of a living system and can be used to demonstrate potency if a corre-

lation between them and the product-specific biological activity can be proved [128, 129]. Quantitative

flow cytometry and enzyme-linked immunosorbent assay; reverse transcription polymerase chain reac-

tion, quantitative polymerase chain reaction and microarray; or protein binding and enzymatic reactions,

are examples of analytical assays approved by the FDA that measure immunochemical, biological, or

molecular attributes (respectively) [128]. Bioassays and analytical assays can complement each other,

and can be used together in a potency assay matrix to better indicate MSC potency [128].

Due to the lack of consensual surrogate markers to evaluate MSC quality and functionality, co-culture

systems between MSC and different cell types are common assays. By instance, PBMC (or specific

immune cells) can be used to confirm MSC’s immunomodulatory capacity [128], and HSPC can be used

to test their ability to support hematopoiesis.
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1.2 MSC’s Subpopulations

As it has been mentioned throughout this review, MSC are a population that is very heterogeneous

regarding both phenotype and function, which may diminish their therapeutic capacity and lead to con-

traditory results between studies. Recently, different MSC’s subpopulations, with different characteristics

and therapeutic potentials have been proposed. The characterization of MSC’s subpopulations regard-

ing their biological functions, and selection of the proper subpopulations with enhanced potential for a

given condition, its an interesting path to create more effective MSC-based therapies and allow a better

comparison between different clinical studies.

An easy way to identify and sort cells is by their surface markers, and in fact, expression of differ-

ent surface markers on MSC have been reported to influence their main characteristics, allowing the

identification of subpopulations with different biological activities and therefore, different therapeutic ap-

plications.

1.2.1 MSC Subpopulations for immunoregulation

There are several reports that state the existance of a correlation between expression level of different

MSC surface markers and their immunosuppressive potential.

For starters, it has been shown that CD106+ MSC have augmented immunosupressive properties.

MSC’s surface protein CD106 (also known as VCAM-1 (vascular cell adhesion molecule 1)) seems to

be essential for mediating cell-cell contact with immune cells. In a work performed by Ren et. al, not

only was concluded that CD106 expression in MSC was induced by T cells, but also that higher the

expression of this surface marker, higher MSC’s immunosupressive capacity. Lastly these results were

confirmed by a significant decrease on MSC’s immunosupressive ability after genetic deletion of CD106

or after its functional blockage ([131]). In another work, Yang et. al compared the immunomodulatory

potential of CD106+ and CD106− MSC, and concluded that CD106+ produced more cytokines associ-

ated with the immune response (COX-2, IL-1a, IL-1b, IL-6 and IL-8) and were more effective modulating

T-helper cells [132].

Another population of MSC that proved to have enhanced immunomodulatory capacity are CD200+

MSC. CD200 (or OX-2 membrane glycoprotein) interacts with a receptor that exists on the surface

of myeloid cells (CD200R) causing the dowregulation of immune cells (mainly macrophages). It has

been shown that contrarily to CD200−/low, CD200+ MSC can suppress the secretion of TNF-α from

macrophages, moreover when this glycoprotein is blocked with anti-CD200 antibody its ability to down-

regulate macrophages activity decreases [133]. It has also been shown that MSC genetically manipu-

lated to express CD200 on their surface have increased immunomodulatory capacities [134]. Finally, it

looks like CD200/CD200R pathway is responsible for the innibition of dendritic cells maturation [135].

Overall, CD200+ MSC are well established as having an important role in the regulation of immune cells.

CD271+ MSC and CD146+ MSC are examples of populations for which the enhancement of im-

munomodulatory proprerties have been reported, however it seems like it is not directly related with

the surface markers themselves. By instance, MSC with high expression of CD271 (also known as
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low-affinity nerve growth factor receptor (LNGFR)) have shown to produce more cytokines, significantly

reduce the proliferation of allogeneic T cells, and suppress the proliferation of mononuclear cells dur-

ing mixed-lymphocyte reaction than unsorted MSC [136, 137]. CD146 (also known as melanoma cell

adhesion molecule (MCAM)) seems to identify a population of cells with enhanced secretory capacity

[138]. Immunopotency tests with stimulated PBMC and T cells showed CD146+ MSC to be a potent

immunosuppressant [138, 139]. Furthermore, CD146+ MSC promoted macrophage polarization from

M1 to M2, reducing their phagocytic capacity and promoting tissue repair [138, 139].

1.2.2 MSC Subpopulations for hematopoietic support

It is widely known that MSC are central members of the hematopoietic niche. Despite the limited

knowledge about the hematopoietic niche, it is known that through paracrine production of soluble

molecules and direct interaction, MSC regulate HSPC homeostasis [140]. As some light is shedded

in the structure of this niche, in vivo research has revealed various MSC subpopulations involved on

HSPC homeostasis, identified by the expression of different surface markers, namely CD146 and CD271

[57, 136].

CD146+ MSC are located in the sinusoidal wall and seem to have an enhanced clonogenic capacity.

Furthermore, when transplanted into immunocompromised mice , they supported hematopoietic activity

by re-establishing the hematopoietic environment. Lastly, regulatory genes related with maintenance

of HSPC homeostasis, like Angiogenin-1 and C-X-C motif chemokine 12 (CXCL12), have shown to be

overexpressed by CD146+ MSC [141].

CD271+ MSC are located in the trabecular region of the bone marrow, and as CD146+ MSC this sub-

population also has an enhanced clonogenic capacity. Compared to CD271− MSC, they have greater

proliferation capacity, and propensity to differentiate into mesodermal tissues [136]. Transcriptional

analysis of both CD271+ and CD271−/CD140a−/low MSC has shown increased expression levels of

hematopoiesis-related genes [142, 143]. For CD271+ MSC, CXCL12, FLT3L, IL-3, TPO, and KITL are

examples of genes that had an enhanced expression [142]. Furthermore, in vivo testing has shwon that

CD271+ MSCs are more effective at promoting HSPC engraftment [136].

It was demonstrated that CD271+ and CD271+CD146−/low MSC seem to be present in bone-lining

low oxygenated areas and are associated with long-term HSPC, while CD146+ and CD271+CD146+

seem to be located in the sinusoids of the bone marrow and to be associated with proliferating HSPC.

Nevertheless, in both regions HSPC location is nearby MSC’s, allowing them to interact directly [144].

Nevertheless, it also has been shown that CD146+ MSC can support long-term ex vivo expansion of

HSPC through activation of the Notch signaling pathway, while CD146− MSC induced HSPC differenti-

ation, compromising their expansion. [70]

Appart from populations that have been identified in the hematopoietic niche, PDGFRα+CD51+ cells

represent a small subset of CD146+ cells and have been suggested to have enhanced hematopoietic

supportive functions, since PDGFRα+CD51+ cells seem to be Nestin+ [145]. Nestin+ cells can create

non-adherent mesenpheres that can self-renew and expand, and upon adherent culture these cells
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can meet the requirements to be classified as MSC (nevertheless, expression of nestin is lost during the

expansion). It has been shown that Nestin+ cells are located closely to HSPC in the hematopoietic niche,

and expression of HSPC maintenance genes is enhanced. Furthermore, in vivo tests with mice showed

that depletion of Nestin+ cells reduced the presence of HSPC in the bone marrow [146]. In reality, Pinho

et. al demonstrated that PDGFRα+CD51+ cells were able to support the ex vivo expansion of HSPC

[145].

1.2.3 Other functions and characteristics

Other functions have been attributed to the previously mentioned MSC populations and to others.

By instance, CD200, CD271, and CD146, but also CD73, and CD130 have been reported to identify

MSC that have enhanced clonogenic capacity [136, 147]. Different subpopulations can have different

proliferation potentials. CD200+ and CD271+ MSC tend to differentiate into osteogenic and chodro-

genic lineage [134, 148]. On the other hand, CD146+ MSC are able to differentiate into the myogenic

lineage, namely can differentiate into cardiomyocites and be used for heart repair [149, 150]. As another

example, PDGFRα+ cells have can differentiate into dermal fibroblasts and ectodermal keratinocytes,

which can be very useful for wound healing [151].

Table 1.4: Examples of MSC subpopulations and their specific characteristics

Subpopulation Characteristics References

CD106
Increased immunomodulatory properties [131, 132]
Decreased colony-forming capacity [132]

CD200

Increased immunomodulatory properties [133–135]
Increased colony-forming capacity [134, 147]
Increased osteogenic and chodrogenic differentiation capacity [134]

CD271

Increased immunomodulatory properties [136, 137]
Enhancement of engraftement capacity in vivo [136]
Increased colony-forming capacity [136]
Increased osteogenic and chondrogenic differentiation capacity [148]

CD146

Increased immunomodulatory properties [138, 139]
Enhanced secretory capacity [138]
Enhanced hematopoietic supportive properites [70]
Increased colony-forming capacity [147]
Myogenic differentiation / high potential for heart repair [149, 150]

PDGFRα
Enhanced hematopoietic supportive properites [145]
Dermal fibroblasts and ectodermal keratinocytes differentiation /
high potential for wound healing [151]

Nestin
Enhanced hematopoietic supportive properites [145, 146]
Neuroregenerative properties (astrogliogenesis promoters) [152]

In table 1.4 it is possible to observe a summary of different functions for different MSC subpopula-

tions. Note that, it is just a sample, since there are other populations and functions that could be part

of this summary. Due to the heterogeneity of MSC, it is important to perform thorough identification of

specific subpopulations, and understand their respective strenghts and weaknesses, and mechanisms

behind their specific properties.

Despite MSC being one of the more promising cell types for therapeutics, its heterogeneity can be

a drawback for the translation from bench to clinic. Overall, it is important to understand how different
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procedures during cell-based therapeutic products can affect MSC function and what are the mecha-

nisms that cause alterations in the populations. In the end of the day, main objective should be to take

advantage of the different MSC properties and learn how to enhance or diminish them, depending on

the wanted application. This specificity of MSC production towards a specific application as the potential

to, not only enhance therapeutic outcomes, but also decrease the variability on clinical trials outcome.
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Chapter 2

Materials and Methods

2.1 MSC Samples

In this study, human MSC available in the Stem Cell Engineering Research Group (SCERG) cell

bank, at iBB-IST, Lisboa, Portugal, previously isolated from bone marrow aspirate and characterized to

guarantee compliance with ISCT minimal MSC identity and characterization criteria were used.

Bone marrow aspirates for MSC isolation were previously donated from Instituto Português de On-

cologia Francisco Gentil, Lisboa, under collaboration agreements with Institute for Bioengineering and

Biosciences (iBB) at Instituto Superior Técnico (IST). Samples were collected from healthy donors, after

written and informed consent and according to the Directive 2004/23/EC of the European Parliament and

of the Council of 31 March 2004 regarding standards of quality and safety for the donation, procurement,

testing, processing, preservation, storage, and distribution of human tissues and cells (Portuguese Law

22/2007, June 29), with the approval of the Ethics Committee of the respective clinical institution.

Throughout this work three different MSC(M) donors with different ages were used, from which one

was a male donor and the other two were females (table 2.1).

Table 2.1: Donor age and sex distribution (M - male; F - female)

Donor 1 Donor 2 Donor 3
Age 29 57 19
Sex M F F

2.2 Cell Thawing

Cryopreserved MSC(M) were withdrawn from the cellbank and partially thawed in a water bath at

37ºC. DMEM (31600-091 Gibco) supplemented either with 5% (v/v) hPL ultraGRO™-PURE GI (HPCHX-

CGLI50 Avantacell) or 10% (v/v) FBS (10270-106 Gibco) and 1% (v/v) Antibiotic-Antimycotic (15240-062

Gibco) was pre-heated. Cells were then fully thawed by slowly suspending them in 5mL of pre-heated

culture media.
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Cell suspensions were centrifuged at 350G for 7 minutes and the supernatant was discarded while

the pellet was re-suspended in 1.5 to 4 mL of their respective culture media, depending on the ex-

pected cell number. Cells thawed in DMEM supplemented with 10% FBS were resuspended in DMEM

supplemented with 10% FBS-MSC qualified (12662-029 Gibco).

From here on, DMEM supplemented with 5% hPL will be referenced as DMEM/hPL and supple-

mented with 10% FBS-MSC qualified as DMEM/FBS.

2.3 Cell Passage

MSC exhausted medium was removed and centrifuged at 350G for 10 minutes. Cells were then

washed with the same volume of Phosphate buffered saline (21600-044 Gibco) (PBS). To detach MSC

from the plastic surface of T-flasks, cells were incubated with an enzimatic agent for 7 minutes at 37ºC.

Depending if the cells were previously cultured with FBS-MSC qualified or hPL supplements, either a

solution of 0.05% (v/v) Trypsin (15090-046 Gibco) and 0.1 mM EDTA (J15694-AE Thermo Scientific) in

PBS or TrypLE™ Select 10x concentrated solution (A12177-02 Gibco) diluted with PBS were used.

Once cells were detached, enzymatic agents were inactivated by diluting them with the supernatant

of the respective centrifuged exhausted medium. If a significant amount of cells were still adherent to

the surface of the T-flask, a second cycle of detachment could be performed.

After collecting the cell solutions, they were centrifuged for 7 minutes at 350G and the pellet was

once again resuspended in the appropriate volume of the desired culture medium.

2.4 Cell Expansion

After thawing or detachment of MSC, cell counts and viability were assessed resorting to Trypan Blue

(15250-061 Gibco) exclusion test. Cell suspensions were resuspended in the appropriate volume of the

respective culture medium for seeding. Cells were seeded in T-flasks at a cell density from 2 300 to 4

100 cells/cm2.

Cells were incubated at 37ºC in a 5% CO2 humidified atmosphere until a confluence of 80-90% was

reached or up to 10 days in culture. If a high number of cells in suspension was observed in the first

day of culture, the culture medium was changed. Otherwise, it was changed every 3 to 4 days until cells

were passaged. In this study, MSC were expanded with DMEM/FBS or DMEM/hPL, depending on the

desired condition.

2.5 Nutristor Testing

MSC(M) from one donor (Donor 1) were centrifuged after passaging for 7 minutes at 350G. The

obtained pellet was then suspended in Nutristor (05F3F30011B Sartorius) or DMEM/hPL at a concen-

tration of 1 million cells/mL and kept at 4ºC. This test was performed 3 times, with cells from different

conditions. Furthermore, for each test, cells were counted after different duration in storage:
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Test 1. MSC(M) in P4 adapted from DMEM/FBS to DMEM/hPL, measurements were performed after

0h and 48h (2 days) in storage.

Test 2. MSC(M) in P4 cultured with DMEM/hPL, measurements were performed after 0h, 24h, 48h,

72h, 96h, and 120h (5 days) in storage.

Test 3. MSC(M) in P5 thawed in DMEM/hPL, adapted to DMEM/FBS, and readapted to DMEM/hPL,

measurements were performed after 0h, 2h, 18h, 24h, 48h, and 72h (3 days) in storage.

Viability and recovery were calculated from the results of cell countings for each timepoint. Viability

depicts the ratio of live cells over the total, and recovery represents the percentage of cells that are

recovered from the ones that were placed in suspension. Cell viability lower than 70%, cell recovery

lower than 50%, or insufficient cell number were used as conclusion criteria.

For test 2 and 3, cells were plated at each time point to test their capacity to re-adhere to plastic and

proliferate. For test 3 flow cytometry (see section 2.7.1) with only LIVE/DEAD Fixable Far Red Dead

Cell Stain Kit (L34974, Invitrogen) (L/D) dye was performed to cells after 30’, 2h, 18h, and 72h stored,

to confirm viability results.

2.6 Influence of Biolaminin Coating on MSC

To understand the influence of biolaminin coating in MSC function, MSC(M) from one donor at P4

(Donor 1) previously isolated and expanded with DMEM/FBS were seeded at 3 000 cells/cm2 and cul-

tured with DMEM/FBS for two passages with Biolaminina LN 521 coating (LN521-05, Biolamina) and

without coating. At each passage cell number and morphology were analyzed. MSC fold increase was

calculated as the ratio between the recovered cells after each passage and the plated cells.

MSC from both conditions were then plated in a 12-well plate and kept in culture until they reach

100% confluency, creating feeder layers to test them for hematopoietic support capacity. The presence

or absence of the coating was maintained also in the 12-well plate.

Coating was performed according with the manufacturer instructions. Shortly, Biolaminina LN 521

was diluted with DPBS(Ca++/Mg++) to a final concentration of 10 µg/mL. To coat T-12.5 flasks, used for

MSC expansion, the volume of coating solution was 2mL, while for the 12-well plate 500 µL/well were

used. Cultureware were then incubated for 2h at 37ºC. Afterwards, the coating solution was discarded

and cells were plated as described previously.

2.7 Influence of culture media on MSC

To study the influence of culture media on MSC, MSC(M) previously isolated with DMEM/hPL or

DMEM/FBS at passage 1 or 2 from three donors (Donor 1, 2 , and 3), were seeded in T-flasks at a cell

density from 2 300 to 4 100 cells/cm2. MSC(M) were then cultured for 4 passages with DMEM/hPL or

DMEM/FBS, in three scenarios as present in Figure 2.1, note that the first culture medium with which

these cells were expanded was the one with which they were previously isolated:

(1) continuously in the same culture medium
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(2) adapted to a different culture medium halfway

(3) adapted to a different culture medium and then re-adapted to the original one.

Figure 2.1: Scheme of culture media conditions. DMEM/FBS is represented as ”FBS” and DMEM/hPL
as ”hPL”. ”H” or ”F” represent the culture medium that was used at each passage, for example ”FH”
means that in the first passage of the study cells were cultured with FBS supplement and in the second
one with hPL.

At each passage, MSC were observed, counted with the trypan blue exclusion test, and the expres-

sion of CD146 and CD271 surface markers was assessed by flow cytometry.

Average velocity of growth was calculated as the ratio between the number of cells that grew during

the culture (difference between recovered and plated cells) and the number of days in culture.

After the last passage, MSC from the three scenarios aforementioned were co-cultured with HSPC to

evaluate the influence of MSC culture medium on their function, namely hematopoietic support capacity

(see section 2.8).

2.7.1 MSC Flow Cytometry

After detaching the cells, between 50 and 150 thousand cells were placed in 5 mL round bottom

polystyrene tubes, for each condition three tubes were prepared. Samples were washed with PBS

by adding around 2 mL of PBS and centrifuging them at 500G for 5 minutes. After centrifugation the

supernatant was discarded and cells were resuspended in the remaining supernatant.

In order to test cell viability, L/D was diluted with PBS in 1:100 proportion and 10 µL of the diluted

L/D solution were placed at two of the three tubes. Cells were then incubated for 15 minutes at room

temperature in the dark, and washed with PBS as described before.

One of the tubes was then stained with CD146 PE (342004 Biolegend) mouse anti-human mono-

clonal antibody and the other one with CD271 PE (345106 Biolegend) antibody to assess the presence

of those antigens. Once more, cells were incubated for 15 minutes at room temperature in the dark and

washed with PBS.

In the end, for each condition, there was one unstained tube as negative control, one tube stained

with L/D and CD146 PE, and one tube with L/D and CD271 PE.

After sample preparation, data acquisition was performed using a FACSCalibur Cytometer. Data

analysis was then performed resorting to FlowJo V.10 software.
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2.8 Hematopoietic Support Assay

Umbilical cord blood (UCB) units samples used in this study were originally obtained from Hospital

São Francisco Xavier, Centro Hospitalar de Lisboa, under collaboration agreements with iBB at IST.

Samples were collected from healthy donors, after written and informed consent with the same legal

framework as explained to MSC donation.

2.8.1 CD34+ Pool

Two different pools of CD34+-enriched cells were created, one to test the influence of the culture

media and another one to test the influence of the biolaminin coating. Enrichment of CD34+ cells was

done with Magnetic Activated Cell Sorting (MACS) using the CD34 MicroBead Kit human (130-046-702

Miltenyi Biotec)

To create CD34+-enriched pools, firstly mononuclear cells (MNC) previously isolated from UCB were

thawed in pre-heated DMEM supplemented with 10% (v/v) FBS. Up to 5 mL of thawed cell suspension

were added into a 50 mL tube and topped with DMEM supplemented with 10% FBS.

As done before, cells were centrifuged at 350G for 7 minutes, and the supernatant was discarded.

The pellet was resuspended in around 20 mL of MACS Buffer and counted. If visible cumps were present

after resuspension, cells would be filtered through a 70µm filter. Afterwards, the kit instructions were

followed.

Once the sorting process was complete, cells in the CD34+-enriched fraction were counted. Flow

cytometry of the same fraction was also done to characterize the sample and guarantee the success

of the sorting proccess. CD34+-enriched cells were then cryopreserved with culture medium (DMEM

supplemented with 10% FBS) supplemented with 10% (v/v) Dimethyl Sulfoxide (DMSO) (D850-100ML,

Sigma). After addition of DMSO to the cell suspension, cells were distributed by 1.8 mL cryovials which

were placed inside a CoolCell and left at 80ºC overnight. Afterwards, cryovials were transfered and

maintained in the cell bank (in liquid nitrogen).

MNC for the CD34+-enriched pool that were used to test the influence of the culture media on MSC

hematopoietic support capacity were from 3 different donors. In the case of the cells used to test the

influence of the biolaminin, CD34+-enrichment was done from MNC from one donor of umbilical cord

blood.

2.8.2 HSPC Expansion

As mentioned before, to test influence of culture media and biolaminin coating on MSC function,

hematopoietic support assays were performed.

For each condition MSC were plated in 12-well plates and kept in culture until they formed 100%

confluent feeder layers. One of the feeder layers for each condition was kept non-inactivated, while the

other was inactivated resorting to mitomycin-c (M4287-2MG Sigma Life Sciences) (mmC).

To inactivate MSC, a stock solution of mitomicin-c in PBS at a concentration of 0.5 mg/mL was
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prepared. Such solution could be used up to 1 month, requiring a fresh solution to be prepared after

that. MSC were incubated for 3 hours at 37ºC with 1 mL of the stock solution diluted 1:1000 with the

respective culture medium (reaching a final concentration of mmC of 0.5µg/mL). Afterwards, feeder

layers (FL) were carefully washed with the respective culture medium two times and kept in culture

medium inside the incubators until the start of the hematopoietic support assay. FL could be used until

1 day after the inactivation.

Previously frozen vials of a UCB CD34+-enriched cells pool for each experiment were withdrawn

from the cellbank. Vials were first partially thawed in a water bath at 37ºC and then fully thawed by

slowly suspending them in 5mL of pre-heated DMEM supplemented with 10% (v/v) FBS and 1% (v/v)

Antibiotic-Antimycotic. Cell suspensions were centrifuged at 350G for 7 minutes, supernatants were

discarded while pellets were resuspended in up to 1mL of StemSpan Serum-Free Expansion Medium

(SFEM) II (09655 Stemcell Technologies) supplemented with 1% (v/v) Antibiotic-Antimycotic. As ex-

plained previously for MSC, cell counts and viability were assessed resorting to Trypan Blue exclusion

test.

UCB CD34+-enriched cells were expanded in StemSpan SFEM II supplemented with 1% (v/v)

Antibiotic-Antimycotic and with a previously optimized cytokine cocktail: Stem Cell Factor (SCF - 90

ng/mL) (AF-300-07-100UG PeproTech), FMS-like tyrosine kinase 3 ligand (Flt-3L - 82 ng/mL) (AF-300-

19-100UG PeproTech), Thrombopoietin (TPO - 77 ng/mL) (AF-300-18-100UG PeproTech), and Basic

Fibroblast Growth Factor (bFGF - 5 ng/mL) (AF-100-18B PeproTech). A 7-day expansion at 37ºC was

performed at a density of 60 000 cells/well (30 000 cells/mL) in co-culture with MSC FL (inactivated and

non-inactivated) and without the presence of MSC.

2.8.3 HSPC characterization

In the end of the expansion, total nucleated cells (TNC) were counted once more with the trypan blue

exclusion test. Furthermore HSPC used for the hematopoietic support assay were characterized prior

(D0) and after the expansion (D7) by their immunophenotype and clonogenical potential.

Fold Increase (FI) was calculated by dividing the number of cells obtained after each 7-day expan-

sion, by the number of HSPC plated at D0 (60 000). Normalized Fold Increase was calculated by dividing

FI for each FL condition, by FI of the the control condition (no FL) for each hematopoietic cell expansion.

Immunophenotype was analyzed by flow cytometry, as explained before for MSC. An Unstained tube

was used as negative control for each condition, and in the sample tube cells were marked with the

following mouse anti-human monoclonal antibodies: CD45RA FITC (555488 BdBiosciences), CD90 PE

(328110 Biolegend) and CD34 PerCP-Cy5.5 (34722 BdBiosciences).

To analyze the clonogenic potential a colony forming assay (CFU) was performed. Between 1 000

and 2 500 HSPC in 100 µL were placed on top of 2 mL of MethoCult™ H4434 Classic medium (04434

Stemcell Technologies). Cells were resuspended resorting to a 18G seringe and the medium with the

cells was divided by 3 wells on a 24-well plate, while empty wells were filled with PBS. Cells were

kept in culture at 37ºC for 14 days. At day 14, colonies were counted and classified as multilineage
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colony-forming unit (CFU-GEMM), granulocyte-macrophage colony-forming unit (CFU-GM), and ery-

throid burst-forming unit (BFU-E).

Colony number was divided by the number of seeded cells and multiplied by 104 to obtain the number

of colonies generated per 104 HSPC. Percentage of each colony type were also calculated. Finally,

colony FI was calculated by dividing the total number of colonies at D7 by the total number of colonies

at D0.
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Chapter 3

Results and Discussion

3.1 Nutristor - a cold storage medium for MSC

The use of MSC as therapeutic products requires transportation processes. Therefore, short storage

solutions for MSC-based products should be able to guarantee high viability (ideally, higher than 70%),

good recovery rates, and maintain MSC characteristics. Furthermore, it should be possible to maintain

cell-products in storage for as long as possible, since it is important to allow flexibility upon transport

process and administration date.

Nutristor is a cold short storage media for MSC. To test its performance MSC(M) that were be-

ing expanded with DMEM/hPL were harvested and stored in suspension at 4ºC in both Nutristor and

DMEM/hPL (used as control condition), cell viability and recovery were calculated after different periods

in storage. In figure 3.1 both cell recovery (figure 3.1(a)) and viability (figure 3.1(b)) over a maximum of

5 days (120h) in cold storage can be observed.

(a) Cell Recovery (b) Cell Viability

Figure 3.1: Cell recovery (a) and viability (b) after a maximum of 120h in cold storage. Data is repre-
sented by the mean value for each timepoint 2h, 18h, 96h and 120h (n=1); 24h and 72h (n=2); 48h
(n=3). Orange represents cells stored in Nutristor, while purple represents cells stored in DMEM/hPL.
Error bars represent the SEM.

For cells stored in DMEM/hPL, it was not possible to recover viable cells after 48h of storage, and

even after only 18h only 39% of the cells were alive. Regarding cells stored in Nutristor, within the first
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2 hours, it was observed a cell loss of 22%, while the average loss per hour, considering the entire

storage time, was 0.5%/h. After the initial cell loss, between 1 and 3 days (24h to 72h) in Nutristor,

the recovery rate was roughly constant (approximately 60%). After 3 days in storage, the recovery rate

started decreasing until the end of the storage (after 5 days in Nutristor), when it was possible to recover

40% of the cells. Regarding cell viability, at the moment of harvest, MSC had a viability of 97±1%.

During the entire storage in Nutristor (from 1 to 5 days) viability was roughly constant, being always

higher than 70% (on average, 78±5%) (figure 3.1(b)). Such results were confirmed for MSC that were

30’, 2h, 18h, and 72h cold storage resorting to L/D staining (figure 3.2). Overall, for a storage time

shorter than 2h the use of Nutristor is not justifiable. However, when one wants to maintain cells viable

for a few days, the use of culture medium would not be an appropriate option.

Figure 3.2: Pseudocolor plots of flow cytometry results of L/D dye, with gating and percentage of the
population of dead MSC for the following durations in cold storage: 30’, 2h, 18h (for hPL and Nutristor),
and 72h (for Nutristor).

Studies focusing the efficacy of other commercially available storage solutions have been reported.

By instance, Petrenko et. al compared the efficacy of Ringer’s solution, Plasma-Lyte® 148, HypoTher-

mosol® FRS, and a buffered trehalose solution (BTS) with MSC(M) being kept up to 72h (3 days) in cold

storage [120]. It was concluded that Ringer’s solution and Plasma-Lyte 148 could not maintain MSC

viability after 24h in storage, but both HypoThermosol and BTS had viabilities around 75% at the end of

the storage time (after 3 days) [120]. Such results are comparable with the ones obtained in the present

study. Nevertheless, while Petrenko et. al only guaranteed the viability of MSC over 3 days, here, it was

shown the potential of Nutristor to store cells until up to 5 days, maintaining their viability higher than

70%. Furthermore, the same authors concluded that the use of HypoThermosol and BTS as short stor-

age solutions had recovery rates around 70% after 3 days in storage and maintained the ability of cells

to attach and proliferate, immunophenotype, differentiation capacity, and immunomodulatory properties
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also did not seem to be affected by storage with the aforementioned solutions [120]. It is important to

note that recovery results were not possible to compare between Nutristor and the solutions tested by

Petrenko et. al, since they were calculated differently. While here we calculated the percentage of cells

that could be recovered from the initial number of cells stored, in this other study, authors replated the

stored cells and calculated the percentage ratio between the number of cells that could be found in the

culture flask after some time of culture and the number of cells in the same condition prior storage.

In a previous study performed at our group, the use of fresh media, conditioned media, or 2-8 Cell-

sius (Protide Pharmaceuticals) solution to store MSC(AT) and MSC(WJ) were compared [123]. It was

concluded that 2-8 Cellsius was able to maintain MSC viability for 5 (MSC(AT)) to 7 (MSC(WJ)) days.

For the adult MSC, it was possible to recover around 60% of the cells after 5 days 2-8 Cellsius at 4ºC,

which was considerably higher than the recovery rate observed in the present study after 5 days in stor-

age with Nutristor (40%). Nevertheless, in this past study, MSC(AT) stored in DMEM/hPL at 4ºC could

maintain MSC viability for 4 days, with a recovery of around 70%, which was significantly higher than

the results obtained for the same condition in the current study (from 18h onward, the viability of MSC

stored in DMEM/hPL was lower than 70% and after 48h (2 days) it was only possible to recover 3% of

the cells). To better understand the differences between the performance of Nutristor and 2-8 Cellsius,

or other storage solutions, they should be compared for cells in the same conditions, i.e. from the same

source, donor, with the same expansion conditions, etc.

To understand if MSC kept their proliferative capacity after the cold storage, cells were re-plated

and expanded with DMEM/hPL (figure 3.3). After 18h in cold storage, cells stored in DMEM/hPL were

not able to attach to the plastic surface and proliferate (figure 3.3(b)), while the ones that were stored

in Nutristor could do so, and appeared to have normal morphology (figure 3.3(a)). In fact, even after 5

days in Nutristor, MSC were able to adhere to the plastic and proliferate, presenting a normal morphology

(figure 3.3(c)).

Since the nutristor solution is in a beta testing phase, there are no studies using it as a storage

solution for hypothermic preservation to allow a comparison of results. Overall, Nutristor seems to

be able to maintain MSC for a longer period than other options. However, a significant percentage

of the cells was lost during the process, which is a problem when therapeutic doses require a high

number of cells at a time. Further studies would need to be performed to guarantee MSC quality after

storage in Nutristor. Namely, characterization studies, as the analysis of surface markers expression

and differentiation assays, would be necessary to guarantee that after storage MSC keep compliant with

the minimal criteria to define them. Moreover, the three tests that were performed were done from the

same donor MSC, and most of the timepoints only have one measurement which is not representative.

It would be necessary to test for more donors, each one with more replicates.
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(a) MSC(M) at day 2 of culture after 18h in Nutristor (b) MSC(M) at day 2 of culture after being 18h in hPL

(c) MSC(M) at day 4 of culture after 120h (5 days) in Nutristor

Figure 3.3: Representative microscopic images (100x) of MSC(M) at day 2 of culture after being stored
for 18h in Nutristor (a) and in DMEM/hPL (b), and at day 4 of culture after being stored for 120h (5 days)
in Nutristor at 4ºC (c). Scale bar represents 100 µm for (a) and (b), and 250 µm for (c).

3.2 Biolaminina-521 Coating to Enhance MSC Properties

3.2.1 Effect on MSC Expansion

MSC(M) from one donor (N=1) were expanded for two passages with DMEM/FBS in the presence of

Biolaminina-521 coating (BL-MSC). As control, the same cells were also expanded for two passages in

a regular T-flask, with no coating (MSC). Passages were performed at the same day for both conditions

and were determined by the condition with higher confluence. In figure 3.4, it is possible to observe that

at the same day, BL-MSC were much more confluent than the control condition.

It was observed that BL-MSC in the second passage had a higher proliferation capacity than in the

first one. Not only did they reach confluence in less time (table 3.1), but also its fold increase was

higher (figure 3.5). Nevertheless, on both passages BL-MSC had a higher fold increase (FI = 4 and

6, respectively) than the control condition (FI = 2, on both passages), which was expected since upon

passaging, MSC expanded without coating were not confluent.
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(a) BL-MSC(M) (b) MSC(M)

Figure 3.4: Bright field microscopic images (with 100x ampliation) of (a) BL-MSC and (b) MSC at day 7
of culture. Scale bar represents 100µm.

Figure 3.5: Fold increase of MSC (blue) and BL-
MSC (green) on the first and second passage after
coating (N=1).

Table 3.1: Number of days in culture on the first
and second passage with and without coating. Cells
were passaged once BL-MSC reach confluence
(N=1)

Passage Days of culture

P5 7

P6 5

The higher proliferation capacity of BL-MSC was expected, since laminins are a major component of

the ECM and other studies also reported a higher proliferation rate of MSC in the presence of different

laminin isomers. While studying the effect of laminin-332 on MSC proliferation and osteogenic differenti-

ation, Hashimoto et. al also studied the influence of other laminins present in the bone marrow. Despite

the highest capacity to enhance proliferation being observed with laminin-332, the laminin-521 coating

also showed an increase in MSC proliferation and attachment [98]. In the same study, it was observed

that MSC enhanced proliferation was dose-dependent with the laminin-332 coating concentration. In-

terestingly, it was observed that the addition of laminin-332 to the culture medium as a soluble factor

had the same effect as using it as coating, also enhancing MSC proliferation [98]. Lindner et. al also

found out that the presence of ECM proteins improve MSC(M) proliferation, from the tested proteins (fi-

bronectin, collagen IV, laminin-111 and 332) laminins were the ones who better promoted MSC adhesion

and proliferation [97], in another study Mittag et. al reached the same conclusion about laminin-111 and

332 [92]. Overall, the effect of other laminin isomers on MSC adhesion and proliferation is well reported,

and specifically for laminin-521 it also was observed before.
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3.2.2 Hematopoietic Support Assay

Despite the effect on MSC adhesion and proliferation, it was necessary to understand if MSC’s

function was maintained. Hence, a hematopoietic support assay to confirm if there was any alteration

on the hematopoietic cell supportive function of MSC was performed with BL-MSC feeder layers (FL)

and MSC FL. Since laminins exist in the hematopoietic niche and are known to interact with HSPC [153–

155], a condition only with laminin-521 coating but without FL (BL-coating) was also tested as well as a

condition without any feeder layer nor coating (non-coated).

(a) Number of TNC. (b) FI of CD34+ cells.

(c) Total CFU FI (d) CFU types per 104 HSPC

Figure 3.6: Characterization of HSPC after expansion with MSC FL (solid blue), BL-MSC FL (solid
green), without FL nor coating (stripped blue), without FL but with laminin-521 coating (stripped green).
(a) total nucleated cells (TNC), (b) CD34+-cells FI , (c) Total colony forming unit (CFU) FI, and (d) CFU
types per 104 HSPC. For (A) and (B) bars represent the average result of two technical replicates (n=2)
of one MSC donor (N=1). Error bars display the SEM between replicates.

Nevertheless, the presence of laminin-521 coating during MSC expansion seemed to have a minimal

impact on MSC’s capacity to support the expansion of HSPC (figure 3.6). As can be seen in figure

3.6(a), proliferation capacity of HSPC was not affected whether cells were co-cultured with BL-MSC or

MSC FL (TNC at D7 = 3.2x106±3.9x104 vs 3.0x106±3.3x105, respectively), the coefficient of variation

(CV) between both conditions was 5.1%. Also in the conditions where the hematopoietic cell expansion
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Table 3.2: Percentage of CD34+, CD34+CD45RA−, and CD34+CD45RA−CD90+ cells before
hematopoietic cell expansion (D0) and after 7-day expansion in the previously mentioned conditions:
with MSC FL (MSC FL), with BL-MSC FL (BL-MSC FL), wihout coating nor FL (non-coated), without FL
but with laminin-521 coating (BL-coating). Percentages were assessed resorting to FlowJo V.10 soft-
ware.

CD34+ CD34+CD45RA− CD34+CD45RA−CD90+

D0 77.10% 51.33% 5.00%
MSC FL 61.40% 17.27% 2.54%

BL-MSC FL 57.10% 16.91% 2.46%
non-coated 26.50% 8.03% 1.54%
BL-coating 27.50% 9.29% 1.78%

occurred without FL (non-coated and BL-coated), HSPC proliferation capacity was not affected by the

coating (TNC at D7 = 1.3x106±4.4x104 vs 1.3x106±2.5x104, respectively. CV=2.6%).

Results of immunophenotypic characterization were also very similar between conditions with and

without laminin-521 coating, as can be seen in table 3.2. The percentage of CD34+ cells had a CV

of 3.6% between the both conditions of HSPC expanded with FL, and of 1.9% between both conditions

without FL (non-coated and BL-coated). Overall, FI of CD34+ (figure 3.6(b)), was slightly decreased after

expansion with BL-MSC FL (FI= 36.5±4.1) in comparison with MSC FL (FI=43.0±0.5). The percentage

of CD34+CD45RA− and CD34+CD45RA−CD90+ were also assessed to investigate the influence of

the coating on more primitive HSPC populations, and, for both HSPC expanded with and without FL, no

difference could be found when laminin-521 coating was used.

Lastly, clonogenic potential of HSPC after expansion was also studied by colony-forming unit as-

say (CFU) (figure 3.6(c) and 3.6(d)). HSPC clonogenic potential seemed to be slightly enhanced after

hematopoietic cell expansion with BL-MSC FL and BL-coating (in comparison to expansion with MSC

FL and non-coated wells). During the hematopoietic cell expansion, HSPC’s total capacity to create

colonies had a 25-fold increase when co-cultured with MSC FL and a 32-fold increase when with BL-

MSC FL. Also for conditions without FL, the clonogenic capacity was enhanced with the laminin-521

coating (FI=11 and 9 for BL-coated and non-coated, respectively). Focusing on the CFU types, CFU-

GM were the ones whose production was more enhanced by the presence of laminin-521. HSPC

expanded with BL-MSC FL originated 555 CFU-GM colonies per 104 cells (in comparison with 375 with

MSC FL), and the ones expanded in BL-coated condition created 390 CFU-GM colonies per 104 cells

(in comparison to 265 for non-coated). This indicates that not only does laminin-521 coating enhance

HSPC capacity to differentiate into granulocyte-myeloid progenitors, but also that MSC expanded in the

presence of this coating (BL-MSC) also enhanced it.

Despite the relevance of laminin-521 on the bone marrow extracellular matrix and its strong interac-

tion with HSPC that have been reported previously [153, 154], these results showed that laminin-521

influence on hematopoietic cell expansion and on MSC ability to support it was minimal.In a recent

study, Godvarthy et. al, observed that not only laminin-521 and 511 strongly adhered to receptors on

HSPC, but also these substracts induced a decrease of HSPC proliferation in a dose-dependent manner

[155]. However, in the study performed by Godvarthy and colleagues, laminin isoforms were given to

the culture as growth factors, while in this study they were used for coating, which can greatly reduce
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the amount of HSPC that can interact with them.

Regarding the influence of laminin isoforms on MSC function, namely the hematopoietic supportive

capacity, no other studies were found. The only characteristic that has been reported repeatedly is

the enhanced tendency of MSC cultured with laminins towards osteogenic differentiation [92, 97, 156],

which as been suggested by Hashimoto et. al to be observed due to a decreased ability to differentiate

into chondroblasts [98].

Ultimately, the use of laminin-521 as a coating for MSC culture appears as a candidate to accelerate

their expansion, without the concern of affecting MSC’s hematopoietic supportive function. However, an

economic analysis of the impact of reducing the culture time would need to be conducted. If the use

of laminin coating proves to be advantageous, further tests to characterize BL-MSC would need to be

performed to confirm the obtained results for more MSC donors and to further evaluate its impact on

other MSC functions.

3.3 Effect of Culture Media on MSC Properties

3.3.1 MSC Expansion

Proliferation

MSC(M) were expanded in DMEM/FBS and DMEM/hPL as explained in figure 2.1 for 3 different MSC

donors, with ages between 19 and 57 years old (table 2.1). For the different donors and conditions, it

was observed that MSC proliferated faster in the presence of DMEM/hPL (table 3.3), in figure 3.7, it is

possible to observe that, at the same day, MSC cultured with DMEM/FBS (figure 3.7(a)) are significantly

less confluent than MSC cultured with DMEM/hPL (figure 3.7(b)).

(a) DMEM/FBS (FF) - Day 4 (b) DMEM/hPL (FH) - Day 4

Figure 3.7: Representative bright field microscopic images (with 100x ampliation) of MSC proliferation
when cultured with (a) DMEM/FBS (FF) and (b) DMEM/hPL (FH), after 4 days in culture. Scale bars
represent 100µm.

MSC cultured with DMEM/hPL not only took fewer days to become confluent, but upon passage, the

number of MSC retrieved was also higher. In figure 3.8 it is possible to observe that the fold increase
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Table 3.3: Number of days in culture until MSC become confluent. Note that a maximum of 10 days
in culture was previously decided, even if MSC did not become confluent. Results represented as the
interval of days of culture between the 3 donors.

F FF FFF FFFF
H HH HHH HHHH

7 to 10 7 to 9 5 to 8 7 to 8

6 to 10 FFH FFHH 4 to 6 HHF HHFF

7 to 9
5 to 7 5 to 7

6 to 9
10 7 to 9

FH FHH FHHF HF HFF HFFH
4 to 5 4 to 6 9 to 10 6 to 10 7 to 9 6 to 7

per cell passage was always higher in conditions with DMEM/hPL (purple bars) reaching its maximum

when cells were adapted from DMEM/FBS to DMEM/hPL (FFH, FI=16.1±4.4) and minimum when cells

were re-adapted from DMEM/hPL to DMEM/FBS (FHHF, FI=1.8±0.6).

It is important to note that proliferation capacity was different from donor to donor (table 3.4). Nev-

ertheless, it was always higher for MSC cultured with DMEM/hPL. Variability of proliferation capacity

between donors from different ages and genders had already been reported [157, 158].

(a) (b)

Figure 3.8: Fold increase of MSC on the 3 branchs of conditions previously described for cells thawed
in DMEM/FBS (a) and in DMEM/hPL (b), from right to left, (1) continuously in the same culture medium,
(2) adapted to a different culture medium halfway, (3) adapted to a different culture medium and then
re-adapted to the original one. Note that there are data points that are repeated, using figure (a) as an
example, the condition ’F’ is repeated in the 3 branches, and ’FF’ repeated in the 2 first ones. Blue bars
represent timepoints were MSC were cultured with DMEM/FBS and purple bars were they were cultured
with DMEM/hPL. Each bar represents the average fold increase of 3 MSC donors (N=3), and error bars
depict the SEM.

Table 3.4: Average MSC’s velocity of growth (#cells/day) per donor. Values depict the average of the
average velocity of growth on the 4 passages of the branch without any change of culture medium
(av(F,FF,FFF,FFFF) and av(H,HH,HHH,HHHH) ± SEM).

Donor 1 (M, 29) Donor 2 (F, 57) Donor 3 (F, 19)
FBS (1.7±0.2)x105 (8.6±3.8)x104 (3.7±0.9)x105

hPL (4.2±0.6)x105 (4.3±1.0)x105 (2.5±0.7)x105

Overall, the higher proliferation capacity of MSC when cultured with DMEM/hPL was expected since

these results are in line with which have been reported until now [108, 115, 116]. Different authors, using

different techniques, also concluded that hPL-supplemented media promoted MSC growth in compari-

son with FBS-supplemented media. By instance, Palombella et. al, observed increased proliferation of

MSC(AT) by measuring their metabolic activity when cultured with DMEM/hPL instead of DMEM/FBS

[115]. In a different study, Gupta et. al also observed higher numbers of MSC(M) cultured in spinner
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cultures with DMEM supplemented with 10% hPL by both cell count and DNA quantification [116], in

comparison to FBS-supplemented medium.

Morphology

In figure 3.9 it is possible to see that MSC’s morphology is different when cells are cultured with

DMEM/hPL and DMEM/FBS. Visually, MSC cultured with DMEM/hPL (figure 3.9(a)) seem to have a

more spindle shape and also seem to be smaller whereas the ones under influence of DMEM/FBS

(figure 3.9(b)) seem to be bigger and with a more flattened shape.

(a) DMEM/FBS (HHF) - Day 3 (b) DMEM/hPL (HHH) - Day 3

Figure 3.9: Representative bright field microscopic images (with 100x ampliation) of MSC’s morphology
when cultured with (a) DMEM/FBS and (b) DMEM/hPL after 3 days in culture. Scale bar represents
100µm.

Figure 3.10: Boxplot of the forward scattering (FSC) median of every conditions where MSC were ex-
panded with DMEM/FBS (blue) and DMEM/hPL (purple). Results for 3 MSC donors (N=3).

To confirm the relationship between the size of the cells and the culture medium, the forward scat-

tering (FSC) obtained through flow cytometry was analyzed as can be seen in 3.10. This parameter is

known to be proportional to cell size and it is used to select given populations [159]. The average FSC
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median for conditions in DMEM/hPL was 465 ± 10, while for conditions in DMEM/FBS was 609 ± 7,

which is significantly higher. Hence, in this study MSC size proved to be smaller, in a quantitative way,

when DMEM/hPL was used in oposition to DMEM/FBS. Accordingly, a recent study by Du et. al, also

demonstrated the reduced size of MSC(M) cultured with DMEM/hPL in comparison with DMEM/FBS but

by using an automated cell counter [108].

CD146 and CD271 surface markers

Finally, expression of CD146 (figure 3.13) and CD271 (figure 3.14) surface markers were analyzed

at each passage for the 3 MSC donors, since CD146+ and CD271+ MSC were described as having an

important role in the hematopoietic niche and regulation of hematopoiesis [57, 70, 160].

While the expression of CD146 did not seem to be influenced by the culture medium used to expand

MSC, nor present a lot of donor variability, its expression was higher than 70% in most conditions (figure

3.11(a), table 3.5). On the other hand, CD271 expression was almost always lower than 50% and had

great variability from donor to donor, but it seemed to be over-expressed when MSC were cultured with

DMEM/hPL (figure 3.11(b), table 3.5).

(a) CD146 expression (b) CD271 expression

Figure 3.11: Boxplot of (a) CD146 and (b) CD271 expression of every conditions where MSC were
expanded with DMEM/FBS (blue) and DMEM/hPL (purple).

Riis et. al, verified that the expression of CD146 on MSC(AT) when expanded with hPL-supplemented

media was higher than when cultured with fetal calf serum [161]. However, Ma et. al compared, between

others, cell morphology, proliferation capacity, and surface phenotypic profiles of MSC from dental pulp

(MSC(DP)) cultured with culture medium supplemented with serum (SE) and with serum-free supple-

ment (SF). In agreement with the current study, they concluded that the use of SF culture conditions did

not affect the expression of CD146 surface marker [48].

In the same study, the authors concluded that CD146+ populations tend to have an enhanced pro-

liferation capacity [48], which was also concluded by Siegel et. al with MSC(M) cultured with α-MEM

supplemented with pooled human blood group AB serum [125]. Nevertheless, there are also works

where CD146−/low populations proliferated faster than CD146+ populations. For example, Paduano et.
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al verified it for human periapical cyst (dental tissue) MSC cultured with α-MEM supplemented with FBS

[162], and Scioli et. al observed a decreased proliferation of CD146+ MSC(AT) [163]. With the current

work, no relationship was found between proliferation capacity and expression of CD146.

Table 3.5: Average expression of CD146 and CD271 when MSC are cultured with DMEM/FBS (FBS)
and DMEM/hPL (hPL) by donor. Results presented as average ± SEM.

Donor 1 (M, 29) Donor 2 (F, 57) Donor 3 (F, 19)

CD146 (%) FBS 90.9±3.5% 81.9±4.8% 82.1±3.9%
hPL 73.3±9.0% 88.7±4.4% 95.2±2.2%

CD271 (%) FBS 3.1±0.4% 16.6±3.4% 4.0±1.1%
hPL 6.2±1.6% 38.2±3.9% 15.7±3.9%

Despite the tendency to have higher percentages of CD271+ cells when MSC were cultured with

DMEM/hPL being consistent between the 3 donors, relative expression of the surface marker was highly

variable (table 3.5). Barilani et. al also identified a high variability of CD271 expression between MSC

donors for both MSC(M) and MSC(AT), in line with the results obtained in the current work, percentage

of CD271+ was always lower than 40%. Nevertheless, contrarily to the obtained results, they visualized

a higher CD271 expression when MSC were cultured with FBS-supplemented medium (in comparison

with hPL-supplemented and chemically defined media) [164].

Figure 3.12: CD271 expression by passage for the branches that did not suffer alterations on the culture
media (H/F-P1; HH/FF-P2; HHH/FFF-P3; HHHH/FFFF-P4). Purple bars represent MSC expanded with
DMEM/hPL and blue bars expanded with DMEM/FBS. Bars represent the average results for 3 MSC
donors (N=3), and the error bars display the SEM.

When no change of culture medium was performed expression of CD271 decreased over passages

(figure 3.12). When cells were cultured with DMEM/hPL from the first (H) to the last (HHHH) passage

there was a decrease of almost 19% in the expression of the surface marker. For DMEM/FBS this result

was not so clear, since the decrease was only 6% and there was a slight increase in the intermediate

passages. Note that a decrease in the expression of CD271 over passages when MSC are cultured in

vitro has been described before [164, 165].

All in all, different results regarding the relationship between surface markers and MSC characteris-

38



tics may be justified by the use of MSC from different sources and expanded with different conditions,

which makes it difficult to compare results between studies.

Figure 3.13: Representative image of flow cytometry results, vertical axis represents side scattering
(SSC) and horizontal axis CD146 PE expression. Purple population represents the unsatined sample,
blue represents the stained one. Images obtained with FlowJo V.10.
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Figure 3.14: Representative image of flow cytometry results, vertical axis represents SSC and horizontal
axis CD271 PE expression. Purple population represents the unstained sample, pink represents the
stained one. Images obtained with FlowJo V.10.

3.3.2 Hematopoietic Support Assay

To evaluate the influence of culture media on MSC hematopoietic supportive capacity, FL were es-

tablished for all the final conditions (FFFF, FHHF, HHFF, FFHH, HFFH, and HHHH). At the end of the

hematopoietic cell expansion, not only the number of total nucleated cells (TNC) was assessed, but

also the percentage of CD34+, CD34+CD45RA−, and CD34+CD45RA−CD90+ cells, and the number

of colony-forming units (CFU) formed per 104 HSPC were assessed.

Such assays were performed before the hematopoietic cell expansion (D0) and after the 7-day ex-

pansion for the following conditions:

(1) In the absence of FL (No-FL) (n=8)

(2) In the presence of MSC FL inactivated for each one of the conditions previously mentioned (N=3,

except for the FFHH FL (N=2))

(3) In the presence of MSC FL non-inactivated for each one of the conditions previously mentioned

(N=3, except for the FFHH FL (N=2))
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Inactivated vs non-inactivated FL

HSPC were co-cultured with both MSC feeder layers that were inactivated with mitomycin C (mmC)

and feeder layers that did not go through the inactivation process (non-inactivated). Feeder layers are

usually inactivated to arrest MSC proliferation, mmC inhibits DNA synthesis leading to inhibition of cell

proliferation, however, this process should not alter cells function [90].

In this study, it was confirmed that the inactivation of MSC feeder layers with mmC did not improve nor

prejudice MSC’s ability to support the in vitro expansion of HSPC (figure 3.15). In fact, the coefficient

of variation (CV) between the TNC obtained after hematopoietic cell expansion with inactivated and

non-inactivated FL was 1.9±0.5% (note that the CV between replicates from the same condition was

6.5±1.8% and 5.2%±1.4%, respectively). Similarly, CV between both conditions for the percentage of

CD34+, CD34+CD45RA−, and CD34+CD45RA−CD90+ subpopulations were lower than 5%, and the

average of CV between CFU types of HSPC expanded with inactivated and non-inactivated FL is of

5.3±3.0% (the lowest CV within the same condition is of 12.2±5.1%). The CV being for the different

parameters being lower between conditions than within the same condition confirms the lack of variation

between HSPC co-cultured with inactivated and non-inactivated MSC FL.

Such result was expected since it has been suggested that MSC(M) themselves suffer from contact

inhibition. Aziza et. al concluded that, for MSC(M), proliferation rates and population doublings were

significantly reduced when MSC had a confluence of 100% [166]. Furthermore, their glucose consump-

tion rate was comparable with the one for MSC with a confluence of 20% [166]. Such results are in

accordance with the inhibition of MSC(M) due to contact with surrounding cells. A natural inhibition of

MSC(M) when they form a FL may be the reason why the inactivation with mmC or not of MSC(M) FL

does not seem to affect the hematopoietic cell expansion. No other studies with this comparison were

found, so it was not possible to compare results. Note that other authors have established protocols

for HSPC expansion where FL inactivation is not performed (namely since the expansion protocol is

considered short, only 7 days in culture) [167–169].

Effect of MSC FL from different conditions

Regarding the total number of nucleated cells, performance of MSC as FL for the expansion of

HSPC seem to be enhanced when MSC had DMEM/FBS as their last culture medium before the

hematopoietic cell expansion, regardless the adaptations that they have suffered before (TNC ranged

from (4.4±0.2)x106 to (3.9±0.4)x106 after co-culture with DMEM/FBS FL, and from (3.0±0.1)x106 to

(2.5±0.1)x106 after co-culture with DMEM/hPL FL) (figure 3.16(a)). However, when the control condi-

tion for each expansion (No FL) was taken into consideration, normalized FI of HSPC cultured with FL

that were always in DMEM/FBS (FFFF) was the highest (2.4±0.3), followed by the other two conditions

with DMEM/FBS as the last culture medium (FHHF: 1.8±0.3; HHFF: 1.7±0.0) (figure 3.16(b)). In a pre-

vious work, Bucar et. al reported that HSPC proliferation was not affected by the culture media where

MSC were expanded, since the FI TNC was similar for both DMEM/FBS and DMEM/hPL expanded FL,

for MSC(M), MSC(AT), and MSC(WJ) [10]. However, the results obtained in the current study were very
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(a) TNC after expansion (b) HSPC Subpopulations

(c) CFU

Figure 3.15: HSPC characterization when expanded with inactivated (pink) and non-inactivated
(green) FL. Values for total nucleated cells (a), expression of CD34+, CD34+CD45RA−, and
CD34+CD45RA−CD90+ (b), and number of CFU formed per 104 HSPC (c) are represented as the
average value between 3 MSC donors (N=3) and error bars depict SEM within the same condition.

coherent between the 3 MSC donors.

Immunophenotypic characterization was performed right after the isolation process (pre-cryopreservation)

to guarantee that the isolation had been successful, and after thaw immediately before the hematopoietic

cell expansion (D0). In table 3.6, it is possible to observe that there were no relevant differences be-

tween the percentage of CD34+, CD34+CD45RA−, and CD34+CD45RA−CD90+ populations on both

conditions. The maintenance of the immunophenotype of UCB HSPC had already been described [170].

Results for D0 were used to compare with the profile of cells after expansion.

In order to characterize the cells obtained after the hematopoietic cell expansion (at day 7), the

expression of surface markers to identify stem and progenitor cells was assessed through flow cytometry

analysis (figure 3.18 and 3.19). For HSPC expanded with DMEM/FBS FL, between 60 to 76% of TNC

were CD34+ cells (FFFF: 67.6±4.2%; FHHF: 71.3±2.6%; HHFF: 71.4±0.6%), while when DMEM/hPL

FL were used, only from 34 to 53% of cells were CD34+ (HHHH: 49.3±0.3%; HFFH: 37.4±2.4%; FFHH:

42



(a) TNC after expansion (b) Normalized FI

Figure 3.16: Number of total nucleated cells (a) and normalized FI (b) of expanded umbilical cord HSPC
after 7 days of co-culture with mesenchymal stromal cells previously expanded in different culture media.
Blue bars represent conditions where the last culture medium before the hematopoietic cell expansion
was DMEM/FBS and purple bars where it was DMEM/hPL. Normalized FI represents the ratio between
TNC of conditions with FL and TNC of the condition without FL on the same expansion. Values are
presented as mean ± SEM. n=8 for ’No FL’ and N=3 for all the other conditions with the exception of
FFHH: N=2.

Table 3.6: Immunophenotypical expression of CD34, CD45RA, and CD90 surface markers prior
hematopoietic cell expansion. Comparison between cells after isolation (pre-thawing) (n=1) and post-
thawing (D0) (n=2). Results for D0 presented as mean±SEM.

CD34+ % CD34+CD45RA- % CD34+CD45RA-CD90+ %
Pre-thawing 79% 34% 7%

Post-thawing (D0) 81±1% 33±0% 7±2%

42.8±5.3%). Furthermore, for the control condition (no FL) the CD34+ population comprised 28.7±1.0%

of the total amount of cells.

Overall, when the total number of CD34+ cells was calculated for each condition, when HSPC were

co-cultured with DMEM/FBS FL it was possible to obtain (2.9±0.1)x107 cells (FI of 59±2). However,

when DMEM/hPL FL were used only (1.2±0.1)x107 CD34+ cells were counted (FI of 22±2). Ultimately,

the number of CD34+ cells after 7-day expansion of HSPC co-cultured with DMEM/FBS FL was approx-

imately 2.4 times higher than when using DMEM/hPL FL (table 3.7).

Table 3.7: Total number of CD34+ cells after 7-day expansion of HSPC. Calculated by multiplying TNC
with the percentage of CD34+ cells. Results in the table are depicted as mean±SEM.

Condition #CD34+ cells (x105) Average (x105)
No FL 6.2±0.8

DMEM/FBS
FFFF 29.1±1.9

28.7±1.1FHHF 30.0±1.0
HHFF 26.9±3.1

DMEM/hPL
FFHH 13.9±0.9

12.0±1.2HFFH 11.0±1.0
HHHH 11.3±1.2

To analyze the presence of more primitive HSPC, the expression of CD45RA and CD90 surface

markers was also assessed, since CD34+CD45RA− and CD34+CD45RA−CD90+ are known to be

more primitive cells (being the CD34+CD45RA−CD90+ the most primitive population in analysis [171])
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(figure 3.19).

For HSPC expanded in the control condition (no FL), after the expansion 4.7±0.4% of the cells were

CD34+CD45RA−, and only 1.0±0.1% were CD34+CD45RA−CD90+. When the expansion was done in

the presence of MSC FL percentages of CD34+CD45RA− cells were comprised between 7.5±0.8%

(FFFF) and 14.5±2.3% (FFHH), in average conditions with DMEM/FBS FL preserved 9.0±1.1% of

CD34+CD45RA− cells and DMEM/hPL FL 10.6±2.6%. Despite the percentage of CD34+CD45RA−

seeming to be slightly increased after the expansion with DMEM/hPL FL, CV between expansion DMEM/

FBS and DMEM/hPL is 8.1%, while CV within DMEM/FBS conditions is of 12.2% and within DMEM/hPL

of 24.4%, so no significant difference could be found between both conditions. Percentage of CD34+CD45RA−CD90+

was also very similar between HSPC co-cultured with DMEM/FBS and DMEM/hPL FL, it ranged from

0.8±0.2% (FFFF) to 2.4±0.8% (FFHH). In average 1.1±0.2% and 1.8±0.4% of the TNC was CD34+CD45RA−CD90+

after expansion of HSPC with DMEM/FBS FL and DMEM/hPL FL, respectively (figure 3.17(a)).

(a) Percentage of HSPC subpopulations (b) FI of HSPC subpopulations

Figure 3.17: Immunophenotypic characterization of expanded umbilical cord HSPC after 7 days
of co-culture with MSC previously expanded in different culture media. Percentage of CD34+,
CD34+CD45RA−, and CD34+CD45RA−CD90+ after expansion and at D0 (a) and FI of the same pop-
ulations after expansion (b) were represented as mean ± SEM. n=8 for ’No FL’ and N=3 for all the other
conditions with the exception of FFHH: N=2.

In figure 3.17(b), it is possible to observe the FI of CD34+, CD34+CD45RA− and CD34+CD45RA−

CD90+ populations after the hematopoietic cell expansion. A slight increase in the FI of CD34+CD45RA−

population could be observed when HSPC were co-cultured with DMEM/FBS FL (FI=18±3) in opposition

to DMEM/hPL FL (FI=12±1). FI of CD34+CD45RA−CD90+ seemed to not be affected by the culture

medium on which MSC FL were established, HSPC expanded with DMEM/hPL FL showed a FI of 11±1

and with DMEM/FBS FL of 11±3.

Despite the different conclusions between the current study and the one mentioned before by Bu-

car et. al about the proliferation potential of HSPC, Bucar et. al also concluded that the percent-

age of CD34+ cell was reduced after co-culture with DMEM/hPL FL (adapted from MSC isolated with

DMEM/FBS) in comparison with co-culture with DMEM/FBS FL [10]. From the current analysis, it

was concluded that regardless of the culture medium used for isolation, when MSC are cultured with

DMEM/hPL in their last passage before the hematopoietic cell expansion, the presence of CD34+ pop-

ulations is greatly affected, overall DMEM/FBS FL have a remarkably better performance. These results
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suggest that less primitive progenitors tend to differentiate faster when cultured with DMEM/hPL FL.

However, the use of DMEM/FBS or DMEM/hPL FL seems to have minimal or no effect on the mainte-

nance of more primitive populations (CD34+CD45RA−, and CD34+CD45RA−CD90+).

Figure 3.18: Representative image of immunophenotypic analysis by flow cytometry of HSPC after 7-day
expansion without FL and with FFFF, FHHF, HHFF, HHHH, HFFH, and FFHH FL. Vertical axis represents
SSC and horizontal axis CD34 PerCP-Cy5.5 expression.
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Figure 3.19: Representative image of immunophenotypic analysis by flow cytometry of HSPC after 7-day
expansion without FL and with FFFF, FHHF, HHFF, HHHH, HFFH, and FFHH FL. Vertical axis represents
CD90 PE and horizontal axis CD45RA FITC expression. Expression of the markers was analysed for
previously identified CD34+ cells.

In order to identify the clonogenic potential of the progenitor cells, the colony-forming unit (CFU)

assay was performed for every condition. In figure 3.20(a) is possible to observe that considering the

TNC obtained after expansion, HSPC expanded with FFFF FL would be the ones that would be able to

create a higher number of colonies (total CFU FI=15.4±4.1), and cells expanded with FFHH FL would

generate the lower amount of colonies (total CFU FI=18.0±1.2). This means, that overall, the condition

with a higher capability of repopulating a hematopoietic system would be the expansion with FL of MSC

that were always cultured with DMEM/FBS.

Nevertheless, when considering the number of CFU that 104 cells could create, for the different

conditions, it was concluded that, as it was expected, the total number of CFU obtained per 104 cells

was considerably higher before the expansion (D0) than for the different conditions after expansion. At

D0 a total of 1.9x103 CFU were obtained per 104 HSPC. After the expansion no major difference was

found regarding to the total number of CFU per 104 for the different conditions, values were comprised

between (7.1±1.4)x102, for HSPC expanded with FFHH FL, and (1.0±0.2)x103, for HSPC expanded

with HFFH FL. Note that the total number of CFU that HSPC expanded without the presence of FL
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(No FL) could originate after the expansion is included in the previously mentioned range of colonies,

(7.7±1.1)x102 colonies could be obtained from 104 HSPC (figure 3.20(b)).

(a) Total CFU FI

(b) Total number of CFU per 104 HSPC (c) CFU types’ percentage

Figure 3.20: CFU produced by HSPC before and after a 7-day expansion in a co-culture system MSC(M)
FL previously expanded in different culture media. (a) Total CFU FI considering TNC obtained from the
hematopoietic cell expansion for each condition. (b) Total number of CFU (by type) that can be originated
per 104 HSPC. (c) Percentage of Percentage of each CFU type (BFU-E, CFU-GM, CFU-GEMM. Values
are presented as mean ± SEM. n=8 for ’No FL’ and N=3 for all the other conditions with the exception of
FFHH: N=2.

Despite the similarities between the total number of CFU originated by HSPC after expansion with

and without FL, it is possible to observe differences in the distribution of CFU types, erythroid burst-

forming unit (BFU-E), colony-forming unit granulocyte-monocyte (CFU-GM) or multilineage colony-forming

unit (CFU-GEMM) (figure 3.20(c)). Before the comparison between the different conditions after the ex-

pansion, it is important to understand the clonogenic potential of HSPC before being expanded (D0). At

D0, 58.4% of the colonies were classified as CFU-GM, which means that they were derived from specific

progenitors for granulocyte/monocyte cells. HSPC able to differentiate into granulocyte, monocyte, ery-

throcyte, and megakaryocyte cells formed 38.9% of the colonies (CFU-GEMM), while erythroid-specific

progenitors were only able to generate 2.7% of the colonies (BFU-E). After a 7-day expansion without

a FL (No FL), the percentage of CFU-GM was 49.3±7.1%, slightly lower than at D0. However, inter-

estingly, both CFU-GEMM and BFU-E were present in higher percentages (45.1±4.6% and 5.6±2.3%,
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respectively). Regarding the clonogenic potential of HSPC after expansion in contact with FL, all condi-

tions had lower percentages of CFU-GEMM (between 16.0±1.8%, HFFH, and 29.3±8.7%, FHHF), and

higher percentages of CFU-GM (from 64.3±13.0%, FHHF to 76.9±14.0%, HFFH) than at D0 and after

the expansion without FL (between 16.0±1.8% and 29.3±8.7%), percentages of BFU-E were comprised

between 2.4±0.4% (FFHH) and 8.6±4.0% (HHHH). Moreover, it seems that HSPC expanded in the pres-

ence of DMEM/FBS FL can originate a slightly higher percentage of CFU-GEMM and a slightly lower

percentage of CFU-GM, both with differences around 10%.

All in all, the culture medium with which MSC FL were established, did not seem to have a major

effect on HSPC clonogenic potential. This conclusion is also in accordance with the results obtained by

Bucar et. al regarding the clonogenic potential of HSPC [10].

Besides the previous study of Bucar et. al, no other studies focusing the influence of MSC culture

medium on MSC hematopoietic supportive capacity were found. However, several studies show that the

use of hPL-supplemented media, instead of FBS-supplemented ones, affects other MSC’s functions.

Du et. al, demonstrated that MSC cultured with hPL-supplemented medium tend to differentiate towards

osteocytes or adipocytes (over chondrocytes) since they have a tendency towards aerobic metabolism.

Furthermore, they also verified that hPL-supplemented medium impaired MSC’s paracrine function,

since the secreted factor could not induce angiogenesis nor stimulate polarization of M2 macrophages

[108]. In another work, Oikonomopoulos et. al showed that for MSC(M) and MSC(AT) as co-culture

systems for the expansion of peripheral blood mononuclear cells (PBMC), MSC expanded with hPL-

supplemented medium did not affect the proliferation of PBMC, exhibiting diminished immunosuppres-

sive properties when compared with MSC expanded with FBS-supplemented medium [107]. Overall,

there are reports that the use of hPL-supplemented media can affect different MSC functions.

CD146 and CD271 expression on MSC and their ability to support hematopoietic cell expansion

In contrary to what was expected, no major relationship was found between the expression of CD146

and CD271 on MSC and the outcome of the hematopoietic cell expansion with the correspondent FL

(figure 3.21). To better understand if there could be any relationship between the expression of CD146

and CD271 surface markers and the tendency of MSC to support hematopoietic cell expansion, the

correlation coefficient (r) between the expression of the surface markers on the last passage before the

establishment of the FL and the parameters used to evaluate the hematopoietic cell expansion (TNC,

CD34+, CD34+CD45−, and CD34+CD45−CD90+ populations) were calculated (table 3.8). r higher

than 0.7 (positive or negative) were considered strong correlations.

Tormin et. al studied the phenotypical and anatomical distribution of MSC populations in the bone

marrow. They concluded that both CD271+/CD146+ and CD271+/CD146−/low were able to form

hematopoietic stroma in vivo. Furthermore, they reported CD271+ and CD271+/CD146−/low MSC

as being bone-lining cells associated with the expansion of long-term (LT)-HSPC in low oxygen areas,

on the other hand, CD146+ and CD271+/CD146+ were reported to be located around BM sinusoids in

association with proliferating HSPCs [144].

Nevertheless, regarding the expression of CD271, across all donors and parameters, only the per-
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(a) (b)

Figure 3.21: Radar chart to depict the relationship between MSC’s surface markers (CD146 and
CD271) and the main results of the hematopoietic cell expansion (TNC, and expression of CD34+,
CD34+CD45−, and CD34+CD45−CD90+ cells). Average values for the 3 MSC donors were normal-
ized by the maximum value for each parameter. (a) feeder-layers with DMEM/FBS as the last culture
medium (b) feeder-layers with DMEM/hPL as the last culture medium

centage of CD34+CD45−CD90+ HSPC for donor 2 had a strong correlation (r=0.76). Such results were

not unexpected since the expression of this surface marker was lower than 10% on all the conditions

for Donors 1 and 3, and even for donor 2, it was lower than 30%. Interestingly, previous authors have

identified an upregulation of genes related to hematopoiesis in CD271+ MSC. By instance, Kuçi et. al

identified that in comparison with plastic adherent MSC, isolated CD271+ MSC expressed, between

other characteristics, increased levels of extracellular matrix, cell adhesion genes, and hematopoiesis-

related genes (CXCL12, FLT3L, IL-3, TPO, KITL) [142]. Furthermore, Ghazanfari et. al also identified

higher levels of hematopoiesis supporting genes in CD271+/CD140a−/low MSC in comparison with

CD271−/CD140a−/low MSC [143]. Also, regarding the in vivo potential of CD271+ MSC, it has been

shown that this population has the ability to promote HSPC engraftment [136]. In order to confirm our

results, and better understand if the CD271+ subpopulation could identify a subpopulation of MSC more

prone to support the in vitro expansion of HSPC, the co-culture system should be done with FL enriched

for CD271+ MSC and CD271− MSC.

On the other hand, the expression of CD146 had some parameters that could be considered to

have strong correlations with it, however, they were not coherent between donors. For instance, the

number of TNC showed to be strongly related to CD146 expression for Donor 1 and 3 (r=0.82 and 0.76,

respectively), contrarily, for Donor 2 the correlation is weak and negative (r=-0.39, which means that

higher number of CD146+ MSC could originate a lower amount of TNC). Similarly, a correlation between

CD146 expression and the percentage of CD34+, CD34+CD45−, and CD34+CD45−CD90+ was very

variable from donor to donor. As an example, the percentage of CD34+ had a strong positive correlation

with the percentage of CD146+ MSC for Donor 1 (r=0.91), a weak negative correlation for Donor 2 (r=-
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Table 3.8: Correlation coefficient (r) between expression of CD146 on the last passage before estab-
lishment of the FL and the parameters to evaluate the hematopoietic cell expansion (TNC, CD34+,
CD34+CD45−, and CD34+CD45−CD90+ populations). First three columns depict r per donor and the
last one represent mean r ± SEM. The same correlation was calculated between CD271 and the param-
eters mentioned before.

Correlation with CD146 expression
Donor 1 Donor 2 Donor 3 Average±SEM

TNC 0.82 -0.39 0.76 0.40±0.53
CD34+% 0.91 -0.40 0.64 0.39±0.52
CD34+CD45−% -0.35 -0.48 0.80 -0.01±0.54
CD34+CD45−CD90+% -0.40 0.11 0.86 0.19±0.45

Correlation with CD271 expression
Donor 1 Donor 2 Donor 3 Average SEM

TNC -0.03 -0.58 0.67 0.02±0.43
CD34+% 0.12 -0.56 0.42 -0.01±0.37
CD34+CD45−% 0.23 0.65 0.27 0.38±0.18
CD34+CD45−CD90+% 0.35 0.76 0.42 0.51±0.17

0.40), and a moderate positive correlation for Donor 3 (r=0.64). When analyzing the correlation factors

per donor, it is possible to conclude that while Donor 2 did not have any strong correlation between the

expression of CD146 on MSC and the parameters of the hematopoietic cell expansion, Donor 1 seem

to have a strong correlation between the number of TNC and the expression of CD34+, and Donor 3

appears to have a strong correlation with all the parameters (except for the CD34+ expression, with

which it has a moderate correlation). It is important to notice that only Donor 1 had conditions with

percentages of CD146+ MSC lower than 70% (HHHH=47.3%, HFFH=33.2%, FFHH=38.4%), being the

only one with marked differences on the expression of this surface marker. Overall the differences

between donors were considerable, so it was not possible to conclude that expression of CD146 on the

MSC surface was correlated with their ability to enhance the in vitro expansion of HSPC.

Contrary to what was observed here, Corselli et. al verified that CD146+ cells support the long-

term expansion of HSPC, while unfractionated MSC and CD146− cells led to early differentiation of

HSPC, compromising their ex vivo expansion [70]. In another work, Sacchetti et. al, demonstrated that

CD146+ MSC not only express regulatory genes related to hematopoiesis (CXCL12 and Angiogenin-1)

but also have the ability to generate a niche able to support hematopoiesis in vivo when transplanted

to immunodeficient mice [141]. Lastly, Sorrentino et. al verified that CD146+ MSC had an improved

performance on long-term culture (over 8 weeks) of HSPC compared to unfractionated MSC. However,

when looking at the results of the hematopoietic cell expansion after the end of the first week (7-days)

the results for CD146+ and unfractionated MSC FL are very similar, which may be the reason why it was

not possible to find strong correlations in the current study [172].
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Chapter 4

Conclusion

MSC are a very complex and heterogeneous population, that has a broad range of functions and

multifaceted mechanisms of action. Different donors, sources, isolation methods, or culture conditions

can originate MSC populations with different characteristics that can enhance or diminish given func-

tions. Lately, the identification of markers to isolate stricter MSC subpopulations, with tendency for more

specific functions has been a growing field of research. Despite the lack of definition that still exists,

MSC are one of the most promising cell type for cell-based therapies and the focus of an increasing

number of clinical trials. GMP compliant production and transport systems are indispensable, and their

impact on MSC’s properties needs to be studied.

Short term cell storage for MSC-based therapies is still a major problem. Therefore, the first goal

of this work was to understand if Nutristor - a cold storage solution in beta testing - could be a suitable

candidate for MSC storage. It was concluded that Nutristor appears to have the advantage to be able

to keep MSC viable for up to 5 days (longer than other options), which is important since it gives some

leeway during the transportation and administration process. Although MSC adhered to the culture

flasks after 5 days of storage with Nutristor, further thorough characterization tests would be required

to ensure MSC quality after storage. Moreover, a sizeable portion of the cells were lost during the

procedure, which is problematic because therapeutic doses make use of a large number of cells at

once. Note that around 40% of the cells were lost in the first 24h of storage, understanding the reason

why such loss happened could be useful to develop an optimized version of the storage medium. In the

end of the day, Nutristor seem to be a good option to be investigated, but it would be advantageous to

test it for other biological replicates.

As stated before, another problem regarding MSC ex vivo expansion, is the acquisition of different

characteristics upon expansion with different culture conditions. Hence, we evaluated the impact of

using a coating substrate (Biolaminina-521 coating) and different culture media supplements (FBS vs

hPL) on MSC expansion and ability to support HSPC expansion.

Regarding the influence of laminin-521 coating, it could be observed that while the proliferation ca-

pacity of MSC was enhanced by the coating presence, their ability to support the hematopoietic cell

expansion was barely affected. Despite the enhanced proliferation of BL-MSC, leading to the reduc-
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tion of the culture time, a cost-benefit study would need to be done to understand if this decrease on

the culture time would be advantageous. Note that other MSC functions have not been investigated,

so more studies should be be conducted to guarantee maintenance of other MSC functions, like their

immunomodulatory capacity.

Contrarily, the culture medium with which MSC were expanded affected several MSC properties,

between them their capacity to support the expansion of HSPC. MSC cultured with DMEM/hPL had a

different phenotype from the ones cultured in DMEM/FBS. When cultured with DMEM/hPL MSC had

higher proliferation capacity, presented different morphology (more spindle-shaped and smaller), and it

seemed that they had an enhanced expression of the CD271 surface marker. It is interesting to note

that, once cells where put in contact with a different culture medium, they readily acquired character-

istics of cells expanded with that culture medium. Finally, upon expansion in the presence of FL lastly

cultured with DMEM/hPL, HSPC had a diminished proliferation capacity and were more differentiated. It

is important to note that these results were very coherent between the three different MSC donors.

It was hypothesized that the expression of CD146 and CD271 could be related with MSC capacity

to support the expansion of HSPC. However, the relationships that were found between these surface

markers expression on MSC, and their ability to support hematopoiesis, were very variable between the

three MSC donors. Hence, no significant relationship was identified.

Overall, the influence of the culture medium that is used to expand MSC on the outcome of hematopoi-

etic cell expansion was very coherent between different donors from different genders and ages, and

proves that despite the need of xeno-free protocols for MSC expansion, it is important to be aware of

the influence of culture conditions on MSC functions. Nevertheless, the mechanism behind this effect

of hPL on MSC functionality is yet to be determined. Samples of RNA were extracted from MSC at all

passages, for the three MSC donors. The next step will be to analyse MSC’s transcriptomic profiles for

the different conditions and try to understand, at a transcriptomic level, why did the culture medium with

which MSC were expanded affect so greatly their hematopoietic supportive function, being the final goal

to allow the engineering and selection of an MSC population more prone to support the expansion of

HSPC.

As a final remark, understanding the mechanisms behind the differences that are induced due to the

production process of MSC-based therapies can be very useful for the production of MSC populations

with disease-specific strengths, having the potential to enhance therapeutic outcome and to decrease

variability between studies.
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