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ABSTRACT 

Human mesenchymal stem cells (hMSCs) have been identified as a promising cell-based therapy 

candidate to treat a number of unmet clinical indications, however, in vitro expansion will be 

required to increase the available number of cells and meet this demand. Scalable 

manufacturing processes, amenable to closed, single-use and automated technology, must 

therefore be developed in order to produce safe, effective and affordable hMSC therapies. To 

address this challenge, a controlled serum-free end-to-end microcarrier process has been 

developed for hMSCs, which is amenable to large-scale manufacture and therefore increasing 

economies of scale. Preliminary studies in monolayer culture assessed the level of variability in 

growth between five hMSC donors, which was found to have a variance of 25.3 % after 30 days 

in culture. This variance was subsequently reduced to 4.5% by the development of a serum-free 

monolayer culture process with the maintenance of critical hMSC characteristics and an 

increased number of population doublings. In order to transfer this into a scalable system, the 

serum and serum-free expansion processes were transferred into suspension by the addition of 

plastic microcarriers in 100 mL spinner flasks without control of pH or dissolved oxygen (DO). 

This achieved a maximum cell density of 0.08 ± 0.01 · 106 cells.mL-1 in FBS-based medium, 0.12 

± 0.01 · 106 cells.mL-1 in HPL-based medium and 0.27 ± 0.03· 106 cells.mL-1 in serum-free medium 

after six days. In order to drive consistency and yield into the manufacturing process, a process 

control system was developed for the FBS-based microcarrier expansion process in a 100 mL 

DASbox bioreactor platform to control DO, pH, impeller rate and temperature. Reduced impeller 

rates and DO concentrations were found to be beneficial, with a final cell density of 0.11 ± 0.02 

· 106 cells.mL-1 and improved post-harvest outgrowth and colony-forming unit (CFU) potential 

compared to uncontrolled microcarrier and monolayer culture. This controlled bioreactor 

expansion process was then applied to the previously developed serum-free microcarrier 

process, eventually achieving a final cell density of 1.04 ± 0.07 · 106 cells.mL-1, whilst retaining 

key post-harvest hMSC characteristics. Following the controlled serum-free expansion and 

harvest of hMSCs, a downstream and cryopreservation process was developed to assess the 

impact of prolonged holding times and subsequent unit-operations on hMSC quality 

characteristics. This showed that hMSCs are able to maintain key characteristics throughout the 

entire end-to-end process, demonstrating their potential for commercial scale manufacture. 

 

Key words: cell-based therapy, consistency, cryopreservation, downstream process 

development, human mesenchymal stem cell, manufacture, microcarrier, process control, 

regenerative medicine, serum-free. 
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1 Introduction 
 

Regenerative medicine is a growing field that aims to develop treatments to restore or maintain  

tissue function (Mason and Dunnill 2008; Mather et al. 2009) and draws upon therapies from 

all four pillars of healthcare: pharmaceuticals, biologics, devices and cell therapies (Mason and 

Manzotti 2009). Cell therapy is the therapeutic application of cells regardless of cell type or 

clinical indication – a platform technology (Mason et al. 2011) with global sales of well over £1 

billion and growth predicted to follow (Mason 2013). Human mesenchymal stem cells (hMSCs) 

have been identified as a promising cell-based therapy to target a number of unmet clinical 

indications such as heart disease and stroke, due to their ease of isolation, relative immune 

privilege and their ability to respond to local environmental cues, to release a cascade of trophic 

factors to initiate repair (Caplan 2009; Caplan and Correa 2011; Pittenger et al. 2015).   

 

For the majority of clinical indications, the transplantation of primary donor hMSCs may not be 

sufficient to achieve a therapeutic benefit and the expansion of cells in vitro will be required to 

address the shortage of functional cells available in the patient. The aim of these manufacturing 

processes is to significantly increase cell numbers without negatively affecting the therapeutic 

potential of the cell, which is known to deteriorate with time in culture (Hourd et al. 2008). It is 

possible that the commercial manufacturing lot size required to meet this need will be in the 

order of trillions of cells (Rowley et al. 2012a), though this is dependent on the dose 

requirements per patient and market size of each indication to be treated (Wappler et al. 2013). 

Many of the manufacturing processes for these cell-based therapies, for example Prochymal® 

(Osiris Therapeutics), are based on manual planar culture technology which has proven difficult 

to cost-effectively operate at the commercial scale. It is clear therefore, that this current manual 

planar culture technology will not be sufficient to meet this need and scalable manufacturing 

processes, amenable to closed, single-use and potentially automated technology, must be 

developed in order to produce safe, effective and affordable cell-based therapies.   

 

Humans MSCs are complex biological entities that are sensitive to their environment and display 

intrinsic variability within a tightly regulated industry. The two major sources of variation in the 

product are introduced by the process input material and process conditions (Williams et al. 

2012), which must be controlled in order to reduce product costs. A key aspect of reducing 

variation in the process input material will be reducing and eventually eliminating the use of 

fetal bovine serum (FBS) from the cell culture medium (Wappler et al. 2013). In addition to lot-
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to-lot variability, there are further process constraints on the use of FBS such as limited supply, 

increasing costs, potential for pathogen transmission (Brindley et al. 2012) and reduced scope 

for process optimisation. All of these considerations mean that moving towards a serum-free 

process would be beneficial in the development of a scalable and consistent manufacturing 

process.    

 

A lack of online process control is a key barrier for the consistent manufacture of hMSC 

therapies, as it has the potential to reduce the variation associated with the process conditions 

during manufacture. Without effective process control metrics, expansion technology will suffer 

when attempting to maintain product consistency and will therefore incur a higher cost of 

production. Effective monitoring and control systems will provide assurance of continued 

suitability and process capability, under the guidance of quality risk management (International 

Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals 

for Human Use 2008). Process control systems for conventional bioreactor technology are well-

understood and have the potential to be adapted for the manufacture of hMSC therapies (Butler 

2005; Trummer et al. 2006) and subsequently reduce variation in the hMSC product.   

 

One of the key differences between traditional cell bioprocesses to manufacture therapeutic 

proteins and the development of cell-based therapy manufacturing processes is that the cellular 

identity and functional characteristics must be maintained throughout the entire process. This 

means that the development of scalable and cost-effective off-the-shelf hMSC manufacturing 

processes must consider the harvest, downstream processing and long-term preservation of the 

hMSC product and its functional characteristics. The successful development of these end-to-

end manufacturing processes should be systematically evaluated as a set of sequential unit-

operations, rather than developing each step of the process in isolation, as changes in the 

upstream process will have a fundamental impact on the product quality throughout the 

following process steps. Accordingly, the scalable end-to-end manufacture of hMSC therapies, 

to consistently obtain clinically relevant cell numbers of the desired quality for commercial 

production, remains a key challenge for the successful development of off-the-shelf hMSC 

manufacturing processes.         
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2 Literature Review  

 
Regenerative medicine and tissue engineering are expanding research areas in which living 

human cells and tissues are being developed as potential therapeutic products. Clinical 

applications of cell based therapies are wide ranging, but are predominantly aimed at 

degenerative conditions, organ failure, and tissue damage (Thomas et al. 2007). Of increasing 

interest in the field is the use of stem cells, which have demonstrated the potential to treat or 

even cure chronic diseases such as diabetes, cancer, cardiac disease and neurological disorders, 

effecting billions of people throughout the world (Mimeault and Batra 2006; Mimeault et al. 

2007). Stem cells are defined as cells that have the ability to perpetuate themselves through 

self-renewal with the ability to generate mature cells of a particular tissue (Reya et al. 2001). It 

is this ability to self-perpetuate and produce large quantities of therapeutically active cells that 

have generated significant interest around the use of stem cells to not only treat, but potentially 

cure many diseases.  

 

 

2.1 Historical perspective of stem cells 

The transplantation of bone marrow from healthy donors to treat patients for bone 

degeneration dates back to the 19th century (Goujon 1869) with abysmal results and no 

survivors. The research slowly continued and it was not until the pioneering work of Dr Edward 

“Don” Thomas in the 1950s that patients began to go into remission from leukemia, for which 

he won the Nobel Prize for Medicine in 1990. Despite the number of bone marrow 

transplantations, the discovery of mammalian bone marrow stem cells was not made until 1961 

at the University of Toronto by James Till and Ernest McCulloch who demonstrated that the 

number of marrow cells injected into a mouse produced a linear correlation with the number of 

colonies formed in the spleen (Till 1961; Till and McCulloch 1961). This work developed the 

hypothesis that each of these colonies was produced by a single cell or clone, which was verified 

by further experiments (Becker et al. 1963; Siminovitch et al. 1963). The impact of this research 

cannot be underestimated, as it was the first set of experiments to conclusively prove that bone 

marrow contained cells with clonogenic potential and sparked a new research area, which 

aimed to harness this potential and further the development of bone marrow transplantation 

(Tavassol.M and Crosby 1968). 
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Despite the realisation that bone marrow contained cells with the potential to proliferate in 

vivo, the presence of non-hematopoietic stem cells could not be confirmed until they were 

isolated. This critical step was taken in the late 1960s by a Russian scientist Alexander 

Friedenstein with colleagues at the University of Moscow. The group showed that “fibroblast-

like” clonogenic cells from rat bone marrow could be isolated from hematopoietic progenitor 

cells by adherence to tissue culture plastic as well as in vivo differentiation down the osteogenic 

lineage via heterotopic transplantation (Friedens.Aj et al. 1966). This proved vital in their 

development, as it provided not only the proof that these “stromal stem cells” are a distinct 

population in the bone marrow but also provided a method for isolation, allowing for more 

detailed studies to characterise these cells. Studies soon followed to show that discrete colonies 

could be formed from single cells, bringing about the concept of a bone marrow colony-forming 

unit fibroblast (CFU-f) (Friedens.Aj et al. 1970; Friedens.Aj et al. 1974; Friedenstein et al. 1976), 

as well as the ability to form multiple skeletal tissues (bone, cartilage, adipose and fibrous 

tissues) in vivo by the progeny of a single cell which Friedenstein and Owens termed  “osteogenic 

stem cells” (Friedenstein et al. 1987; Owen and Friedenstein 1988). 

 

It was not until the work of Arnold Caplan in the early 1990s that the potential for “mesenchymal 

stem cells” to regenerate skeletal tissues was considered for clinic indications (Caplan 1991). 

This idea of a cell therapy, whereby hMSCs could be taken from a patient, expanded ex vivo and 

returned to the same patient for therapeutic benefit (autologous therapy) initiated the need for 

in vitro expansion technologies to obtain these clinically relevant cell numbers, due to the rarity 

of these cells in vivo. This shift to in vitro isolation and culture meant that many more research 

groups could investigate hMSCs using conventional cell culture techniques combined with the 

highlighted potential for multiple target therapeutic indications. This led to the formation of the 

first cell therapy company Osiris Therapeutics (NASDAQ:OSIR) in 1992 who quickly began pre-

clinical development of an hMSC therapy for the treatment of Graft vs. Host disease (GvHD) 

along with continuing research in the field (Bruder et al. 1994; Wakitani et al. 1995; Jaiswal et 

al. 1997; Johnstone et al. 1998; Caplan and Dennis 2006a; Caplan 2007). It was not until 1999 

that the true potential of hMSC therapies received worldwide attention after Osiris Therapeutics 

published a research paper in Science suggesting a broad therapeutic utility for hMSCs 

(Pittenger et al. 1999). This breakthrough coincided with the isolation of human embryonic stem 

cells (hESCs) by James Thomson in 1998 (Thomson et al. 1998) which produced significant 

interest around the broad therapeutic potential of stem cells. On the crest of a wave, the stem 

cell world changed dramatically with hMSCs being proposed for the treatment of many 
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indications (mirroring hESCs), far outside of the original limits proposed by Friedenstein et al in 

the 1970s. 

 

This broad therapeutic utility is still being considered today, with cell therapy companies such 

as Mesoblast Ltd (Australia), Athersys Inc. (USA), Pluristem Therapeutics Inc. (Israel) and 

Celgene (USA) currently in clinical development with hMSCs products for the treatment of acute 

myocardial infarction, ischemic stroke, multiple sclerosis, limb ischemia, pulmonary disease and 

diabetes. Clearly there is a push to commercialise cell therapy products targeting these major 

indications, however, rigorous product characterisation must be considered to ensure hMSC 

have the functional ability to treat this broad range of clinical indications.  

 

 

2.1.1 The sobering years 

Reality soon hit at the turn of the millennium. The hype surrounding the potential of hMSCs to 

treat a vast number of clinical indications sparked by the work of Osiris Therapeutics (Pittenger 

et al. 1999) and the groundbreaking developments within embryonic stem cell research led 

many academic institutions to invest heavily in hMSC research. Conversely, the green shoots of 

industry that began to emerge in the 1990s soon disappeared as the failure rate of clinical trials, 

the huge cash-burn and increased bankruptcy of cell therapy companies caused investors to 

lose confidence in the industry and as a result, the capital value of publically traded companies 

plummeted from $2.5 billion in 2000 to $300 million by 2003 (Lysaght and Hazlehurst 2004).  

 

 

2.1.2 Induced pluripotent stem cells 

Fueled in part by the lack of government funding for embryonic stem cell research, academia 

was in search of an alternative cell line which would provide the benefits of a pluripotent cell 

line without the associated ethical constraints. Based on work by Sir John B. Gurdon at Oxford 

University in 1962 (Gurdon 1962), Shinya Yamanaka et al  of Kyoto University successfully 

reprogrammed murine (Takahashi and Yamanaka 2006) followed by human (Takahashi et al. 

2007) mature cells to become pluripotent using a technique known as somatic-cell nuclear 

transfer (SCNT) in 2006 and 2007, respectively. SCNT allows for the creation of primitive 

embryonic-like stem cells by combining the nuclei from a somatic cell with an enucleated egg 

potentially allowing for the development of patient-specific pluripotent stem cells (Byrne et al. 

2007), termed induced pluripotent stem cells (iPS cells).  
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The derivation of human iPS cells in 2007 had a significant impact on the stem cell world, with 

the US research funding for non-embryonic cell lines more than doubling by 2009. At the same 

time, embryonic stem cell research experienced no significant increase in research funding even 

following the US government’s decision to pass the Stem Cell Research Enhancement Act and 

reinstate federal funding for embryo-derived cells lines in 2009. It seems that as the field 

develops, iPS cells are increasingly taking the place of ESCs as the pluripotent cell of choice with 

reduced ethical constraints associated with the destruction and manipulation of human 

embryos.  

 

 

2.1.3 Industry and early adopters  

The development of iPS cells in 2006 coincided with a large number of biotechnology companies 

becoming involved in the commercialisation of hMSC therapies. This has led to a large jump in 

the number of clinical trials for hMSC therapies from 2008 with peak interest for cardiac repair, 

skeletal disorders and disease of the immune system (Li et al. 2014). The development of 

systems such as the Celution by Cytori Therapeutics, began to drive the commercial interest in 

developing autologous cell-based therapy clinical trials. These point-of-care devices allow for 

the isolation of a patient’s own adipose derived hMSCs in the clinic, for re-implantation in the 

same procedure under the regulatory policy of minimal manipulation (Trainor et al. 2014). This 

has the benefit of a shorter regulatory pathway compared to manufactured products which is 

considered to be desirable due to shorter perceived reimbursement timelines, therefore 

reducing the risk to investors (O'Cearbhaill et al. 2014). 

 

The minimum guidelines for defining hMSCs published in 2006 by the International Society for 

Cellular Therapies (ISCT) came at a time when many big companies where getting involved in 

hMSC therapies, a fantastic demonstration of the give and take between academia and industry 

that will be imperative to achieve successful commercialisation. Industry creates the need that 

academia is charged with fulfilling and although the argument is still active about the issue of in 

vitro characterisation of hMSCs, the ISCT went some way to addressing the issue and gave 

industry and academia direction on the minimum definition of what constitutes an hMSC, which 

will be discussed further in Section 2.2.4.    
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2.2 Mesenchymal stem cells 

Ever since the term mesenchymal stem cell was first introduced by Arnold Caplan in 1991 

(Caplan 1991), much excitement has been generated around the potential for hMSCs to treat 

and in some cases cure human disease.  This has been mainly due to their ease of isolation as 

well as their ability to proliferate ex vivo under the appropriate culture conditions. Human MSCs 

have now been reportedly isolated from many tissue types such as bone marrow (Friedens.Aj 

et al. 1966; Friedens.Aj et al. 1970; Pittenger et al. 1999), adipose tissue (Zuk et al. 2001; Zuk et 

al. 2002), umbilical cord (Wang et al. 2004) and cord blood (Erices et al. 2000; Kogler et al. 2004) 

with the therapeutic benefit thought to be achieved via a combination of: 

 

1. Modulation of the patients’ immune system. 

2. Release of trophic factors to stimulate native tissue regeneration.  

3. Reducing the inflammatory response. 

 

Part of the defining criteria for an hMSC is the ability to differentiate into different cell types 

(Figure 2.1) including osteoblasts, chondrocytes, adipocytes, neural cells and connective tissues 

(Pittenger et al. 1999; Pittenger and Martin 2004). Along with the desirable characteristics 

described above, hMSCs have also received a lot of attention due to their ability for donor 

mismatched transplantation without ectopic formation and their non-engraftment following 

treatment, achieving their mode of action via a “hit and run” mechanism (von Bahr et al. 2012). 

This introduced the possibility of off-the-shelf (allogeneic) hMSC therapies, whereby many 

doses can be manufactured from a single batch to treat multiple patients. This allows for 

increasing economies of scale and the development of a business model that is far more akin to 

current biopharmaceuticals, a highly attractive proposition for pharmaceutical companies.  
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Figure 2.1. Ability of mesenchymal stem cells in the bone-marrow cavity to self-renew (curved 

arrow) and to differentiate (straight, solid arrows) towards the mesodermal lineage. The 

reported ability to trans-differentiate into cells of other lineages (ectoderm and endoderm) is 

shown by dashed arrows, as trans-differentiation has not been fully demonstrated in vivo. 

Taken from (Uccelli et al. 2008) 

 

2.2.1 hMSC nomenclature 

The term “mesenchymal stem cell” proposes a ubiquitous in vivo potential that has yet to be 

fully demonstrated (Bianco et al. 2008; Bianco et al. 2013a; Bianco et al. 2013b). The term 

mesenchymal stem cell suggests that they can be derived from skeletal and non-skeletal tissues 

as well as having the ability to act as a “drugstore” (Caplan and Correa 2011) delivering trophic 

factors (Caplan and Dennis 2006b) when infused in vivo to successfully treat a multitude of 

diseases, including those effecting non-skeletal tissues (Pittenger and Martin 2004; Caplan 

2005). This multilineage potential of hMSCs has yet to be proven in vivo, with a limited amount 
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of positive human clinical data to support this broad therapeutic utility. By applying the 

appropriate chemical cues to cells in vitro one could form almost any human tissue type. A good 

example of this is bone morphogenetic protein (BMP) which can cause adult myocytes to form 

osteoblast-like cells (Yamaguchi et al. 1991; Katagiri et al. 1994), but does not demonstrate that 

these cells are functional. It is important, therefore, that the in vivo mechanism of action of 

hMSCs is well understood so that manufacturing processes can be developed in order to 

maximise these desired cell attributes.   

 

Human MSCs represent an entirely heterogeneous population of cells, making it very difficult to 

standardise and compare research since there is no universal method for positively selecting a 

homogenous population. Although efforts are being made to do so based on CD271+ cells from 

human bone marrow (Jones et al. 2006; Jones et al. 2010), it is unlikely that a single cell surface 

marker will define the entire functional hMSC population. It is important, however, that efforts 

are made to positively select the input material for hMSC manufacturing processes, as this will 

reduce variation in the product and facilitate the development of consistently efficacious 

therapies. That said, it is also possible that the infusion of a heterogeneous population of hMSCs 

is part of the therapeutic benefit, with different subpopulations of hMSCs contributing to the 

variety of clinical effects.     

 

Despite the many names given to hMSCs (Table 2.1) it is clear that much more work is required 

to fully understand and characterise these cells, to ensure that researchers in the field do not 

lose sight of the fact that these cells must demonstrate their therapeutic potential in vivo if the 

full potential of hMSC therapies is to be realised.  
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Table 2.1. Summary of the various names given to “hMSCs” demonstrating the uncertainty 

and conflict in the field as to the identity and function of these cells. 

Nomenclature Year  Reference 

Stromal Stem Cell 1966 

(Friedens.Aj et al. 1966; Friedens.Aj 

et al. 1970; Friedens.Aj et al. 1974; 

Friedenstein et al. 1976; Owen and 

Friedenstein 1988) 

Marrow Stromal Cell 1975 
(Kharlamova 1975; Prockop 1997; 

Woodbury et al. 2000) 

Osteogenic Stem Cell 1987 (Friedenstein et al. 1987) 

Mesenchymal Progenitor Cell 1988 
(Pensler et al. 1988; Johnstone et 

al. 1998) 

Mesenchymal Stem Cell 1991 

(Caplan 1991; Bruder et al. 1994; 

Pittenger et al. 1999; Caplan and 

Dennis 2006a; Caplan 2007) 

Skeletal Stem Cell 2001 

(Kuznetsov et al. 2001; Bianco and 

Robey 2004; Bianco et al. 2006; 

Bianco et al. 2010) 

Multipotent Adult Progenitor Cell 2001 
(Reyes and Verfaillie 2001; Jiang et 

al. 2002b; Schwartz et al. 2002) 

Multipotent Mesenchymal Stromal 

Cell 
2006 

(Dominici et al. 2006; Le Blanc 

2006; Horwitz 2008; Horwitz and 

Dominici 2008) 

Medicinal Signaling Cell 2010 (Caplan and Sorrell ; Caplan 2010) 

 

 

 

2.2.2 Isolation and sources 

Although much of the research has focused on bone marrow derived hMSCs, they can also be 

found and isolated from many other organs and tissues (Table 2.2).The work of Meirelles et al  

showed hMSC-like colonies derived from various tissues, all with similar morphology and 

immunophenotype even after several passages (Kolf et al. 2007). This raises the question: is 

there an hMSC niche that is common to all of these tissues?  
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Table 2.2. Summary of isolation sources for hMSCs. 

Source Reference 

Bone Marrow 
(Friedens.Aj et al. 1966; Friedens.Aj et al. 1970; 

Pittenger et al. 1999; Pittenger and Martin 2004) 

Adipose Tissue 
(Zuk et al. 2001; Zuk et al. 2002; Wang et al. 

2006) 

Placenta 
(Soncini et al. 2007; Brooke et al. 2009; Yu et al. 

2009; Timmins et al. 2012) 

Umbilical Cord 
(Wang et al. 2004; Sarugaser et al. 2005; 

Hartmann et al. 2010; Hatlapatka et al. 2011) 

Cord Blood 
(Erices et al. 2000; Kogler et al. 2004; Hong et al. 

2005; Moon et al. 2005) 

Muscle 
(Bosch et al. 2000; Qu-Petersen et al. 2002; 

Wada et al. 2002; Peault et al. 2007) 

Brain (Kang et al. 2010; Rowley et al. 2012a) 

Pancreas & Liver 
(Petersen et al. 1999; Faris et al. 2001; Oh et al. 

2002; Seaberg et al. 2004) 

Dermis (Toma et al. 2001; Shih et al. 2005) 

 

 

Studies have suggested that the hMSC niche could be of perivascular nature, due to the 

expression of α-smooth muscle actin (α-SMA) by all hMSCs isolated from various tissues 

(Meirelles et al. 2006) as well as CD45-/CD31-/Sca-1+/Thy-1+ cells found to be localised to 

perivascular sites (Blashki et al. 2006). Further supporting this theory, hMSCs have been found 

lining blood vessels in human bone marrow and dental pulp using markers Stro-1 and CD146 

(Shi and Gronthos 2003). Some researchers have taken it so far as to say that hMSCs are 

pericytes, due to their ability to repair many different tissues, outside of the mesoderm lineage 

(Doherty and Canfield 1999; Farrington-Rock et al. 2004; Caplan 2008). This would explain why 

hMSCs seemingly have the ability to home in on sites of injury as by this theory they would be 

localised to the perivascular niche of a particular tissue, in a position to initiate repair. It should 

be noted, however, that in vivo experiments have not shown that hMSCs are solely located in 

the perivascular niche.  
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Part of the evidence against the “pericyte” theory is that hMSCs isolated from various tissues of 

the same patient differ in terms of their differentiation potential, proliferative ability and 

functionality. It has been found that hMSCs from the umbilical cord have a higher proliferative 

capacity than those isolated from both adipose tissue and bone marrow although the number 

of hMSCs in the latter tissues is higher (Kern et al. 2006). In terms of differentiation potential, it 

has been shown that synovium-derived hMSCs display a greater potential for chondrogenic 

differentiation, whilst bone marrow derived hMSCs show the greatest potential for osteogenic 

differentiation (Sakaguchi et al. 2005). This shows that hMSCs isolated from different tissues 

have unique properties and therefore it is a reasonable assumption that the hMSC niche is not 

the same in every tissue. Further to this, hMSCs seem to display a higher differentiation 

potential for the tissues from which they were isolated, pointing towards a unique in vivo niche 

environment that they are adapted to maintain.  

 

 

2.2.3 Characterisation of hMSCs 

Scalable manufacturing processes for hMSC based therapies would benefit from online 

measurement and control of quality parameters (James 2011). Broadly speaking, these quality 

parameters can be broken up into identity, potency, purity and safety which must all be 

optimised during the manufacturing process (Carmen et al. 2012b). This characterisation of 

hMSCs is critical within a highly regulated healthcare environment, particularly considering that 

the regulatory framework was designed for the manufacture of chemical products, not 

biological products (Mason and Dunnill 2007). Process development must be based on a 

foundation of detailed characterisation data, to ensure the continuity of quality necessary for 

Good Manufacturing Practice (GMP) compliant cell therapy manufacturing (Mason and Hoare 

2006). To this end, robust tools and technologies for cell characterisation are imperative for the 

successful development of scalable cell therapy manufacturing processes (Bravery 2010).  

 

 

2.2.3.1 Identity of hMSCs 

The purpose of identity assays are to verify that the product in the master cell bank, working 

cell bank and final product at the manufacturing facility have the correct identity (FDA 2008b). 

In addition to this it is important to ensure that the manufacturing process has not had any 

adverse effects on the phenotype of the cell product within or between batches. This is 

particularly important when scaling up a process, modifying the process during development or 
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manufacturing at multiple sites as comparability of product identity must be demonstrated 

throughout. It is possible for these phenotypic changes to occur when process changes are made 

to reduce serum, increase culturing periods or modify harvesting protocols. There are a number 

of methods available to assess hMSC identity both quantitative and qualitative; however, many 

of these methods rely on an operator intervention and efforts should be made to develop online 

testing methods to facilitate automated and reproducible manufacturing controls.   

 

By far the most common method to assess hMSC identity, used by laboratories all over the world 

is by morphology. This simply involves looking at the cells down a microscope to verify the 

typical size and shape expected of hMSCs and has been previously used as a release test, for 

example Carticel®, an autologous cartilage therapy produced by Genzyme® (FDA 1997). Despite 

morphology being a good indication of cell identity, it is heavily reliant on operator judgment 

which is not validated and therefore introduces process variability. Regulatory authorities will 

require quantitative approaches for reliable product monitoring and release testing which 

morphology cannot provide alone. 

 

One method which has been widely used for some time in biological research to assess the cell 

surface phenotype is flow cytometry. Flow cytometry is a high-throughput analytical technique 

that can be used, amongst other applications, to study protein expression properties of a cell 

using fluorescently labeled monoclonal antibodies. This provides a qualitative method for 

characterising the hMSC population based on key positive and negative markers and has 

become a routine method for identifying stem cell populations from many tissue sources such 

as the eye and peripheral blood (Adams et al. 2009; Tarnok et al. 2010). Whilst these single 

marker methods are useful, they do not often take into account the expression of multiple 

surface markers simultaneously which provides a far better understanding of the target hMSC 

population by the co-positive (> 95%) and co-negative (< 5%) expression of surface antigens 

(Preffer and Dombkowski 2009; Chan et al. 2014a). Multiparameter (also known as multicolour) 

flow cytometry has been applied to clinical diagnostics and immunology, providing the high-

resolution information needed to identify subtle phenotypic differences with statistical 

robustness (Peters and Ansari 2011). Despite the potential of flow cytometry to deliver semi-

quantitative product data, there are a number of issues that mean that this information is not a 

definitive representation of identity. Flow cytometry requires the use of manufactured 

antibodies and in some cases fixing agents such as paraformaldehyde which mean that the 

measured cells cannot always be used for clinical applications. These types of destructive 
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measurement methods can only be applied to batch testing at the end of the process and are 

unlikely to be used for real-time process monitoring as they require a level of manual operator 

intervention to set up gating strategies. 

 

Polymerase chain reaction or PCR, is a method to amplify just a few copies of a piece of DNA or 

RNA over several orders of magnitude by successive heating and cooling cycles (Saiki et al. 1985; 

Saiki et al. 1988; Mullis et al. 1992). Briefly, short DNA fragments containing sequences 

complementary to a known region (or primers) are used to target a gene of interest. DNA 

polymerase is then used to assemble a new DNA strand based on the targeted primer region 

and the process repeated throughout the thermal cycles to initiate a chain reaction to 

exponentially amplify the desired gene sequence (Kubista et al. 2006). This genetic profiling of 

the desired hMSC population can be used to characterise the identity of a cell therapy product 

by obtaining a detailed  knowledge of the cell gene expression, indicating the cell’s potential for 

protein production (Stroncek et al. 2009). Quantitative PCR (qPCR) can be used to collect data 

in “real time” by attaching a fluorescent marker to each new strand of DNA, which can be 

monitored via illumination during the thermal cycling (Heid et al. 1996; Livak and Schmittgen 

2001). The use of PCR is reliant on a well-defined reference cell line to compare the genes of 

interest against or alternatively can be used to monitor the identity of a cell line throughout a 

manufacturing process to assess whether the process is causing changes to the cell identity. This 

can be achieved by developing a cell line and indication specific genetic panel or array, to target 

a number of key genes that will be important to the manufactured product and to ensure these 

genes are not affected by the process itself, in an economic and time efficient manner (Carmen 

et al. 2012b).  

 

Attempts have been made by the International Society for Cellular Therapies (ISCT) to 

standardise the defined minimum identity of hMSCs (Dominici et al. 2006; Rasini et al. 2013) 

and have focused on three key identity assays: 

 

1. Human MSCs must adhere to and proliferate on tissue culture plastic.  

2. Human MSCs must express CD105, CD73 and CD90, and lack expression of CD45, CD34, 

CD14 or CD11b, CD79α or CD19 and HLA-DR surface markers. 

3.  Human MSCs must demonstrate differentiation into osteoblasts, adipocytes and 

chondroblasts in vitro.  
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In addition to this, hMSCs must retain the desired karyotype throughout culture, to ensure 

genomic integrity of the cell for both research and therapeutic applications. Although this is a 

more important consideration for pluripotent cells such as embryonic stem cells (Lefort et al. 

2009), it is still important to ensure that hMSCs retain genetic stability during manufacture. 

Despite the number of methods currently available to assess the identity of hMSCs, there is still 

no consensus on their true in vitro identity. It is imperative that reliable cell therapy 

manufacturing processes are developed using fully characterised hMSC lines to first of all ensure 

processes are consistent but also to demonstrate that processes are comparable. It is important 

that hMSC characterisation panels take into account the target clinical indication, particularly 

for genetic assays, since the desired genetic expression will largely depend on the therapeutic 

use of the hMSC. Despite the introduction of this minimum identity criteria for hMSCs, it is clear 

that more rigorous characterisation is required to assess the quality of the product, based on 

the in vivo therapeutic mechanism of action (MOA).   

 

 

2.2.3.2 Potency of hMSCs 

Described by the US FDA as an appropriate measure of biological function, potency provides the 

basis for the in vitro measure of relative efficacy for a cell therapy product (Burger and Bravery 

2011; FDA 2011b). Potency assays should evaluate this biological function for a specific clinical 

indication, which is important for cell therapy products that are likely to use one manufacturing 

platform for multiple clinical indications, a strategy adopted by almost all companies developing 

hMSC-based products.  

 

Key to developing these potency assays is the cell therapy putative MOA, which identifies how 

the cell therapy delivers its therapeutic benefit, either by mesoderm differentiation potential 

(Caplan and Correa 2011), secretion of trophic factors (Caplan and Dennis 2006b), or 

immunomodulatory activity (Aggarwal and Pittenger 2005) but more likely a combination of all 

three as well as additional undefined mechanisms. Defining the indication specific MOA for 

hMSCs will have far reaching implications in the development of potency assays (FDA 2011b) 

and must be addressed to avoid “a race to the bottom” where the cheapest cell therapies will 

prevail, owing to the lack of product quality assessment for competing treatments.  

 

Ever since Arnold Caplan published research outlining the multilineage potential of hMSCs in 

1991 (Caplan 1991) it was envisaged that hMSC potency would be defined by differentiation 
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potential (Pittenger et al. 1999). The proposed hMSC MOA was by engraftment and 

differentiation into the target tissue type, most commonly osteoblasts within damaged bone as 

demonstrated by Prockop et al  (1995) and colleagues in mice (Pereira et al. 1995; Pereira et al. 

1998) and subsequently in humans by Horwitz et al  (Horwitz et al. 1999; Horwitz et al. 2002). 

This theory of hMSCs as progenitor cells solely for bone formation has faded, as pre-clinical 

animal models of hMSC therapies have shown therapeutic potential for disorders outside of the 

bone niche, such as myocardial infarction and neuronal diseases although this is contested by 

some (Herzog et al. 2003). In these clinical models, the documented engraftment of donor cells 

at the presumed site of activity was low or even completely absent (Horwitz and Dominici 2008). 

This mounting evidence that the therapeutic effect of hMSCs was not mediated by engraftment 

and terminal differentiation was further demonstrated by Le Blanc et al in 2012. Their group 

examined autopsy material from 18 patients who had received HLA-mismatched hMSCs and 

found no ectopic tissue formation as well as only detecting donor DNA in the lungs, lymph nodes 

and intestine at levels from 1/100 to <1/1000 (von Bahr et al. 2012).  

 

Despite this low level of engraftment, a substantial clinical benefit is seen from animal models 

and clinical trials resulting from the infusion of hMSCs, which begs the question, how are the 

hMSCs able to deliver clinical benefit without engraftment into native tissue? The idea that 

hMSCs act as trophic mediators to produce and deliver biologically active molecules to aid 

regeneration was introduced by Arnold Caplan in the early 2000s (Caplan and Dennis 2006b; 

Caplan 2009; Caplan and Correa 2011). It should be noted that this ability to secrete trophic 

mediators does not preclude the notion that hMSCs can act as progenitors in the local bone 

environment to induce regeneration via differentiation, but is part of the multitude of 

mechanisms in which hMSCs elicit a therapeutic benefit. 

 

Due to their native location in the bone marrow niche, hMSCs are able to secrete biochemical 

mediators from the lympho-hematopoietic system, such as stromal derived factor-1 (SDF-1 or 

CXCL12) (Ponomaryov et al. 2000), which initiates hematopoietic stem cells to home to the bone 

marrow niche (Peled et al. 1999). In terms of leukocyte mediated response, hMSCs are able to 

secrete interleukin (IL)-6, IL-7, IL-8, IL-11, IL-12, IL-14, IL-15, macrophage-colony-stimulating 

factor (M-CSF), Flt-3 ligand and stem cell factor (SCF) (Deans and Moseley 2000). Human MSCs 

can also be stimulated by these factors to produce alternative chemokines, for example 

stimulation with IL-1α induces hMSCs to express further IL-1α, leukemia inhibitory factor (LIF), 

granulocyte-colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating 
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factor (GM-CSF) (Majumdar et al. 1998; Deans and Moseley 2000). Human MSCs have also been 

shown to secrete chemokine ligands, CCL2, CCL4, CCL5, CCL20, CX3CL1 and CXCL8 (Honczarenko 

et al. 2006).   

 

Much of the excitement around the use of hMSCs as a cell therapy has been due to their 

apparent ability to secrete biochemical mediators unrelated to the bone marrow niche, raising 

their potential to treat diseases from outside of their native environment. Subsets of hMSCs 

have been shown to secrete brain-derived neurotropic factor (BDFN), nerve growth factor (β-

NGF) (Crigler et al. 2006) and Nestin (Tondreau et al. 2004), suggesting potential to target 

neurological disorders. Further to this, hMSCs have been shown to induce angiogenesis via the 

secretion of vascular endothelial growth factor (VEGF) (Wang et al. 2006; Zisa et al. 2009) and 

basic fibroblast growth factor (bFGF) (Kinnaird et al. 2004), demonstrating the potential for 

hMSC therapies to treat cardiac and ischemic disorders. Although much of this work has been 

completed in vitro and it can be argued that this does not demonstrate the in vivo potential of 

hMSCs, however, clinical trials are well underway to assess the ability of hMSCs to treat 

disorders outside of the bone marrow niche with some promising early results. Considering that 

hMSCs represent a heterogeneous population of cells from the same source (Tremain et al. 

2001; Wagner et al. 2006) and also show heterogeneity between various isolation sources 

(Wagner et al. 2005; Kern et al. 2006), one can assume that the local stem cell environment 

plays a key role in the biochemical activity of hMSCs.  

 

A promising method for quantitatively determining hMSC potency is the colony-forming unit 

fibroblast (CFU-f). CFU-fs provide a measure of the biological activity of an individual cell, or 

clone and have been previously used in the quality assessment of hematopoietic cell-based 

products (Yang et al. 2005; Kasten et al. 2008). A potential drawback with the use of CFU-fs is 

that they require operator input in the form of colony counting and assessment, although this 

can be alleviated via bioluminescence which has been employed to quantify the number of 

colonies without operator intervention (Rich and Hall 2005). Further to this, it takes weeks of 

culture to assess whether hMSC have retained this potential and is therefore not amenable to 

online monitoring and feedback. Applying this technique to hMSCs may however provide a 

relatively inexpensive method for assessing biological activity that would require little material 

from the final product.  
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2.2.3.3 Purity of hMSCs 

Purity tests ensure that cell therapy products are free from unwanted material, such as 

endotoxins, unwanted cell types, residual proteins, mycoplasma or any other agents used in the 

manufacturing process (FDA 1997). For cell therapy applications, where the cell is the product 

there is potential for unwanted cell types to be present in the final product. This presents an 

issue when the final product in itself is a heterogeneous population of cells, generating the need 

for cell screening tools to positively select or negatively exclude desired and undesired cell types 

respectively. This becomes particularly important during the manufacture of pluripotent cell 

types which have the potential to differentiate into many undesired cell types given the 

appropriate chemical and mechanical cues. The particulate content in the final product must 

also be sufficiently reduced to ensure the purity of the hMSC therapy. Considering that hMSCs 

require a plastic surface to adhere to and proliferate on, manufacturing processes must 

minimise the level of plastic particulates in the final product, which will be particularly important 

for agitated processes, where the formation of such particulates is perceived to be higher than 

in static culture.      

 

One of the challenges associated with the manufacture of hMSC is in the use of animal products, 

typically in the form of foetal bovine serum (FBS) and trypsin which are still common within cell 

therapy manufacture (Brandenberger et al. 2011). The FDA Code of Regulations states that the 

animal serum levels must be reduced to below 1 ppm in the final formulation of a medicinal 

product (FDA 2002). There are no stated guidelines for the allowable levels of trypsin in product 

formulations (Carmen et al. 2012b), however, there is a push to eliminate the use of all xeno-

based products in cell therapy manufacture. As these purity release assays are developed, it is 

probable that multiplexed ELISA assays will be used to streamline the product release testing 

process (Ellington et al. 2010).  

 

 

2.2.3.4 Safety of hMSCs 

Product safety is of paramount importance in the successful development of a cell-based 

therapy as negative safety data will impact patient care and has been given the highest priority 

by regulatory bodies (FDA 1997). It is likely that sterility will need to be tested during the 

manufacturing process and as part of the product release testing panel for bacterial, viral and 

mycoplasma agents (Rayment and Williams 2010; Goldring et al. 2011). A further key aspect for 

ensuring product safety is in mitigating the risk of the cell therapy product containing unwanted 
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cell types, which could be tumorigenic, if the manufacturing process contains a differentiation 

step (Anisimov et al. 2005; Ben-David and Benvenisty 2011). It is likely that characterisation 

techniques such as qPCR and flow cytometry, in combination, will play a role in ensuring that 

the product does not contain those cell types that have the potential to form tumors in vivo 

(Lavon et al. 2004; Noaksson et al. 2005; Adewumi et al. 2007).  

 

In order to minimise the risk of safety implications in cell therapy products, closed processes 

(including supply chain materials and expansion) must be used and in some cases, disposable 

systems may be beneficial from a cost and risk basis. It is important to note that release tests to 

confirm product sterility can take up to 14 days to complete (FDA 2010), which is problematic 

for cell therapy products designed to undergo short term preservation. An accepted way to 

overcome this can be seen with the former cell product Provenge®, an autologous treatment 

for prostate cancer from Dendreon® (USA) which administers the cell product prior to the 

results of the sterility panel (FDA 1998). Finally, it is important that cell therapy products are 

tested for karyotypic abnormalities to ensure genetic stability of the product (Muntion et al. 

2012), although it is not known how critical these abnormalities are in vivo (Sun et al. 2008; 

Carpenter et al. 2009; Hwang et al. 2013; Ruan et al. 2014).  

 

Traditionally, it was thought that hMSCs would present safety issues with respect to 

immunogenicity if cells from one patient were infused into another, in the form of an allogeneic 

therapy (Pittenger and Martin 2004). It has been shown, however, that hMSCs display relative 

‘immune-privilege’, meaning that they do not initiate a full immune reaction in the same way as 

donated tissues and organs, with little major histocompatibility complex (MHC) class I molecules 

and no MHC II expression (Uccelli et al. 2006). Although there is growing evidence for this 

relative immune-privilege, hMSCs have not yet demonstrated absolute immune-privilege. 

Allogeneic hMSCs have shown donor-specific cellular immune responses in vivo by measurable 

anti-donor B cell mediated responses (Beggs et al. 2006; Isakova et al. 2010). This means that 

there is potential for minor immune response to allogeneic hMSC infusion and it is likely that it 

is dependent on hMSC delivery route (Isakova et al. 2014), with systemic infusion producing an 

increased allograft reaction.  

 

In contrast, hMSCs have demonstrated immunosuppressive potential via the inhibition of T cell 

proliferation (Di Nicola et al. 2002; Tse et al. 2003; Klyushnenkova et al. 2005). This ability will 

also be effective for the treatment of diseases causing an immune overreaction by modulating 
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the leukocyte population. This ability not only applies to hMSCs in their undifferentiated state, 

but has also been shown by hMSCs differentiated in vitro, which show that these differentiated 

cells do not elicit an allo-reactive lymphocyte proliferative response, supporting transplant of 

hMSCs between HLA-incompatible patients (Le Blanc et al. 2003). This relative immune-privilege 

is a large part of the reason that hMSCs have gained so much attention as a candidate for cellular 

therapies as reduction in patient immune response allows for biotechnology companies to 

pursue the ‘off-the-shelf’ business model, which is akin to current bio-pharmaceutical products.    

 

 

2.2.4 Serum-free expansion of hMSCs 

As stated previously, the levels of animal serum must be reduced to below 1 ppm in the final 

formulation of a medicinal product and therefore eliminating it from the hMSCs manufacturing 

process will be highly desirable. In addition to this,  there is a large amount of lot-to-lot 

variability between batches of animal serum, as well as a limited supply (Brindley et al. 2012), 

spiraling cost, potential for pathogen transmission, increased risk of recipient immune reaction 

(Spees et al. 2004) and reduced scope for process optimisation. Furthermore, FBS has been 

shown to contain immunogenic contaminants which have the potential to negatively impact 

post-transplant clinical results (Heiskanen et al. 2007), potentially increasing the regulatory 

burden placed upon these products. All of these considerations mean that moving towards a 

serum-free process would be beneficial in achieving scalable, tunable and consistent hMSC 

manufacturing processes. In addition, hMSCs grown in a serum-free medium have 

demonstrated increased proliferation rates, up-regulation of genes important to hMSC function 

and down-regulation of genes involved in the production of proinflammatory cytokines 

(Crapnell et al. 2013).  As such, there has been a trend towards reducing or eliminating serum 

from the process (Jung et al. 2012) and even towards developing completely serum and xeno-

free processes (Dos Santos et al. 2011b). 
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2.3 Clinical trial landscape for cell-based therapy 

A search of the clinical trial database yielded a total of 1342 active clinical trials that were judged 

to be true cell-based therapies from the BSI definition. The vast majority of these cell-based 

therapies are using hematopoietic cells (n=444), hMSCs (n=382), lymphocytes (n=253) and 

dendritic cells (n=91) (Figure 2.2). The use of tissue specific cells was less prevalent, representing 

114 of current cell-based therapy activity with a mixture of cell types such as chondrocytes 

(n=12), endothelial cells (n=15), fibroblasts (n=14), hepatocytes (n=16), islet cells (n=13) and 

neural cells (n=13).  

 

 

 

 

Figure 2.2. Number of currently active clinical trials by cell type and target clinical indication. 

Displaying broader cell type categories of Hematopoietic (Blue), Mesenchymal Stem Cells 

(Red), Immune Cells (Green), Tissue specific cells (Orange), Embryonic stem cells (Purple) and 

Other (Aqua). From (Heathman et al. 2015b)     

 

 

Figure 2.3 shows the diversity of cell isolation sources represented from hematopoietic and 

hMSC trials. The rapid increase in hMSC activity is clear, with 382 clinical trials in progress from 

a number of isolation sources most notably 237 of which are from the bone marrow, 61 from 
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umbilical cord and 59 from adipose tissue.  The use of pluripotent stem cell-derived products 

was rare, though there are six clinical trials involving embryonic stem cells. Interestingly, all six 

involve differentiation into retinal pigment epithelium cells and were initiated by industry: CHA 

Bio & Diostech in Korea (n=2), Advanced Cell Technology (n=3) and Pfizer in the UK (in 

collaboration with University College London). 

 

 

 

 

Figure 2.3. Current active cell therapy clinical trials showing the breakdown of the 

hematopoietic and mesenchymal stem cell groups the by cell isolation source. From 

(Heathman et al. 2015b) 

 

 

 

2.3.1 Disease indications targeted by cell-based therapy clinical trials  

It is clear that the most common target for cell-based therapy clinical trials is oncology, which 

represents 46% of all cell-based therapy clinical trials identified (Figure 2.2), due to the use of 

traditional blood cell and immune cell-based therapies for the treatment of various cancers. 

Aside from these traditional cell-based therapies, cardiology was the second largest clinical 

target with 88 clinical trials (Figure 2.2), 51 of which were using hMSCs (Figure 2.4). 

Immunological disorders remain a key target for cell-based therapies (Figure 2.5) with disorders 

such as graft vs. host disease (n=33), immune modulation following transplantation (n=17) and 

Crohn’s disease (n=16), as well as rheumatic disorders osteoarthritis (n=15), lupus 

erythematosus (n=9) and rheumatoid arthritis (n=6) currently in Phase 1 and above. 

Neurological indications also represented a significant target for novel cell-based therapies for 

indications such as multiple sclerosis, stroke and motor neuron disease (Figure 2.5). Figure 2.4 
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shows the broad therapeutic utility adopted for hMSCs, with clinical indications covering all 18 

clinical categories with the majority within cardiovascular, neurological and autoimmune 

indications predominantly in Phase 1. Likewise, tissue specific cells cover the majority of clinical 

indication categories, due to the diversity of cell populations within this category.  

 

 

 

 

 

 

Figure 2.4. Current active cell therapy clinical trials involving tissue specific cells (see Figure 

2.2) and mesenchymal stem cells showing target clinical indication and current clinical trial 

phase. From (Heathman et al. 2015b)  
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Figure 2.5. Breakdown of the most prevalent clinical targets from cell therapy clinical trials by 

target disease and clinical trial phase. From (Heathman et al. 2015b) 

 

 

2.3.2 Cell-based therapy clinical trial phase 

Considering the relative age of the industry, it is unsurprising that by January 2014 the majority 

of cell-based therapy clinical trials were in Phase 1, with 232 hMSC, 146 lymphocyte and 118 

hematopoietic cell clinical trials (Figure 2.6). There was however, an increase in hematopoietic 

cell clinical trials moving to Phase 2 with 187 compared to 116 in Phase 1. There were also four 

tissue specific cell-based clinical trials that reached post-market surveillance, or Phase 4 (Figure 

2.6). Most notable of these was the use of dermal fibroblasts for wound repair from Arita 

Medical (ReCellTM) and Organogenesis (ApligrafTM) as well as cell-based therapies to treat type 

2 diabetes and for cornea replacement. Figure 2.5 shows the major clinical categories by specific 

disease targets, with the vast majority targeting hematological malignancies within oncology, 
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with equal weighting in Phase 1 and Phase 2. Cardiovascular indications also had a similar 

number of clinical trials in Phase 1 and Phase 2, with 10 clinical trials in Phase 3 and above. 

Human MSC clinical trials were also well represented in Phase 2 (n=88) and were even seeing 

progression to Phase 3 (Figure 2.6).  Neurology and rheumatology based indications that involve 

hMSCs were mostly in Phase 1 (Figure 2.7), however clinical development using bone marrow-

derived hMSCs to treat acute coronary syndrome, Crohn’s disease and graft vs. host disease 

were progressing into Phase 2 and above, with clinical trials taking place all over the world.  

 

 

 

 

Figure 2.6. Breakdown of current active cell therapy clinical trials by cell group and trial phase. 

From (Heathman et al. 2015b) 

 

 

2.3.3 Clinical translation of mesenchymal stem cell-based therapies 

It is clear that outside of the traditional cell-based therapies using blood and immune cells to 

treat cancer, the majority of novel clinical trial activity was involving hMSCs. The rebranding of 

hMSCs has been used to generate intellectual property by defining a specific set of 

characterization criteria for the cell, for example, Athersys Inc. are developing a product termed 
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MultiStemTM, a Multipotent Adult Progenitor Cell (MAPC) therapy which has been patented 

under this name (Jiang et al. 2002a; Breyer et al. 2006).  

 

 

 

Figure 2.7. Current active cell therapy clinical trials involving mesenchymal stem cells showing 

target clinical indications by target disease and trial phase. From (Heathman et al. 2015b) 

 

 

2.3.4 Case study: product manufacture during Phase 1 clinical trial 

Since the discovery of embryonic stem cells in 1998 (Thomson et al. 1998), pluripotent stem 

cells have been considered a promising source of allogeneic stem cells for regenerative 

therapies. In 2010 Geron Co. went into Phase 1 clinical trials with an allogeneic hESC derived 

oligodendrocyte progenitor product for the treatment of spinal cord injury. Despite no adverse 

safety issues with this hESC derived therapy, Geron Co. halted the clinical trial citing financial 

and regulatory issues (Atala 2012). Currently, all of the clinical trials involving hESCs are targeting 

ophthalmology related indications, in Stargardt’s macular dystrophy and dry age-related 

macular degeneration. Advanced Cell Technologies are sponsoring three of these clinical trials 

in the UK and USA, treating these disorders with hESC-derived retinal pigment epithelium (RPE) 

cells. One of the key challenges in the manufacture of a pluripotent product is in the 
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differentiation of the hESC into the therapeutically active cell, which can dramatically impact 

product yield. The Advanced Cell Technologies RPE product is manufactured from the GMP-

grade MA09 hESC line, cultured on mitomycin-inactivated murine embryonic fibroblasts for 

three passages. Following the formation of embryoid bodies, pigmented RPE patches are 

isolated and purified (Lu et al. 2009), before further expansion and cryopreservation for clinical 

use. Product characterisation takes place in-process and post-cryopreservation, in the form of 

pathogen testing, karyotype analysis and purity (Schwartz et al. 2012). Much of this 

manufacturing process is labor-intensive and requires operator intervention, which may not be 

amenable to automated and scalable manufacture. Therefore, despite the positive safety data 

from these ESC clinical trials (Atala 2012), it is clear that there are many manufacturing 

challenges that must be overcome before these therapies can be translated through clinical trial 

and into commercial production.   

 

 

2.3.5 Case study: manufacture for commercial production 

It is clear from the clinical trial results in Figure 2.2, that the most prevalent clinical category for 

cell based therapies is oncology, with immune cells contributing to around half of these cell-

based therapies. Sipuleucel-T is an autologous active cell-based immunotherapy product 

designed to stimulate an immune response against prostate cancer from Dendreon Corporation 

(Seattle, USA) (Small et al. 2006). In 2010, Sipuleucel-T (Provenge®) became the first FDA 

approved autologous cell-based therapy, providing a scale-out service based approach to 

product manufacture and delivery. Patient cells are collected via leukapheresis (Kantoff et al. 

2010) and cold shipped to a manufacturing site, where the cells are manipulated under GMP 

conditions to isolate and activate the target immune cells. The activated cell-based immune 

therapy is then cold shipped back to the patient to be re-infused, which is repeated three times 

to deliver the full therapeutic dose. Dendreon Corporation (USA) operates patient logistics from 

a central location, with distributed manufacturing taking place at multiple sites across the USA. 

This product handling and manipulation is largely manual and has led to high product operating 

costs, increasing the product cost of goods and therefore creating a high reimbursement price, 

which is ~$100,000 per patient. Efforts have been made to reduce the cost of goods by 

implementing automated process steps, with the intention of reducing these high operating 

costs. This case study highlights the importance of considering functionally closed and 

automated scale out processes early in clinical development as this will reduce the overall cost 

of goods during commercial production (Hampson 2014).      
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A proposed clinical development pathway would be to produce Phase 1 material in a manual, 

semi-closed process which could then be transferred to a scalable, closed and automated 

manufacturing process following the success of the initial clinical trials. This model would allow 

for reduced capital investment to evaluate the product at Phase 1 but then would transfer the 

process in a timely manner, ensuring a scalable and cost effective product supply for late stage 

clinical development and commercial supply. Considering the high cost and increased risk of 

validating sterilization cycles, it is likely that these closed-processes will utilize disposable 

technology, mimicking current therapeutic protein process development (Kuczewski et al. 

2011).  

 

 

2.3.6 Progress from clinical development to product manufacture 

Industry progression towards the successful manufacture of cell-based therapies is evident by 

international cooperation on the formation of global reference ‘ruler’ standards and protocols 

to facilitate manufacturing comparability of hMSCs (Viswanathan et al. 2014). This will facilitate 

the development of consistent manufacturing processes across multiple sites and allow for a 

method to define each cell line. Defining desirable product characteristics is critical and will form 

the basis of release tests as well as setting the tolerances on the process, allowing for systematic 

product development and optimisation.    

 

A further sign that the commercial market for hMSC application is increasing in competiveness 

is the drive by companies such as Athersys Inc. (USA) and Mesoblast Ltd (Australia) to clearly 

differentiate their product and its production process from “generic” hMSCs. This phenomenon 

parallels the clinical development of MACITM (by Genzyme) and CCITM (by TiGenix) where 

companies actively sought to distance their products from legacy clinical data on the use of 

Autologous Chondrocyte Implantation (ACI), which was inconclusive in demonstrating cost 

effectiveness (Hourd et al. 2008). This approach to cell-based product development is largely 

driven by a fundamental lack of understanding of the product’s mechanism of action, as 

companies must differentiate their product to avoid a race to the bottom, whereby a lower cost 

therapy has an increased chance of reimbursement. Without the knowledge of the how these 

cell-based therapies elicit therapeutic benefit, manufacturing processes cannot be optimised to 

maximize this function and will inevitably be surpassed by lower cost therapies. Given the 

importance of regulation on the production of cell-based therapies, it is perhaps unsurprising 

that in the race to successfully commercialize cell products, companies have begun to raise the 
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regulatory bar as a tactic to disrupt competitor companies. This action has the potential to 

hinder smaller companies who do not have the financial resource to comply with this increasing 

regulatory burden.  

 

A further hallmark of the commercial progress of hMSC therapies is the move towards 

developing automated processes as well as the implementation of functionally closed 

manufacturing systems and consideration of the associated logistics, supply chain and cost of 

goods (Hampson et al. 2008). Significant UK government investment in the form of the Cell 

Therapy Catapult has been tasked with ‘de-risking’ cell-based therapy development for industry 

by providing a ‘centre of excellence’ to bridge the current translation gap in the industry (Mason 

and Manzotti 2010). Outside of the UK, additional institutes have been established to provide 

resources,  in Canada (Centre for Commercialization of Regenerative Medicine) and the USA 

(California Institute for Regenerative Medicine and the National Institutes of Health) to facilitate 

this translational process. Despite this progress, there remains a requirement for a better 

understanding of potential manufacturing platforms and how they can be best utilized for cell-

based therapy production.  

 

 

2.3.7 Expansion technologies to achieve clinical scale manufacture 

With cell-based therapies moving towards commercialization and multiple clinical trials in late 

stage development, it is clear that selecting suitable manufacturing technologies is becoming 

increasingly important. It is imperative that potential pitfalls in developing scalable 

manufacturing methods are identified at an early stage and strategies are implemented that can 

streamline this development pathway. A key consideration for streamlining this pathway is the 

tradeoff between clean room space and on-going commercial supply as patient numbers 

increase from clinical development to commercial production. For an autologous therapy if you 

were treating, for example, 100 patients in a typical two week process for a Phase 3 clinical trial, 

you would likely require four clean room facilities in order to separate each patient lot. This is 

assuming that the process is not entirely closed and therefore each lot must be segregated to 

avoid cross contamination. The issues then arise if the product is successful and commercial 

production is carried out using the same process for say 1,000 or even 10,000 patients per year, 

where the clean room and personnel requirements increase 10-fold or 100-fold respectively, 

making the product cost-prohibitive at this scale. This will drive the development of expansion 

platforms that are fully closed, so that multiple patient lots can be manufactured in the same 
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facility, greatly reducing fixed and operating costs as the product moves toward commercial 

production. Table 2.3 shows the number of doses per lot achievable for multiple expansion 

technologies currently available based on an allogeneic hMSC treatment for myocardial 

infarction (Hare et al. 2009) requiring 35 – 350 million cells per dose. This demonstrates the 

challenge of manufacturing an hMSC based product for 10,000 patients per year, given the 

number of doses per lot achievable using current expansion technology.  

 

 

Table 2.3. Potential scale per lot and harvest constraints for various cell therapy 

manufacturing platforms. From (Heathman et al. 2015b) 

 

 

 

A manufacturing process that reduces biological divergence will inevitably yield a more 

consistent and higher quality product. This biological divergence is typical of cell expansion 

processes, whereby small changes to the cell environment at the start of culture will lead to 

large changes by the time the product is harvested. This has been demonstrated for the culture 

of embryonic stem cells whereby changes to dissolved oxygen levels in the culture medium can 

lead to changes in cell growth characteristics (Wu et al. 2014) and differentiation potential 

(Prado-Lopez et al. 2010). This potential divergence can be limited by reducing the 

heterogeneity of the culture conditions via mixing, so that the cell microenvironment remains 

consistent throughout the culture. Technology that does not induce mixing such as T-flasks will 

potentially suffer from heterogeneity in physical, chemical and hence physiological conditions 
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(Nienow 2006), although it can also exist in other forms. Packed/fluidized-bed bioreactors, due 

to their high density will invariably suffer from axial concentration gradients as medium flows 

though the bed, particularly as the scale and cell density increases. Hollow fibre reactors have 

the potential to introduce heterogeneity via longitudinal concentration gradients as medium or 

dissociation reagent flowing down the bioreactor changes with distance through the fibre 

(under plug flow conditions). Although these factors could impact the consistency of the 

product, there is a lack of evidence to back this up and far more work will be required to fully 

understand and develop the various manufacturing processes for cell-based therapies.  

 

A lack of online process control is a key barrier for the consistent manufacture of cell-based 

therapies. Expansion technologies such as rotating flasks and multilayer flasks lack the capability 

for online cell visualization which could form the basis for a non-invasive control strategy based 

on cell coverage of a surface (Joeris et al. 2002). These technologies as well as T-flask automation 

currently lack the ability for online medium sampling which prohibits the control of key nutrient 

and metabolite concentrations, a staple of process control in the bioprocessing industry. 

Without an effective process control metric, expansion technology will suffer when attempting 

to maintain product consistency and will incur a higher cost for product validation. Process 

control strategies are poorly understood for novel cell expansion technologies, however they 

are routine in stirred tank bioreactors for current bioprocesses (Butler 2005; Trummer et al. 

2006). In addition to this, the physical characterization of the stirred reactor system is well 

understood and can also be directly translated from traditional bioprocesses (Vrábel et al. 2000; 

Langheinrich et al. 2002; Nienow 2006). This development is analogous to process analytical 

technology (PAT) (FDA 2004) in the current biopharmaceutical industry (Ganguly and Vogel 

2006) and could be used as a model for cell-based therapy process development.  

 

The efficient harvest of cell-based therapies represents one of the few deviations from 

traditional bioprocessing and must be designed based on cell sensitivity and the pooling time 

limitations of the product. Scale-out processes such as rotating flasks (Merten et al. 1997; 

Kedong et al. 2010), T-flasks (Thomas et al. 2007) and multilayer flasks (Abraham et al. 2011) 

will require high cell pooling times which will limit the effective scale to which these therapies 

can be manufactured as product quality will likely reduce during the pooling process (Table 2.3). 

For cell-based therapies that are surface-adherent, the dissociation of the cell from the surface 

is required during the expansion process. This unique constraint of cell-based therapy 

manufacture is often overlooked but has been considered for packed/fluidized bed (Kasuto et 
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al. 2014), hollow fibre (Antwiler et al. 2014) and stirred tank bioreactors (Nienow et al. 2014). 

Rocking-motion (Singh 1999; Mikola et al. 2007) and pneumatically driven bioreactors (Zeikus 

2009; Kim et al. 2013) have been previously employed for suspension cell culture. However, 

transferring these systems to surface-adherent cell types will likely require an additional process 

step to transfer the culture to a harvest vessel, allowing for increased agitation to promote 

efficient detachment and harvest of cells from microcarriers, which may not be sufficient in 

these systems (Lee et al. 2011). A further challenge will emerge if the cells are required to be 

dissociated during the process (i.e. if bead-to-bead transfer does not occur at a high enough 

rate to support one step expansion). This will add additional steps to the process and will likely 

influence the design and optimization of other aspects of the process, such as agitation strategy 

and culture medium. 

 

Although much work is yet to be done on calculating the optimum volume for expanding cell-

based products in stirred tank reactors, current estimates put the maximum value at around 

1000 liters (Rowley et al. 2012b). It should be noted however, that industrial scale mammalian 

cell culture, once considered to be limited to a similar scale is now routinely operated at greater 

than 10,000 liters (Nienow 2006). Similar gains in effective cells per batch can also be made by 

increasing the microcarrier concentration, which is currently far from optimal for suspension 

based systems (Rafiq et al. 2013b). One feature that is a fundamental aspect of all culture 

processes is the need to supply oxygen to the cells. Due to its limited solubility, this supply is 

required to be provided continuously. As the cell density increases, it becomes necessary to 

provide oxygen by sparging; typically with air, which also strips out the carbon dioxide produced 

(Sieblist et al. 2011). For free suspension animal cells, sparging has required the inclusion in the 

medium of protective agents, almost always the surfactant, PluronicTM F68, as the energy 

released from bursting bubbles damages the cells, resulting in a loss of cell viability (Nienow 

2006). The addition of a surfactant such as PluronicTM F68 reduces the adhesion of cells to these 

bubbles during sparging, reducing the prevalence of cell damage as the bubbles burst at the gas-

liquid interface.   Due to the fact that the cell densities reached to date and the specific oxygen 

uptake rate of hMSCs (Rafiq et al. 2013b) and hESCs (Oh et al. 2009) for example, are both low, 

such issues have not yet been addressed but will need to be as the density increases, especially 

since the presence of these protective agents in final product formulations may be an issue.  For 

pneumatically driven bioreactors (Zeikus 2009; Kim et al. 2013), bubbling gas is inherent to the 

way they function and therefore potential cell damage must be considered during the appraisal 

of expansion technology. 
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It is clear that other than stirred bioreactors, there is a distinct lack of comparable and peer 

reviewed data for the majority of manufacturing platforms discussed in this study. This could 

potentially be to the detriment of the field, as without reliable information to inform technology 

appraisal, process development is likely to default to stirred tank bioreactors due to the strong 

legacy data that exists for large scale mammalian cell culture. On the other hand, there is 

nothing to be gained by innovating unnecessarily. Many of the potential manufacturing 

platforms mentioned here were considered in the 1980s for culturing animal cells, when it was 

considered that because they lacked a cell wall, it would be impossible to do so in the presence 

of rotating stirrers.  Yet today, whether in single use systems (SUBs), at bench scale or the largest 

commercial scale, stirred bioreactors are commonplace in the biotechnology industry (Kehoe et 

al. 2010). Indeed, they are now being preferred industrially even for clone selection in 

robotically-controlled microbioreactors (ambrTM) at the 15 mL scale (Nienow et al. 2013).  

 

Although, several manufacturing systems are already available for the expansion and 

manipulation of therapeutically relevant cells, an optimal and universal manufacturing platform 

does not yet exist and may not be attainable due to the variety of cell types and clinical 

applications. With the exception of hMSCs, most therapeutically relevant cell types have only 

been demonstrated on a subset of the broad range of available platforms. Developers 

considering the range of available manufacturing technologies need to balance the competing 

pressures discussed. Nevertheless, the fact that both hMSC culture and harvest have now been 

effectively demonstrated in stirred bioreactors based on sound physical principles is 

encouraging, especially given the inherent flexibility and controllability of this technology; and 

its success with free suspension and adherent animal cells from the 15 mL to the 25,000 L scale. 

 

As an industry, cell-based therapies are still in the early stages of clinical development. It is clear 

that we must better understand the quality of our cell-based products in order to form a stable 

base for process evaluation and development. Investment in cell-based therapy manufacturing 

in the UK has created an urgent need to better understand these cell-based therapy products 

to facilitate successful manufacture based on strong clinical data demonstrating product 

efficacy. It is likely that there will be bespoke manufacturing processes for each of these cell-

based products as well as ‘generic’ cell-based therapy products driven by this fundamental lack 

of product understanding, with a move toward functionally closed and single-use technology 

(Simaria et al. 2014). 
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2.4 Aims and objectives 

It is clear that there is a significant amount of clinical activity around the use of hMSCs, driven 

by their potential to treat a variety of diseases that currently only have limited or palliative 

treatment options. Current manufacturing processes for these BM-hMSC therapies are largely 

based on manual expansion technology and therefore are not readily scalable to cost-effectively 

meet the patient need on a large-scale. Considering that the input to this process will need to 

be from multiple donors, it will be important to consider the impact of the variation in donor 

material as well as establishing a mechanism to select input material based on desired product 

attributes and drive consistency into the process at an early stage of development. In 

conjunction with this, variation in culture materials must also be controlled during development 

and moving towards a serum-free process provides a mechanism to reduce supply chain risk as 

well as reducing the batch-to-batch variation associated with FBS. Finally, the development of a 

process control strategy within an agitated microcarrier process has the potential to consistently 

produce BM-hMSCs within a process that has the potential to cost-effectively meet the batch 

sizes required at the commercial scale. Accordingly, the objectives of this work are as follows:      

 Characterise BM-hMSCs from multiple donors in monolayer culture to understand the 

variation in cell growth, metabolism and quality attributes.  

 Assess the impact of different culture media on the yield, quality and consistency of BM-

hMSC expansion.  

 Process transfer from the small-scale monolayer process to a potentially scalable 

microcarrier process under serum-free conditions.  

 Develop a process control strategy for the microcarrier culture of BM-hMSCs to 

maximise growth, consistency and BM-hMSC quality characteristics. 

 Develop a potentially scalable downstream and cryopreservation process to assess the 

impact of multiple integrated unit operations on BM-hMSC attributes. 
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3 Materials and Methods 

3.1 Materials 

All materials used were analytical grade or better. Sterilisation of liquids and equipment was 

achieved via autoclaving with a Systec VX-95 autoclave (Systec, Germany) at 121°C on a 40 

minute cycle.  Aqueous solutions were prepared using filtered water from a MilliQ ultrafiltration 

unit (Millipore, UK).  

 

3.2 Culture of human mesenchymal stem cells 

3.2.1 Medium formulation 

Human mesenchymal stem cells were cultured using three different medium formulations, 

firstly with Dulbecco’s Modified Eagle Medium (DMEM; Lonza, UK) supplemented with 10 % 

(v/v) foetal bovine serum (FBS) (Lot: RVC35874, Hyclone, Belgium) and 2 mM ultraglutamine 

(Lonza, UK). Complete growth medium was stored at 2 to 8°C and used within one month of 

preparation.  

 

For culture using human platelet lysate (HPL), Dulbecco’s Modified Eagle Medium (DMEM; 

Lonza, UK) was supplemented with 2, 5 and 10 % (v/v) HPL (StemulateTM, Cook Regentec, USA) 

and 2 mM ultraglutamine (Lonza, UK). Complete growth medium was stored at 2 to 8°C and 

used within one month of preparation. 

 

For serum-free culture, the growth surface of T-flasks was coated with 0.4 µg.cm-2 PRIME-XV® 

human fibronectin (FN) (Irvine Scientific, USA) and cultured in PRIME-XV® SFM (Irvine Scientific, 

USA) as per manufacturer’s instructions. Growth medium was stored at -18°C and thawed 

immediately before use. The selection of PRIME-XV® SFM was made following a pre-screen of 

six commercially available serum-free media.    

 

 

3.2.2 Acquisition and isolation of BM-hMSCs 

Bone marrow derived mesenchymal stem cells were purchased or donated as mononuclear cells 

(MNCs) from Lonza (USA) after the patient had given informed consent (Table 3.1). MNCs from 

Lonza were initially plated at a cell density of 100,000 MNCs.cm-2 with the first medium 

exchange taking place after 48 hours and every 72 hours thereafter. Cells donated from 
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Southampton University were received at passage 1 and initially plated at a density of 5000 

cells.cm-2 with a medium exchange taking place every 72 hours. The five BM-hMSC donors were 

selected at random in order to obtain a sample from representative BM-hMSC donors so that 

process development would account for input material from multiple, random donors.   

 

 

Table 3.1. Summary of the BM-hMSC line donor information as well as the chosen 

nomenclature to identify the various donor cell lines. Bone marrow derived mesenchymal 

stem cells were purchased1 or donated2 as mononuclear cells. 

BM-hMSC line 
Nomenclature 

Donor Age 
(years) 

Donor Gender Donor Ethnicity Lot Number 

2M0 20 MALE CAUCASIAN 4625A 

1M1 27 MALE BLACK 080004A 

1M2 19 FEMALE BLACK 071313B 

1M3 24 MALE CAUCASIAN 701150B 

1M4 25 FEMALE HIPANIC 0000327825 

 

 

3.2.3 Cryostorage  

BM-hMSCs were cryopreserved at passage 0 to passage 3 at a density of either 1 x 106 or 2 x 106 

cells.mL-1 in a freeze medium containing 90% (v/v) FBS (Lot: RVC35874, Hyclone, Belgium) and 

10% (v/v) dimethylsulphoxide (DMSO). Cells suspended in 1 mL freeze medium were placed into 

2 mL cryovials, placed in a freezing container (Panasonic, UK) and stored in a -80 °C freezer to 

cool at a rate of 1 °C.min-1. After 24 hours, cells were placed in the vapour phase of a monitored 

liquid nitrogen cryostorage bank for long term storage.  

 
 

3.2.4 Resuscitation  

A cryovial of BM-hMSCs was removed from liquid nitrogen storage and rapidly thawed in a 

water bath at 37 °C until a sliver of ice remained. The contents of the vial were pipetted drop 

wise into 10 mL of culture medium pre-warmed to 37 °C, centrifuged at 220 g for 5 minutes at 

room temperature, supernatant aspirated and re-suspended in 5 mL of fresh pre-warmed 

culture medium. Cells were counted using the method below and seeded into a T-flask at 5000 
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cells.cm-2 with the appropriate volume of pre-warmed culture medium (see Table 3.2), labeled 

and placed into a humidified incubator at 37 °C in air containing 5% CO2 for culture.  

 
 

3.2.5 T-Flask culture of human mesenchymal stem cells 

Cells were grown in T-flasks seeded at 5,000 cells.cm-2 in a humidified atmosphere at 37°C in air 

containing 5% CO2. A complete medium exchange was performed after 72 h culture and cells 

were passaged at day 6 of culture. On passage, the hMSCs were washed with Ca2+ and Mg2+ free 

phosphate buffered saline (PBS) (Lonza, UK). PBS free from Ca2+ and Mg2+ was used in order to 

reduce cell adhesion and enzyme denaturation caused by the presence of these components in 

the PBS. Cells were then incubated for 5 min with trypsin (0.25 %)/EDTA solution (Lonza, UK) or 

TrypLE Express (Life Technologies, UK) for serum-free culture to aid cell detachment from the 

surface. The dissociation reagent was then inactivated by the addition of fresh growth medium 

equivalent to three times the volume of the trypsin solution used for cell detachment. This cell 

suspension was centrifuged at 220g for 5 min at room temperature, the supernatant discarded 

and the remaining pellet re-suspended in an appropriate volume of culture medium. Viable cells 

were counted using a NucleoCounter NC-3000 automated mammalian cell counter 

(Chemometec, Denmark) and an appropriate number of cells were then re-seeded into a fresh 

T-flask. 

 

 

Table 3.2. Volume of culture medium and Trypsin used in monolayer culture of BM-hMSCs 

Culture Vessel 
Growth Surface Area 

(cm2) 
Medium Volume 

(mL) 
Trypsin Volume  

(mL) 

24 well plate 1.9 0.5 0.15 

12 well plate 3.8 1 0.25 

6 well plate 9.5 3 0.50 

T-25 25 5 1 

T-75 75 15 3 

T-175 175 35 7 

T-225 225 50 9 
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3.3 Microcarrier culture of human mesenchymal stem cells 

 

3.3.1 Microcarrier preparation 

To sterilise the microcarriers, 1.39 grams of polystyrene P102-L microcarriers (SoloHill, UK) and 

15ml of distilled water were added to each flask, giving a microcarrier surface area of 500 cm2. 

The flasks were sealed and autoclaved at 121 °C for 40 mins. The supernatant was then aspirated 

and 20 ml of sterile culture medium was added to each flask and incubated at room temperature 

for at least 20 mins to coat the microcarrier surface in serum protein. The supernatant was once 

again aspirated and replaced with 100ml of fresh culture medium and placed into a humidified 

incubator at 37 °C in air containing 5% CO2 for culture. The microcarrier type used in these 

studies was selected following a screening of multiple commercially available microcarriers.   

 

 

3.3.2 Spinner flask preparation  

The glass surfaces of 100 mL Spinner flasks (diam. T = 60 mm) (BellCo, USA) were siliconised 

with Sigmacote (Sigma-Aldrich, UK) to prevent cell attachment to the glass surface. Spinner 

flasks were operated with a magnetic, horizontal stirrer bar and a vertical paddle (diam. D = 50 

mm).  

 
 

3.3.3 Spinner flask operation  

Each spinner flask was seeded with 3 million BM-hMSCs (6000 cells.cm-2) and left to settle in a 

humidified incubator at 37 °C and 5% CO2 in air, for one hour. After this initial period the spinner 

flasks were placed on a magnetic stirrer plate (Bell-EnniumTM Compact 5, USA), at an impeller 

speed of 30 rpm, the minimum speed required to achieve microcarrier suspension (Rafiq et al. 

2013a). The spinner flasks side-arm caps were loosened (to allow for gas exchange) and were 

incubated at 37 °C in a humidified atmosphere of 5% CO2 in air. A 50% medium exchange was 

performed every three days. 1 ml samples of the medium from the spinner flasks were taken 

daily as well as samples of fresh medium on days when a medium exchange occurred. The 

medium samples were centrifuged at 220g for 5 minutes and 1 ml of the supernatant is removed 

to ensure that no microcarriers were present.  Daily samples of the cell suspension were also 

taken for cell counting using the NucleoCounter NC-3000 method below. 
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3.3.4 Spinner flask harvest  

On the sixth day of culture the BM-hMSCs were harvested from the spinner flasks using a 

previously published method (Nienow et al. 2014). The microcarriers were left to settle at the 

bottom of the spinner flasks, the supernatant was aspirated and the microcarriers were washed 

in 50 ml of Ca2+ and Mg2+ free PBS for 3 minutes at an impeller speed of 30 rpm. The 

microcarriers were left to settle once more and the PBS aspirated before adding 50 mL of Trypsin 

for 7 minutes at an impeller speed of 150 rpm (ending with 5 seconds at 200 rpm). The Trypsin 

was then quenched with 50 ml of medium and a 2 mL sample placed in a single well of a 6 well 

plate for analysis under a light microscope to assess detachment efficiency. The remainder of 

the solution was filtered through a 60 μm Steriflip Filter Unit (Merck Millipore, Germany) to 

separate the microcarriers from the cells and medium. The cell suspension was centrifuged, the 

supernatant aspirated and the cell pellet re-suspended in culture medium. A cell count was then 

performed using a NucleoCounter NC-3000 to assess the overall BM-hMSC growth and the 

culture harvest efficiency.  

 
 

3.3.5 DASGIP DASbox bioreactor culture 

DASGIP, DASbox bioreactors (Figure 3.1), were used for all controlled bioreactor experiments, 

with a working volume of 100 ml and a vessel diameter (T) of 63 mm.  The bioreactor was 

equipped with a 3-blade 30°-pitch down pumping impeller (diameter, D = 30.25 mm, Figure 3.2), 

a temperature probe, a dissolved oxygen (dO2) probe (Hamilton, UK) a pH probe (Hamilton, UK), 

an off-gas analyser (Eppendorf, Germany) and two sample ports.  The DASbox system was set 

up, calibrated and controlled using Eppendorf, DASGIP control unit and accompanying software.  
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Figure 3.1. DASGIP DASbox Controlled stirred bioreactor system 

 

 

 

 

Figure 3.2. DASGIP DASbox impeller and geometry 
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The DASbox system was operated with headspace aeration to achieve sufficient gas supply, 

unless otherwise stated. For sparged culture, the gas inlet port was lowered into the culture 

medium with an aeration rate of 0.1 VVM. For sparged bioreactor cultures, Antifoam C (Sigma, 

UK) was made up to a concentration of 2% (v/v) in water and sterilised by autoclaving. Antifoam 

was added to the bioreactors to reduce foaming at a concentration of 0.01% (v/v) per day. If 

PluronicTM F68 (Life Technologies, UK) was used in culture as a shear protectant, it was added 

directly into the culture medium at a concentration of 0.1% (v/v) as per the manufacturer’s 

instructions.  

 

To allow for sampling and harvest of the culture medium in the DASbox bioreactor without 

requiring the microcarriers to settle, one of the DASbox sample ports was modified (Figure 3.3). 

Briefly, a 40 µm nylon mesh was placed over the sample port and held in place using silicone 

sample tubing which prevented the microcarriers from entering the sample port during culture 

and harvest. This modification was made prior to autoclave sterilisation of the bioreactor so that 

the nylon mesh and tubing was sterilised during the autoclave process.         

 

 

 

Figure 3.3. DASGIP DASbox impeller and sample port modification (red arrow)  
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3.3.6 DASGIP DASbox bioreactor harvest 

To initiate the microcarrier harvest process, the DASbox control was switched off and the 

microcarriers allowed to settle. The spent culture medium was extracted through the modified 

sample port (Figure 3.2) and the microcarriers were washed twice in 50 ml of Ca2+ and Mg2+ free 

PBS. The PBS was aspirated before adding 80 mL of dissociation reagent for 10 minutes at an 

impeller speed of 375 rpm (ending with 5 seconds at 400 rpm). The dissociation reagent was 

then quenched with 70 ml of medium and a 2 mL sample placed in a single well of a 6 well plate 

for analysis under a light microscope to assess detachment efficiency. The remainder of the 

solution was filtered through a 60 μm Steriflip Filter Unit (Merck Millipore, Germany) to 

separate the microcarriers from the cells and medium. The cell suspension was centrifuged, the 

supernatant aspirated and the cell pellet re-suspended in culture medium. A cell count was then 

performed using a NucleoCounter NC-3000 to assess the overall BM-hMSC growth and the 

culture harvest efficiency.  

 
 

3.3.7 Downstream processing and cryopreservation from microcarrier culture 

Following detachment and separation from the microcarriers, BM-hMSCs were held in culture 

medium for four hours to simulate an expected process pooling time. Harvested cells were then 

suspended in Prime-XV™ Cryopreservation medium (Irvine Scientific, USA) at 2x106 viable 

cells.ml-1. Cells were equilibrated in freezing medium for 30 minutes at room temperature and 

aliquots (0.5 ml) were loaded into 1.8 ml cryovials during equilibration. Vials were cooled at 4°C 

for 5 minutes then cooled with a Stirling cryocooler (EF600, Asymptote, UK) set to cool at -

1°C.min-1 to -80°C. Cooled vials were stored under liquid nitrogen vapour for at least one month. 

Vials were rapidly thawed in a 37°C water bath and cells recovered by growth medium dilution 

followed by centrifugation. The resultant cell pellet was suspended in growth medium then the 

cells were seeded into T-flasks to monitor outgrowth and into fibronectin-coated multiwell 

plates to assess cell adhesion. 
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3.4 Analytical Techniques 

 

3.4.1 NC-100 determination of viable cell number 

Human MSC viability was determined via propidium iodide (PI) exclusion using a NucleoCounter 

NC-100 automated mammalian cell counter. Briefly, the non-viable cell number was determined 

by direct measurement of the cell suspension using a NucleoCassette (Chemometec, Denmark) 

containing PI (with the assumption that viable cells exclude the PI) and run on the 

NucleoCounter NC-100. The total cell number was obtained by first mixing 50 μL of the cell 

suspension with 50 μL of NucleoCounter Buffer A (Chemometec, Denmark) to permeabilise the 

cell membrane, vortexing for 3 seconds and leaving for a minimum of 10 seconds. Next, 50 μL 

of NucleoCounter Buffer B (Chemometec, Denmark) was added to the solution for stability and 

the solution aspirated using a NucleoCassette (Chemometec, Denmark) and run on the 

NucleoCounter NC-100 to obtain the total cell number (taking into account the 3x dilution). To 

calculate the viable cell number, the non-viable cell number was subtracted from the total cell 

number and multiplied by the cell re-suspension volume. 

 
 

3.4.2 NC-3000 determination of viability, mean cell diameter and cell aggregation 

The cell suspension was taken up into a Via-1 Cassette and loaded into the NucleoCounter NC-

3000 automated mammalian cell counter (Chemometec, Denmark) to determine mean cell 

diameter, viability (via acridine orange uptake and DAPI exclusion) and percentage cell 

aggregation.  

 

 

3.4.3 NC-3000 determination of cell number from microcarrier culture 

For microcarrier cultures, cells were counted directly from microcarrier culture, whilst still 

attached to the microcarrier surface.  The total cell number was obtained by first mixing 200 μL 

of the cell-microcarrier suspension with 100 μL of NucleoCounter Buffer A (Chemometec, 

Denmark) to permeabilise the cell membrane, vortexing for 30 seconds and leaving for a 

minimum of 10 seconds. Next, 100 μL of NucleoCounter Buffer B (Chemometec, Denmark) was 

added to the solution to stabilise, vortexed for 10 seconds and the solution taken into a Via-1 

Cassette (Chemometec, Denmark) and run on the NucleoCounter NC-3000 to obtain the total 

cell number (taking into account the 2x dilution). 
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3.4.4 Demonstration of multilineage potential  

The assessment of BM-hMSC multilineage potential was made according to the International 

Society for Cellular Therapies (ISCT) guidelines (Dominici et al. 2006; Rasini et al. 2013) which 

states that human mesenchymal stem cells should demonstrate the ability to differentiate down 

the osteogenic, adipogenic and chondrogenic lineages.  

 

A StemPro osteogenesis kit (Life Technologies, UK) was used to verify BM-hMSC osteogenic 

potential combined with dual staining of calcium and alkaline phosphatase; briefly the 10 mL 

osteogenic supplement was thawed at room temperature and added to 90 mL of the supplied 

basal medium and stored at 4-8°C. Cells were seeded in a 12 well plate at 5 x 103 cells cm-2 with 

DMEM and placed into an incubator at 37°C for 72 hours, after which 1 mL osteogenic 

differentiation medium was added to each well. The cells are then returned to the incubator 

with a medium exchange taking place every 2 to 3 days. After 28 days under differentiation 

conditions the medium is removed, cells were rinsed once in PBS and fixed in a 1 mL solution of 

4% (v/v) PFA for 5 minutes at room temperature. After fixation, cells were washed with distilled 

water and 1 mL 2.5% (v/v) silver nitrate (Sigma, UK) is added to each well for 30 minutes. Cells 

were rinsed three times with distilled water and a fast violet solution (Sigma, UK) containing 4% 

(v/v) napthol AS-MX phosphate alkaline (Sigma, UK) was added to the cells for 45 minutes at 

room temperature in the dark. Finally, cells were washed three times in distilled water and 

visualised under a light microscope.  

 

A StemPro chondrogenesis kit (Life Technologies, UK) was used to verify BM-hMSC 

chondrogenic potential combined with Alcian blue staining of extracellular matrix containing 

glycosaminoglycans. Briefly, the 10 mL chondrogenic supplement was thawed at room 

temperature and added to 90 mL of the supplied basal medium and stored at 4-8°C. 

Chondrogenic differentiation involves the formation of a micromass of BM-hMSCs, generated 

by seeding multiple 5 μl cell suspensions at 1.6 x 107 cells.ml-1 into a 12 well plate. The 12 well 

plate is placed into a humidified incubator at 37°C for 20 minutes, after which 2 mL 

chondrogenic differentiation medium is added to each well. The cells were then returned to the 

incubator with a medium exchange taking place every 2 to 3 days. After 14 days under 

differentiation conditions the medium was removed, cells are rinsed once in PBS and fixed in a 

2 mL solution of 4% (v/v) paraformaldehyde (PFA) (Sigma, UK) for 20 minutes at room 

temperature. After fixation, cells were rinsed in PBS and stained with 1% Alcian blue (w/v) 

(Sigma, UK) in 0.1 N hydrochloric acid (HCl) (Sigma, UK), passed through 0.2 μm filter (Nalgene, 
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UK) and incubated for 30 minutes at room temperature. After incubation, cells were rinsed 

three times with 0.1 N HCl, distilled water is added to dilute the acidity and cells were visualised 

under a light microscope (Nikon Eclipse TS-100, UK).  

 

A StemPro adipoogenesis kit (Life Technologies, UK) was used to verify BM-hMSC adipogenic 

potential combined with Oil Red O staining of lipid vacuoles; briefly the 10 mL adipogenic 

supplement was thawed at room temperature and added to 90 mL of the supplied basal 

medium and stored at 4-8°C. Human MSCs were seeded in a 12 well plate at 1 x 104 cells cm-2 

with growth medium and placed into an incubator at 37°C for 24 hours, after which 1 mL 

adipogenic differentiation medium was added to each well. The cells were then returned to the 

incubator with a medium exchange taking place every 2 to 3 days. After 21 days under 

differentiation conditions the medium was removed, cells rinsed once in PBS and fixed in a 1 mL 

solution of 4% (v/v) PFA for 20 minutes at room temperature. A stock solution of 0.3% (w/v) Oil 

Red O (Sigma, UK) was prepared in 99% isopropanol, stable for one year at room temperature. 

The working Oil Red O solution was prepared by mixing 3 parts Oil Red O stock solution with 2 

parts distilled water, passed through a 0.2 μm filter and incubated for 10 minutes at room 

temperature (stable for 2 hours). After fixation, cells were rinsed with distilled water and 1mL 

60% (v/v) isopropanol was added to each well for 5 minutes, removed and 1 mL of filtered Oil 

Red O working solution is added for 5 minutes at room temperature. Oil Red O solution is 

removed, cultures were rinsed with distilled water three times or until water is clear and 

visualised under a light microscope.   

 

 

3.4.5 Immunophenotype by multiparameter flow cytometry  

Detached BM-hMSCs were suspended at 0.5 x 106 cells.ml-1 in culture medium, loaded into a 96 

well plate (200µl per well) and centrifuged for 5 minutes at 300 g. The aspirate was removed 

and the cells re-suspended, washed in flow cytometry stain buffer (R&D Systems, UK) and 

centrifuged for 5 minutes at 300 g. The cells were stained for 20 minutes in the dark at room 

temperature with fluorescent monoclonal antibodies against CD34 (PE-CY5), CD45 (APC-Cy7), 

CD73 (PE-Cy7), CD90 (APC), CD105 (PE), HLA-DR (FITC) (BD Biosciences, UK) along with 

corresponding isotype controls. After incubation the cells were washed twice with staining 

buffer as before and 200µl of stain buffer is used to re-suspend the samples before analysis.   
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All data was obtained using a Guava EasyCyte 8HT flow cytometer (Merck Millipore, UK) 

equipped with 488nm and 640nm lasers running guava SoftIncyte acquisition software (v2.5). A 

minimum of 10,000 gated (forward scatter/side scatter) events were recorded for each sample. 

Compensation values were determined using anti-mouse Ig, κ antibody capture beads 

(CompBeads, BD Bioscience, UK) according to the manufacturer’s instructions. Post-acquisition 

analysis and compensation was performed with FlowJo v7.6.5 (TreestarInc, USA) software. 

 
 
3.4.6 Nutrient and metabolite analysis  

To assess the metabolic activity of the BM-hMSCs during culture, 1 mL medium samples were 

taken from each culture vessel (T-flask, spinner flask or bioreactor), stored initially at -18°C and 

transferred to -80°C for permanent storage. Multiple medium samples were thawed, 

randomised and analysed for glucose, lactate and ammonium using the BioProfile FLEX (Nova 

Biomedical, USA). Alternatively, the medium sample were thawed and analysed for glucose, 

lactate, ammonia, lactate dehydrogenase (LDH) and total protein using the Cedex Bio-HT 

metabolite analyser (Roche, Germany).    

 
 

3.4.7 Plastic adherence and morphology by phase contrast microscopy  

According to the minimum criteria as defined by the ISCT (Dominici et al. 2006; Rasini et al. 

2013), BM-hMSCs must adhere to tissue culture plastic. During the culture of BM-hMSCs this 

ability to adhere to tissue culture plastic has been assessed via daily imaging of the BM-hMSCs 

over multiple passages. In conjunction with this, qualitative morphology analysis of the BM-

hMSCs is carried out by taking a representative image of each T-75 flask on every day of culture 

throughout serial passage. This information was then used to assess changes in BM-hMSC 

morphology throughout the multiple passages as well as morphological differences between 

the various donor BM-hMSC cell lines.  

 
 

3.4.8 Quantitative osteogenic potential of BM-hMSCs  

Osteogenesis was quantified by BM-hMSC collagen production using the Sircol Assay (Biocolour, 

UK) following osteogenic differentiation. Collagen standards of acid-soluble collagen Type I at 0, 

0.1, 0.2 and 0.4 g.L-1 were used to quantify the collagen production. BM-hMSCs were seeded at 

10,000 cells.cm-2 in a 12 well plate with previously described cell culture medium; after 3 days 

culture growth medium was exchanged to PRIME-XV® Osteogenesis Serum-Free Medium (Irvine 

Scientific, USA) and cultured for 9 days with a medium exchange taking place every 3 days. To 
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quantify the collagen production cells were fixed with a solution of 5% acetic acid (v/v) (Sigma, 

UK) and 9% formaldehyde (v/v) (Sigma, UK) for 30 minutes at room temperature. The monolayer 

was washed and Sircol Dye Reagent (Biocolour, UK) was added to each well for 30 minutes, 

removed and the cell monolayer was washed with Acid-Salt Wash Reagent (Biocolour, UK). 

Alkali Reagent (Biocolour, UK) was added to each well to release the collagen-bound Sircol Dye 

Reagent and the resulting solution along with the collagen standard was quantified on a 

microplate reader (BMG Labtech, UK) at an absorbance of 555 nm. 

 

 

3.4.9 Colony forming unit-fibroblast (CFU-f) efficiency 

To assess the CFU-f efficiency, BM-hMSCs were seeded in a T-flask at 10 cells.cm-2 and cultured 

with a medium exchange every 3-5 days. Following 14 days culture, cells were washed with PBS 

and fixed in 4% formaldehyde (v/v) (Sigma, UK) for 30 minutes. Colonies were stained with 1% 

crystal violet (Sigma, UK) in 100% methanol (w/v) for 30 minutes. Stained colonies that were 

made up of more than 25 cells were recorded as CFU-fs. 

 

 

3.4.10 RNA isolation 

Total RNA was collected using TriFastTM Reagent (Peqlab, Germany) according to the 

manufacturer’s instructions. Potential genomic DNA contamination was removed by digestion 

with DNase (Life Technologies, Germany) followed by reverse transcription at 50 °C for 60 min 

using Superscript III (Life technologies, Germany) and 250 ng Oligo(dT)18-primer (Life 

Technologies, Germany).   

 

 

3.4.11 Quantitative real-time-polymerase chain reaction (PCR) analysis 

Quantitative real-time PCR was done with SYBR GreenER qPCR Supermix Universal (Life 

Technologies, Germany), additionally added 1x SybrGreenI (Life Technologies, Germany) and 

0.2 µM primer each on the DNA engine Opticon2 (Biorad, Germany) using these cycling 

conditions: Primary denaturation at 95 °C for 3 min, followed by 35 cycles: 95°C for 30s, 60°C 

for 30s (36B4, p21, CCL2) / 55 °C (Oct4) and 72°C for 30s followed by fluorescence measurement. 

The following primers for cell markers were used: CCL2 (recruits monocytes, memory T cells, 

and dendritic cells to the sites of inflammation produced by either tissue injury or infection, 

NM_002982.3) (Fw) 5¢-CCA AGG GCT CGC TCA GCC AGA TGC-3¢, (Re) 5¢-CGG AGT TTG GGT TTG 
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CTT GTC CAGG-3¢; p21 (regulates the cell cycle and mediates cellular senescence, 

NM_000389.4) (Fw) 5¢-CCG CCT GCC TCC TCC CAA CT-3¢, (Re) 5 ¢-GAG GCC CGT GAG CGA TGG 

AA-3¢, OCT4 (pluripotent marker associated with self-renewal of undifferentiated cells, 

NM_002701.4) (Fw) 5¢-GAG GAG TCC CAG GAC ATC AA-3¢, (Re) 5¢-CAT CGG CCT GTG TAT ATC 

CC-3¢ and VEGF (associated with vascularization and growth of blood vessels, 

NM_001171623.1) (Fw) 5¢- GGAAGGAGCCTCCCTCAGGGTTTCG -3¢, (Re) 5¢- 

GCCGGAGTCTCGCCCTCCGG -3¢. Serial dilutions of plasmid standards were used as positive 

controls and for quantification. Expression was normalized to the reference gene 36B4 

(ribosomal protein large P0 RPLP0, NM_001002.3). 

 
 

3.4.12 Short tandem repeat (STR) analysis  

Short Tandem Repeat analysis was completed by LGC Standards (UK) under their cell line 

authentication program. 

 
 

3.4.13 Post-thaw BM-hMSC adhesion and F-actin staining  

For the cell adhesion assay, cultured cells were washed with PBS then fixed and permeabilised 

with BD Cytofix/Cytoperm™ kit at 4°C for up to 1 week. After repeated washing, cellular F-actin 

was stained with 100 nM Alexa Fluor® Phalloidin with 100 nM 4',6-diamidino-2-phenylindole 

counterstain for 30 minutes in the dark. Stained cells were visualized with a Nikon Eclipse TS100 

fluorescence microscope (Nikon Instruments Europe B.V. UK). Cells were harvested during 

outgrowth and diluted 1:1 with viability stain (10 nM calcein-AM + 50 µg/ml propidium iodide 

in PBS) and incubated at 37°C for 7 minutes in 96 well plates. Stained cells were counted using 

a Guava EasyCyte 8HT flow cytometer using a standardized analysis protocol with GuavaSoft 2.6 

(Merck Millipore, UK). 

 

 

 

3.5 Statistical analysis 

Results were deemed to be significant if P < 0.05 using a 2 tailed Students T-test in SPSS (IBM, 

USA) statistical software. 
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3.6 Equations 

Equation 1: Specific growth rate 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒, µ =  
ln(

𝐶𝑥(𝑡)
𝐶𝑥(0)⁄ )

∆𝑡
  

Where µ is the net specific growth rate (h-1), Cx(t) and Cx(0) are the cell numbers at the end and 

start of the exponential growth phase, respectively and t is time (h).  

 
 
Equation 2: Fold increase 

𝐹𝑜𝑙𝑑 𝑖𝑛𝑐𝑟𝑒𝑠𝑎𝑒 =  
𝐶𝑥(𝑓)

𝐶𝑥(0)
  

Where Cx(f) is the final cell number at the end of passage and Cx(0) is the initial cell number at 

the start of passage.  

 
 
Equation 3: Population doublings 

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔𝑠, 𝑃𝑑 =
1

log  (2)
∙ log (

𝐶𝑥(𝑡)

𝐶𝑥(0)
)  

Where Pd is the number of population doublings, Cx(t) and Cx(0) are the cell numbers at the end 

and start of the exponential growth phase, respectively. 

 

 

Equation 4: Doubling time 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒, 𝑡𝑑 =  
ln 2

𝜇
  

Where td is the cell doubling time (h) and µ is the net specific growth rate (h-1). 

 
 
 
Equation 5: Specific metabolite consumption and production rate 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑓𝑙𝑢𝑥, 𝑞𝑚𝑒𝑡 = (
𝜇

𝐶𝑥(0)
) ∙ (

𝐶𝑚𝑒𝑡(𝑡)−𝐶𝑚𝑒𝑡(0)

𝑒𝜇𝑡−1
)  

Where qmet is the net specific metabolite consumption or production rate, µ is the specific 

growth rate (h-1), Cx(0) is the cell number at the end of the exponential growth phase, Cmet(t) 

and Cmet(0) are the metabolite concentrations at the end and start of the exponential growth 

phase, respectively and t is time (h).  
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Equation 6: Yield of lactate from glucose 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝑔𝑙𝑢𝑐𝑜𝑠𝑒, 𝑌 𝐿𝑎𝑐

𝐺𝑙𝑢𝑐

= (
∆[𝐿𝑎𝑐]

∆[𝐺𝑙𝑢𝑐]
)  

Where YLac/Glc is the yield of lactate from glucose, ∆[Lac] is the lactate production over specific 

time period and ∆[Glc] is the glucose consumption over same time period. 

 
 
Equation 7: Colony-Forming Unit Fibroblast (CFU-f) Efficiency 

𝐶𝐹𝑈𝑓 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (
𝑁𝑐(0)

𝑁𝑐(𝑡)
) ∙ 100  

Where Nc(0) and Nc(t) are the number of cells seeded and the number of colonies formed, 

respectively. 

 

Equation 8: Mean specific energy dissipation rate 

The mean specific energy dissipation rate during culture at NJS (numerically equal to the specific 

power, (P/M)JS imparted to the medium) is given by: 

(𝜀�̅�)𝐽𝑆 = (𝑃 𝑀⁄ )𝐽𝑆 =  𝑃𝑂 ∙ 𝜌𝐿 ∙ 𝑁𝐽𝑆
3 ∙ 𝐷5 𝑀𝐽𝑆⁄   

Where Po is the impeller power number (dependent on the impeller type), D is the impeller 

diameter, ρL is the fluid density, kg.m-3 and MJS is the mass of medium and microcarriers in the 

vessel. 

 
Equation 9: Kolmogorov scale 

The Kolmogorov scale, λK is given by: 
 

(𝜆𝐾)𝐽𝑆 = (𝜈3 (𝜀𝑇)𝐽𝑆 𝑚𝑎𝑥⁄ )
1 4⁄

 

 
Where εT max is the maximum local specific energy dissipation rate close to an impeller and ν is 

the kinematic viscosity.  

 

Equation 10: Reynolds number 

 
𝑅𝑒 = 𝑁 ∙ 𝐷2 ∙ 𝜌𝐿 𝜇⁄  
 
Where Re is the Reynolds number, N is the impeller speed (s-1), D is the impeller diameter (m), 

ρL is the fluid density (kg.m-3) and µ is the fluid viscosity (kg.ms-1). 
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3.7 Equipment and suppliers 

Becton Dickinson, UK 

 BD FACSCanto II 

 

BellCo, USA  

 Bell-EnniumTM Compact 5 position magnetic stirrer platform  

 100 mL spinner flasks   

 

BMG Labtech, UK 

 Omega plate reader 

 

Chemometec, Denmark  

 NucleoCounter NC-100 automated mammalian cell counter 

 NucleoCounter NC-3000 automated mammalian cell counter 

 

Eppendorf, UK  

 DASGIP DASbox controlled bioreactor system 

 Eppendorf 5804 Centrifuge    

 

Hamilton, Germany  

 DASbox OxyFerm dissolved oxygen probe  

 DASbox EasyFerm pH probe   

 

Merck Millipore, UK 

 Guava EasyCyte 8HT flow cytometer  
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Nikon Instruments, UK  

 Nikon TS-100 inverted microscope 

 Fluorescent Inverted microscope   

 

Nova Biomedical, USA  

 BioProfile FLEX Bioanalyser   

 

Roche, Germany 

 Cedex Bio-HT metabolite analyser 

 

 

Thermo Scientific, UK  

 Benchtop centrifuge Megafuge 16 

 Herasafe KS Class II Biosafety Cabinet  

 Heraeus HERAcell 150 CO2 Incubator   
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4 Characterisation of BM-hMSCs from Multiple Donors 

 

4.1 Chapter introduction 

Autologous cell-based therapies, where the cell donor and recipient is the same individual, are 

patient specific and their manufacture must be scaled-out to ensure that patient material is 

segregated and cross-contamination of material is avoided. Scale-out of autologous therapies 

will likely necessitate multiple manufacturing facilities, creating the need for local automation 

and the demonstration of comparability between these sites (Hourd et al. 2014a; Rafiq et al. 

2015a). The main advantage of autologous cell-based therapies is the lack of immune rejection 

associated with donor transplant material, eliminating the need for immunosuppressive 

medication, which would add significant cost to the treatment. Autologous therapies may also 

benefit from the development of point-of-care devices, where functional closed devices can be 

used to manufacture cell-based therapies at the bedside. These typically involve the isolation 

and enrichment of cells directly from the patient and are returned on-site as “minimally 

manipulated” therapies. Despite these advantages, many challenges remain in the development 

and commercialisation of autologous cell-based therapies. It is possible that the route of the 

target disease might be with the patient’s own cells and it would therefore be better to avoid 

using them, or indeed the patient is unable to undergo the procedure required for cell isolation. 

Furthermore, issues surrounding the quality test burden and logistics add to the complexity for 

the production and delivery of a cost effective autologous cell-based therapy and failure of 

product batches would be likely to lead to an inability to treat patients.  

 

Regenerative cell-based therapies where the donor and the recipient are different individuals 

are termed “allogeneic”. This creates an off-the-shelf business model, which is far more akin to 

current biopharmaceuticals, representing an attractive commercial opportunity. Assuming cell 

products can be stored long-term i.e. their manufacture is decoupled from delivery to the 

patient; the cells can be made available on demand. In contrast to autologous therapies, 

allogeneic products have the potential to be scaled-up, potentially benefitting from the 

economies of scale experienced by traditional bioprocesses (Jung et al. 2012; Rafiq et al. 2013b). 

As such, manufacturing technologies employed for allogeneic therapies are likely to differ in 

terms of nature and scale including the use of traditional scale-up technology such as stirred-

tank bioreactors. Allogeneic therapies will however create a product that is “more than 
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minimally manipulated”, which means that the regulatory pathway requires far more time and 

resource to complete.   

 

For the development of both autologous and allogeneic cell-based therapies, the 

characterisation of the input material from different donors will be necessary to assess any 

potential variation in the manufacturing and delivery process. The aim of this Chapter, 

therefore, is to characterise the input material for a BM-hMSC therapy bioprocess and then 

assess the implications for the development and operation of a large scale “more than minimally 

manipulated” cell-based therapy bioprocess.  
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4.2 Growth characteristics of BM-hMSCs from multiple donors 

 

4.2.1 Experimental overview 

The development of both patient specific and off-the-shelf BM-hMSC manufacturing processes 

will have to consider the effect of donor variation and therefore it is important to assess the 

potential impact of this variation on the process. With this in mind, an experiment was designed 

to compare the growth and metabolite flux of five BM-hMSC lines over five passages (30 days) 

in small-scale monolayer culture.  Four T-75 flasks were seeded for each donor BM-hMSC line 

in accordance with the protocol described in Section 3.2.5 and passaged every six days for a 

total of five passages. At passage the viable cell number was determined (Section 3.4.1) and the 

growth kinetics calculated (Equation 1). The culture medium supplemented with FBS (Section 

3.2.1) was exchanged after three days and daily medium samples were taken and analysed for 

glucose, lactate and ammonium as in Section 3.4.6 on the Nova BioProfile FLEX. The metabolite 

concentrations and per cell metabolite flux was then calculated from these measurements 

(Equation 5 and 6).     

 
 
4.2.2 Human MSC growth kinetics over multiple passages  

It will be important to consider the growth kinetics of multiple BM-hMSC donors for 

manufacturing processes that require cell expansion, in order to meet the cell numbers required 

for each product dose. The specific growth rate of each of the donor BM-hMSC lines can be seen 

in Figure 4.1, with clear differences between them. Cell lines M0, M2 and M4 generally 

maintained their expansion potential over the five passages with the specific growth rate of M0 

decreasing by only 0.066 ± 0.007 day-1, M2 decreasing by 0.056 ± 0.009 day-1 and M4 decreasing 

by 0.069 ± 0.018 day-1 from passage four to passage eight. In contrast, BM-hMSC lines M1 and 

M3 showed a dramatic reduction in growth kinetics over the expansion period with M1 

decreasing by 0.138 ± 0.022 day-1 and M3 decreasing by 0.123 ± 0.043 day-1 over the same time 

period. The specific growth rates measured here are in the range of other studies of BM-hMSCs 

and many display the same reduction in growth kinetics throughout expansion (Sethe et al. 

2006; Higuera-Sierra et al. 2009). This reduction in growth kinetics as the number of population 

doublings increases is largely due to the onset of cellular senescence (Estrada et al. 2013; Carlos 

Sepúlveda et al. 2014). This onset of cellular senescence is induced through replicative 

exhaustion, DNA damage, or other stresses (Tchkonia et al. 2013) and is irreversible in primary 

BM-hMSCs, limiting the expansion potential during manufacture.     
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Figure 4.1. Growth potential of the five BM-hMSC lines over five passages. Showing (A) 

Cumulative population doublings; (B) Variation in cumulative population doublings across all 

six BM-hMSC lines; (C) Specific growth rate; (D) Fold Increase. (Data shows mean ± SD, n = 4). 

 

 

As mentioned in Section 4.1, autologous cell-based therapy products must be scaled-out to 

meet demand and the process must have the capability to deal with innate variation that exists 

when manufacturing each product batch from a different donor. With this in mind, the variation 

in input material should be assessed in order to inform product and process development, 

increase efficiency and reduce costs (Naing et al. 2015a). The variation in growth kinetics of the 

five BM-hMSC lines can be seen in Figure 4.1, with 13.74 ± 0.33 cumulative population doublings 

achieved by M0 over 30 days in culture, compared to M3 which only achieved 7.81 ± 0.32 over 

the same period of time. The measured variation in growth kinetics will likely have implications 

for BM-hMSC products that require culture expansion, as a minimum number of cells will be 

required to be generated within a set time frame, to meet the specification of the product. With 

such differences in the growth of BM-hMSCs between donors this makes the manufacture of 

autologous cell-based products a real challenge and solutions have been proposed to alleviate 

this, such as reducing the expansion of the product and utilising functionally closed automated 

manufacturing devices (Hourd et al. 2014b). The implications of this difference in growth 
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kinetics will also impact the logistics and timing, as the process will typically have to operate at 

the “worst-case-scenario”. Table 4.1 shows the variation in process time for each of these donor 

BM-hMSC lines for a theoretical process with the batch requirement of 350 million BM-hMSCs 

(Heathman et al. 2015b). The range in the process time between these donor BM-hMSC lines 

for this hypothetical product is over 13 days, creating potential batch timing issues when 

manufacturing products from multiple patients. This also creates differences in the medium 

utilisation to achieve each patient dose, for example M1 requires almost double the volume of 

medium per million cells compared to M0 (Table 4.1). This will likely impact of the overall cost 

of goods for patient specific processes, as medium and particularly the serum component of 

medium is likely to be a key cost driver during process scale-out (Brindley et al. 2012). Table 4.1 

also shows the inter batch range for each of these donor BM-hMSC lines, with cells requiring 

higher processing times showing increased batch variation (Figure 4.2). Increased inter batch 

range has the potential to reduce productivity as process timing will need to be flexible enough 

to accommodate this variation and production rates are likely to be decreased.     

 

The logistics of isolating cells from the patient, processing these cells and returning them to the 

patient will have to take place in a limited time period, for example, Provenge® (Dendreon 

Corporation, USA) a non-expanded cell-based therapy has a processing time of up to 18 hours. 

Process timings must therefore be clearly defined which will be challenging when the difference 

in growth kinetics is so variable and the process must be run assuming the minimum possible 

expansion rate of the product to avoid creating a production bottleneck. The implications of this 

are that low growth rate cells greatly reduce the efficiency of the process, which is likely to 

increase the cost of developing autologous cell-based products.     
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Table 4.1. Process time required to manufacture a theoretical batch of 350 million BM-hMSCs 

demonstrating variation in process time between and within donor material. Assumptions – 

Starting population of 2M BM-hMSCs, expanded in a T-flask process.    

BM-hMSC 

line 

Per dose of 350 million BM-hMSCs 
mL culture media 

per million cells 
Process Time 

(days) 

Number of 

Passages 

Inter Batch Range 

(days) 

M0 14.2 3 0.5 87 

M1 23.3 4 5.0 159 

M2 17.6 4 1.6 117 

M3 27.4 5 6.8 151 

M4 18.7 4 0.9 129 

 

 

 

The development of allogeneic cell-based therapies represents an off-the-shelf business model 

more akin to current biopharmaceutical production. These allogeneic processes can be scaled-

up to treat multiple patients from a single batch which is likely to increase the cost-effectiveness 

of the product due to increasing economies of scale, simpler supply logistics and larger amounts 

of material for quality control (QC)/quality assurance (QA) testing in comparison to autologous 

processes. Material from multiple donors must therefore be assessed in order to create a 

master cell bank with enough material to manufacture cells to meet the commercial demand 

for the cell-based therapy.  
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Figure 4.2. Correlation showing that the BM-hMSC donors with increased process times to 

achieve a therapeutic dose of 350 million cells have increased variation between batch 

production runs 

 

 

Figure 4.1b shows the box and whisker plots for the variation across five BM-hMSC lines, which 

increases with passage number and time in culture. The divergence in cell growth will create an 

issue for processes with a high expansion ratio, as a consistent process will be harder to obtain 

the longer the cells are in culture. This highlights the importance of developing a process control 

strategy that is capable of reducing this divergent culture, minimising the time required for in 

vitro expansion, or ideally producing a convergent process, once it is transferred to a large-scale 

bioreactor system.  

 
The divergence in growth characteristics of BM-hMSCs from multiple donors has implications 

for the development of allogeneic cell-based therapy manufacturing processes, as they will 

require a high cell expansion ratio at large scale in order to produce sufficient cell numbers to 

meet the product demand. Furthermore, as the cells are cultured for a longer period of time, 

the number of manipulations increases, which has the potential to introduce increased 

variability into the process. Automated and closed processes have the potential to reduce the 
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inherent variability in each of these process manipulations and are likely to play a key role in the 

development of allogeneic cell-based therapies.     

 

The development of an allogeneic product also necessitates a master cell bank, from which the 

final product can be manufactured (Wuchter et al. 2014). The cost of developing a master cell 

bank is typically high and cannot be recovered until the product receives market approval, 

adding to the funding gap in development of allogeneic cell-based therapies. The quality and 

consistency of the master bank is critical, as once it has been created it cannot be changed and 

therefore a high level of product and process understanding is required, coupled with rigorous 

safety and quality testing to ensure that the product in the master cell bank is suitable for the 

manufacture of the cell-based therapy product. The key advantage of an allogeneic process over 

an autologous process, however, is that the cellular material in the master cell bank can be 

selected based on rigorous product screening to control the variation in process input material. 

This will allow for increased consistency in desired product attributes throughout the 

manufacturing process, driving down the cost of these therapies as they increase in scale.    

 

 

4.2.3 Human MSC metabolite flux over multiple passages  

The relative metabolite production rate and nutrient consumption rate can be seen in Figure 

4.3, with the per cell metabolite flux showing differences across the five BM-hMSC lines over 

the 30 days in culture. The net glucose consumption rate for the BM-hMSC lines remained 

relatively stable throughout the 30 days of culture with the exception of M3, which showed an 

increase at the end of the culture period. The increase in net glucose consumption of M3 is 

linked with an increase in the net lactate production rate (Figure 4.3b). This is primarily 

associated with a reduction in the proliferative rate of the M3 cell line towards the end of the 

culture process. Variation in net metabolite flux across the cell lines has implications for the 

operation and control of autologous bioprocesses, as this will change the required nutrient 

feeding strategy employed during the manufacturing process.  
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Figure 4.3. Metabolite consumption and production of the five BM-hMSC lines over five 

passages. Showing (A) Specific glucose consumption rates; (B) Specific lactate production 

rates; (C) Specific ammonium production rates; (D) Specific yield of lactate from glucose.  

(Data shows mean ± SD, n = 4)  

 

 

The increase in the lactate production of M3 (Figure 4.4) has the potential to cause the build-up 

of toxic components that would need to be limited either by dilution (medium exchange) or 

removal from the process. If the levels of nutrient utilisation and metabolite production vary 

between donors in this way, control systems must be developed and integrated within the 

manufacturing process with the ability to neutralise this effect and maintain a consistent 

process, which will be critical for the successful regulation of an autologous manufacturing 

process. As well as metabolites, process parameters such as dissolved oxygen concentration and 

pH should also be controlled as they will have a profound impact on the critical product 

attributes (Lavrentieva et al. 2010c), which could be different for each donor BM-hMSC line. 

Control of nutrients and metabolites will become particularly important if the bioreactor 

process is operated at high cell densities, as the consumption of nutrients and production of 

metabolites will occur at an increasing rate. 
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Figure 4.4 shows the live metabolite concentrations of glucose, lactate and ammonium over the 

five experimental passages for each of the donor BM-hMSC lines. During the expansion process 

for BM-hMSCs, it is important that the concentration of glucose is maintained as it represents 

the main carbon source for anaerobic glycolysis, the primary metabolic pathway for glucose 

utilisation of BM-hMSCs (Higuera-Sierra et al. 2009). The concentration of glucose generally 

reaches a minimum at day six of culture, as the number of cells.ml-1 reaches a maximum. M0 

showed the lowest concentration of glucose which occurred on day six of the first experimental 

passage at 2.80 ± 0.26 mmol.L-1. In contrast to this, BM-hMSC donor M3 reached a minimum 

glucose concentration on day six of experimental passage five with 2.88 ± 0.12 mmol.mL-1 when 

the cell growth rate was at its lowest. This is likely due to the increased cellular stress as the BM-

hMSCs undergo senescence and consuming increasing amounts of glucose, with reducing the 

available glucose concentration in culture shown to reduce this onset of senescence (Lo et al. 

2011). 
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Figure 4.4. Metabolite consumption and production showing the difference between the BM-

BM-hMSC lines over five passages. Daily medium samples were taken and analysed for 

glucose, lactate and ammonium concentration. (Data shows mean ± SD, n = 4) 

 

 

In addition to the maintenance of glucose concentration during culture, the levels of lactate and 

ammonium must be minimised as they have the potential to inhibit the growth of the BM-

hMSCs. These have previously been determined experimentally to be greater than 20 mmol.L-1 

for lactate and 2 mmol.L-1 for ammonium (Schop et al. 2009b).  As with the minimum 

concentration of glucose, the concentration of lactate generally reaches a maximum at day six 
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of culture, as the number of cells.ml-1 reaches its maximum. M0 produced the highest 

concentration of lactate which occurred on day six of the first experimental passage with 4.96 

± 0.17 mmol.L-1. In contrast to this, BM-hMSC donor M3 reached a maximum lactate 

concentration on day six of experimental passage four with 5.36 ± 0.48 mmol.mL-1 when the cell 

growth rate was at its lowest. This is again likely due to the increased cellular stress as the BM-

hMSCs undergo senescence, consuming increasing amounts of glucose and concurrently 

producing increasing amounts of lactate. Despite the increase, this concentration of lactate is 

still below the inhibitory level of 20 mmol.L-1 as determined previously for BM-hMSCs.  

 

Similarly, the concentration of ammonium generally reaches a maximum at day six of culture, 

as the number of cells.ml-1 reaches its maximum. M0 produced the highest concentration of 

ammonium on day six of the first experimental passage with 0.80 ± 0.01 mmol.L-1. Again, in 

contrast to this, BM-hMSC donor M3 reached a maximum ammonium concentration on day six 

of experimental passage three with 0.79 ± 0.07 mmol.mL-1. Despite the increase throughout 

culture, this concentration of ammonium is still well below the inhibitory level of 2 mmol.L-1 as 

determined previously for BM-hMSCs, demonstrating in all instances that the medium exchange 

regime employed in this monolayer process is sufficient to maintain the required levels of 

glucose, lactate and ammonium required for sustained BM-hMSC expansion.  
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4.3 Identity of BM-hMSCs from multiple donors 

 

4.3.1 Experimental overview  

Perhaps one of most important aspects of the manufacture of cell-based therapy products is 

the definition and measurement of cell characteristics (Williams et al. 2012). These can be 

broken down into identity, potency, purity and safety which must all be considered during 

product development (Carmen et al. 2012a). The identity of BM-hMSCs must be maintained 

throughout the expansion process and establishing a baseline for the monolayer process is 

important to ensure the donor cells meet the minimum criteria of a BM-hMSC. The BM-hMSC 

morphology has been assessed during the expansion process outlined in Section 4.3, using a 

representative phase contrast microscopy image of the BM-hMSCs adhered to the surface of a 

tissue culture flask. Additionally, the tri-lineage differentiation potential of each BM-hMSC 

donor has been assessed after five experimental passages (total of seven cell passages) using 

the protocol outlined in Section 3.4.4 with representative images taken of each donor. 

Multicolour flow cytometry has been used to assess the co-expression of surface markers on 

the BM-hMSCs after five passages, using the protocol in Section 3.4.5. Finally, the genotype of 

three of the BM-hMSC donors has been verified by short tandem repeat (STR) analysis after five 

experimental passages to ensure the BM-hMSC cultures have remained genetically stable and 

have not become contaminated during subsequent culture.     

 
 
4.3.2 Morphology of BM-hMSCs from multiple donors  

Morphology has been used for decades as a qualitative assessment of BM-hMSC identity and 

has also been used as part of the release test for approved cell-based therapies, for example 

Carticel® (Genzyme, USA) includes morphology as part of their wider product release tests. 

Figure 4.5 shows the difference between the morphology of the BM-hMSC lines after five days 

in culture, with clear differences between them. Despite this, the majority of the BM-hMSC 

donors display the spindle-shaped, elongated morphology outlined by Pittenger et al (Pittenger 

et al. 1999), particularly at day six of monolayer culture.  

  

The implications for this difference in cell morphology can be appreciated when considering that 

an adherent cell manufacturing process will be based upon a fixed surface area for cell 

expansion.  With such differences in cell morphology in terms of size and alignment, the 

effective number of cells per square centimeter of these two cell lines when confluent varies 

greatly, creating an issue for these manufacturing processes based upon a fixed surface area. In 
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these processes, the final cell number at harvest will vary greatly between patients due to these 

morphological differences. Considering that manufacturing processes for autologous cell-based 

therapies will likely have a minimum number of cells per dose, this variation will greatly increase 

the risk of suffering product batch failure as this minimum number of cells per dose may not be 

met. Increased batch failure rate will likely increase the inherent risk and inevitably the cost of 

autologous cell-based therapy products. In addition to the challenges relating to the number of 

cells obtainable per unit area, the cell size will likely play a role in the downstream processing 

and delivery of the cells to the patient.  

 

The isolation procedure and subsequent positive selection of input material for these patient 

specific processes will be critical in reducing the failure rate of these manufacturing processes. 

Robust and reproducible isolation protocols need to be established to minimise variability of 

source material and selection criteria based on desired product attributes should be identified 

at an early stage of development. These isolation and selection processes will likely reduce 

process variation by placing controls on the input to the process, which will be critical to the 

success of these personalised cell-based therapies.   
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Figure 4.5. Phase contrast images showing the difference in BM-hMSC morphology 

throughout six days of culture   

 

 

As well as the cost implications of a product batch failure it is also important to consider the 

implications of such an occurrence in terms of not being able to treat a patient with an 

autologous therapy (Hampson et al. 2008). This represents a limitation to the use of such 

therapies and creates a challenge that has not been experienced with traditional medical 
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treatments. Depending on the severity of the clinical indication, this has the potential to cause 

complications and repetition of the isolation, expansion and delivery process may not be 

possible. It is clear that autologous therapies represent an opportunity to deliver cell-based 

therapies from a scale-out process and require innovation beyond current biopharmaceutical 

manufacture, however, subtle differences in this approach as highlighted above must be 

considered during product development and commercialisation. 

 

 

4.3.3 Tri-lineage differentiation of BM-hMSCs from multiple donors  

In addition to the BM-hMSC plastic adherence described in Section 4.3.2, BM-hMSCs from all 

donors must demonstrate the ability to differentiate down the osteogenic, chondrogenic and 

adipogenic lineages in vitro as defined by the International Society of Cellular Therapy (ISCT) 

(Dominici et al. 2006). This qualitative demonstration of tri-lineage differentiation potential for 

all donor BM-hMSCs can be seen in Figure 4.6, despite the differences discussed in Section 4.2. 

The BM-hMSCs cultured in chondrogenic medium as micromasses have stained positive for the 

presence of glycosaminoglycans (GAGs) with Alcian Blue, indicative of chondrogenic 

differentiation. In addition, BM-hMSCs cultured in adipogenic medium have formed lipid 

vacuoles (stained with Oil Red-O) and BM-hMSCs cultured in osteogenic medium have 

demonstrated the production of alkaline phosphatase and calcium, stained black with silver 

nitrate. 
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Figure 4.6. Tri-lineage differentiation potential of BM-hMSC lines using phase contrast 

microscopy. Showing osteogenic differentiation by staining for alkaline phosphatase and 

calcium deposition, adipogenic differentiation by staining with Oil Red O and chondrogenic 

differentiation by staining with Alcian Blue. 
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4.3.4 Immunophenotype of BM-hMSCs from multiple donors  

The development of a multiparameter flow cytometry method to assess the co-expression of 

surface markers on BM-hMSCs represents a step forward in immunophenotype analysis (Chan 

et al. 2014a). The simultaneous expression of positive and negative surface markers identities 

the cell population that meets all of the immunophenotype requirements, providing enhanced 

analytical resolution over the conventional method of assessing a single marker at a time. In 

addition, by taking a multiparameter approach, the phenotype analysis of BM-hMSCs requires 

fewer cells and reagents as well as a decreased operator time representing a significant cost and 

time saving during the process.    

 
Despite the differences in cell growth and net metabolite flux described in Section 4.1, all of the 

BM-hMSC lines displayed the expected immunophenotype by the positive co-expression of 

CD73, 90 and 105 and negative co-expression of CD34 and HLA-DR at the start and end of the 

culture process (Table 4.2). This level of expression has been maintained above 90% for all of 

the BM-hMSC donors across five experimental passages and 30 days in culture, demonstrating 

that cellular changes in growth kinetics and net metabolite flux do not have an effect on the 

expression of BM-hMSC surface markers.  

 

 

 

Table 4.2. Multiparameter flow cytometry showing percentage co-expression of CD90+, 

CD73+, CD105+, CD34- & HLA-DR- of each BM-hMSC line at day 0 (passage 1) and after day 30 

(passage 5). Mean value ± SD, in all cases 10,000 events were measured. 

BM-hMSC line Day 0 (P3) Culture Day 30 (P8) Culture 

M0 98.97 ± 0.19 % 97.78 ± 2.26 % 

M1 96.21 ± 0.22 % 95.97 ± 0.42 % 

M2 98.19 ± 0.09 % 95.13 ± 2.53 % 

M3 93.60 ± 2.51 % 96.56 ± 0.42 % 

M4 98.14 ± 0.94 % 93.17 ± 1.60 % 
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Figure 4.7. Exemplar multiparameter flow cytometry plots showing co-expression of CD90+, 

CD73+, CD105+, CD34- & HLA-DR- at the start (passage 1, top) and end (passage 5, bottom) of 

expansion.  
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4.3.5 Short tandem repeat analysis of BM-hMSCs  

Short tandem repeat (STR) analysis of M2, M3 and M4 BM-hMSC lines shows that they have 

retained the 16 key loci they are expected to express, indicating that these cell lines have 

retained the characteristic genotype throughout the entire culture process (Figure 4.8).     

 

 

 

Figure 4.8. Short tandem repeat analysis of M2, M3 and M4 BM-hMSC lines at the end of the 

expansion process demonstrating retention of the 16 loci that are characteristic of BM-hMSCs.      
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4.4 Characterisation of BM-hMSCs from multiple donors 

 

4.4.1 Experimental overview  

As mentioned previously, the measurement of cellular characteristics is of critical importance 

for the successful development of BM-hMSC manufacturing processes. The M2, M3 and M4 BM-

hMSC lines have been taken forward for further characterisation as M2 and M4 had similar 

growth characteristics from Section 4.2 and M3 had much lower growth potential over the five 

passages. To assess the colony forming unit fibroblast (CFU) potential, four T-75 flasks for each 

of these donor lines were taken through eight experimental passages and at the end of each of 

these passages remaining cellular material from each T-75 flask was plated into two T-25 flasks 

for CFU analysis as described in Section 3.4.9. In conjunction with this, at passages three, seven 

and ten, remaining cellular material from each of the four flasks was plated into three wells of 

a 12-well plate and quantitatively assessed for osteogenic potential as described in Section 

3.4.8. The development and validation of this protocol can be found in Appendix A.        

 
 
4.4.2 Colony forming unit-fibroblast potential of BM-hMSCs from multiple donors  

It is widely acknowledged that a better understanding of the mechanism by which BM-hMSCs 

elicit their therapeutic action will be required before processes can be developed in order to 

preserve or potentially maximise it. Figure 4.9 shows the colony forming (CFU) efficiency of 

three of the BM-hMSC lines, M2, M3 and M4. Despite similarities in growth kinetics between 

M2 and M4 their ability to form colonies over ten passages in culture is very different, which 

would pose a challenge if the products were being assessed under the same QA guidelines. If 

the product does not meet the QA specification defined during clinical development, the 

product batch will be failed, creating significant consequences for both autologous and 

allogeneic processes. As allogeneic manufacturing processes are operated at larger batch sizes, 

the failure to meet the product release criteria will result in the loss of a large amount of 

invested capital, increasing the financial risk in the process. In contrast, the implications of a 

product batch failure during an autologous cell-based therapy process are that the patient will 

go untreated. Depending on the severity of the clinical indication targeted, this has the potential 

to be fatal, which will have severe implications for the health of the patient.    

 

It can also be seen from Figure 4.9 that the CFU potential of M2, M3 and M4 decreases 

throughout the monolayer expansion process, which is particularly apparent for M3 and M4. 

This provides valuable information about the relative quality of the BM-hMSC lines as despite 
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demonstrating similar growth kinetics and net metabolite flux, M2 and M4 have shown very 

different colony forming characteristics. The trend of BM-hMSCs showing decreasing CFU 

potential through culture also has implications for the development of large-scale processes 

with a higher cell expansion ratio, as desired attributes must be maintained in the final product.        

 

 

 

Figure 4.9. Further characterisation of three of the BM-hMSC lines throughout culture 

showing the differences in the colony forming unit fibroblast efficiency. (Data shows mean ± 

SD, n = 4) 

 

 

4.4.3 Quantitative osteogenic potential of BM-hMSCs from multiple donors  

The osteogenic potential of M2, M3 and M4 has also been quantified using collagen production 

under nine days of osteogenic differentiation (Figure 4.10). As with the colony forming unit 

fibroblast efficiency, the relative production of collagen under osteogenic conditions reduced 

significantly for M3 and M4 from passage three to passage ten, whilst the collagen production 

from the M2 cell line remained lower throughout culture. The loss in BM-hMSC multi-potency 

during in vitro expansion has previously been related to a loss of in vivo bone formation 

(Siddappa et al. 2007), which could be used as a critical-to-quality attribute (CQA) for a clinical 
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indication relating to bone tissue regeneration. Considering the rapid loss in activity after 

passage three, this would potentially limit the use of culture expanded BM-hMSCs for this type 

of clinical indication.     

 

 

 

Figure 4.10. Further characterisation of three of the BM-hMSC lines throughout culture 

showing the differences in the quantification of the collagen deposition after nine days under 

osteogenic conditions. Data shows mean ± SD, n = 4, ** denotes p < 0.01.  

 

 

It has been shown previously that donor age and gender has an effect on the function of BM-

hMSCs (Siegel et al. 2013), particularly relating to their ability for immunoregulation in vivo 

(Galipeau 2013). With these intrinsic donor characteristics having such an effect on the 

functionality of the cell-based therapy products, it is important to understand how they will 

affect the final product. To maintain the consistency required within the process, it will likely be 

necessary to pre-screen donor material for both autologous and allogeneic products prior to the 

expansion process. By taking this approach it might be possible to reduce the impact of the 

variability in donor BM-hMSCs described, however, the ethical implication of pre-selecting 

patients for autologous cell-based therapies must be carefully considered.  
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4.5 Implications of multiple donors in bioprocess development 

 
4.5.1 Demonstrating comparability 

Any changes to the manufacturing process during clinical development will require validation of 

the process to ensure it remains comparable before and after the change. Validating process 

changes will require significant time and resource, as well as the development of functional 

assays to demonstrate that there has been no change to the safety or function of the cell-based 

therapy product. In addition to making process changes, comparability must also be 

demonstrated if a cell-based therapy product is to be manufactured at multiple facilities (Hourd 

et al. 2014b). Multisite manufacture has the advantage of reducing the capital cost for scaling 

out product manufacture to meet commercial demand as well as reducing the inherent risk of 

having a single manufacturing facility. 

 

The process of demonstrating product comparability is not a trivial one and must go beyond the 

conventional in-process and product release characterisation, requiring a large amount of 

process and product data during development to act as a stable foundation from which to 

demonstrate product comparability. At the core of this dataset is the establishment of a set of 

product CQAs linked to the product mechanism of action for a specific clinical indication. 

Demonstrating this level of product comparability for a process that is expanding cells from 

multiple donors will be challenging, as variability in the input material will reduce the process 

consistency. In addition to this, with a divergence in BM-hMSC growth as seen in Figure 4.1b, 

increasing the number of product population doublings will make the process of demonstrating 

comparability more challenging still. Driving a consistent process will therefore be a logical first 

step towards developing these comparable processes, with reliable control strategies forming 

the basis for this consistency. Another aspect of ensuring consistency is sufficient control on the 

process input materials such as reagents, culture medium and disposables.  

 

As can be seen from Figure 4.9 and Figure 4.10, the characteristics of each of these cell lines 

changes throughout the culture process. Depending on the target indication and the set of CQAs 

for the cell-based therapy product, this will make the demonstration of process comparability 

challenging for expanded cell-based therapy products. Each of the product characteristics 

monitored during this study have shown a reduction as the number of cell population doublings 

increases, a clear sign that reducing the expansion ratio of the product where possible will 

improve the chances of maintaining product functionality and demonstrating comparability. 
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Understanding these process changes could be greatly improved by a detailed analysis of the 

metabolic activity of these products. Figure 4.3 shows the net metabolite flux of glucose, lactate 

and ammonium, however, understanding the metabolic intermediates such as pyruvate would 

also aid in demonstrating that process changes have not inadvertently affected the product 

characteristics, an important aspect of process comparability.  

 

 

4.5.2 Process analytical technology (PAT) 

As highlighted above, defining and measuring relevant product characteristics forms a critical 

part of developing successful manufacturing processes for cell-based therapies. If these 

processes are to be successfully transferred to a scalable manufacturing platform, these 

parameters must not only be measured, but must be integrated into online monitoring and 

control strategies. Process analytical technology or PAT is a system for analysing and controlling 

manufacturing processes through measurement of product attributes to ensure final product 

quality, proposed by the Food and Drug Administration (FDA) (Services 2004). 

 

This process can be broken down into three distinctive steps (S. Rathore et al. 2009): 

1. Understanding of the product quality attributes and how process parameters affect 

them.  

2. Ability to analyse quality attributes and monitor critical process parameters.  

3. Control of the critical process parameters to achieve consistent product quality.  

 

It will therefore be desirable to begin to measure online parameters in order to develop control 

systems to ensure that the product characteristics described in Section 4.4 remain consistent. 

These relevant process parameters are likely to include a combination of cell growth, medium 

temperature, pH, pO2 and pCO2, which are commonplace in current biopharmaceutical 

production processes (Cierpka et al. 2013). In addition to this, process parameters such as 

metabolite concentrations (glucose, lactate, ammonia and glutamine) can play a role in product 

understanding during the manufacturing process and should be controlled to ensure consistent 

product quality. The benefit of operating a production process under the guidance of PAT will 

likely be a reduction in product variability, which will reduce the likelihood of product batch 

failure. Having a detailed product understanding using online measurements also introduces 

the possibility for real-time release testing of product batches, which will reduce costs by 

reducing the quality test burden at the end of the process.   
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4.6 Chapter conclusions 

Characterising input material from different BM-hMSC donors has allowed for an assessment of 

the effect of variation on developing cell-based therapy manufacturing processes. Identifying 

the divergent nature of the growth of multiple BM-hMSC donor lines has been identified as a 

potential issue for the development of both autologous and allogeneic processes where cell 

expansion is required. Furthermore, measuring multiple quality characteristics of these BM-

hMSC lines throughout culture has demonstrated a reduction in quality as the population 

doubling level increases, which must be considered as these processes are scaled.   

 

Developing manufacturing processes from multiple BM-hMSC donors will require an 

understanding of the effect of donor characteristics on expanded autologous and allogeneic 

cell-based therapy bioprocesses. Measuring informative product attributes that are 

characteristic of the desired therapeutic effect for each clinical indication will facilitate the 

development of consistent manufacturing processes and will play a key role in unlocking the 

value of demonstrating process comparability, allowing for any necessary process changes and 

multisite manufacturing models.        

 

Having identified this variation between BM-hMSC donors and discussed the implications for 

patient specific and off-the-shelf manufacturing processes, steps must be taken to reduce this 

early in process development. With this in mind and considering the potential scalability issues 

associated with the use of FBS, altering the medium formulation for this monolayer expansion 

process prior to process transfer and scale-up will be an important step in limiting the impact of 

this donor variation. In addition to this, the growth medium is likely to have an influence on the 

growth and quality attributes of the BM-hMSCs, which will increase process yield and cost-

effectiveness.  

 

Publications arising from this Chapter: 

Heathman TRJ, Rafiq QA, Chan AK, Coopman K, Nienow AW, Kara B, Hewitt CJ. Characterisation 

of human mesenchymal stem cells from multiple donors and the implications for large scale 

bioprocess development. Biochemical Engineering Journal, (2015) (in press) 

 

Chan AK, Heathman TRJ, Coopman K, Hewitt CJ. Multiparameter flow cytometry for the 

characterisation of extracellular markers on human mesenchymal stem cells. Biotechnology 

letters, (2014) 36 (4): 731-41. 
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5 Improving the Yield and Consistency of BM-hMSC Expansion 

 

5.1 Chapter introduction 

Achieving the consistent manufacture of medicinal products is a key requirement for regulatory 

approval and begins with assessing and reducing process variation where possible (Williams et 

al. 2012). Driving a consistent process will demonstrate a state of control over the product and 

provides a foundation for comparability, whereby process changes during clinical development 

can be validated and the product can be manufactured at multiple sites.  

 

A key aspect of these manufacturing processes is the culture medium in which the cells are to 

be expanded, which is typically supplemented with fetal bovine serum (FBS) (Wappler et al. 

2013). In addition to lot-to-lot variability, there are further process constraints on the use of FBS 

such as limited supply (Brindley et al. 2012), potential for pathogen transmission and 

immunological reactions against bovine antigens (Kocaoemer et al. 2007). Human platelet lysate 

(HPL) has been proposed as a viable alternative, whereby blood platelets are lysed to release 

growth factors such as platelet-derived growth factor (PDGF), epidermal growth factor (EGF), 

transforming growth factor-β (TGF-β) and fibroblast growth factor (FGF) which then supplement 

the BM-hMSC growth medium (Lubkowska et al. 2012). This can be used as a patient specific 

supplement from their own blood plasma or pooled from multiple donors, for example 

Stemulate™ manufactured by Cook Regentec (USA). Furthermore, HPL has already been 

reported as a superior substitute to FBS for the in vitro expansion of BM-hMSCs (Schallmoser et 

al. 2010) and has been shown to maintain stem cell characteristics and multipotent capacity 

(Doucet et al. 2005).  

 

Rather than simply replacing the serum source in culture medium, it is highly desirable to 

develop serum-free medium formulations and avoid a number of the aforementioned 

constraints on serum-based processes (Heathman et al. 2015d). Serum-free culture has  also 

been previously shown to be amenable to scalable expansion technology such as microcarriers 

and stirred bioreactors, producing higher BM-hMSC yields per unit time than serum-based 

processes, which will be important for driving down the production cost of BM-hMSC therapies 

(dos Santos et al. 2011a). That said, the current cost of serum-free medium for research is 

generally higher than serum-based medium, however, as the demand increases and higher yield 

processes can be developed, these costs will likely be reduced over time.   
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Considering the innate biological variability that exists between donors and the importance of 

ensuring a consistent manufacturing process, driving this philosophy into process development 

at an early stage is critical. Therefore, the aim of this Chapter is to demonstrate how the 

development of a serum-free expansion process can drive increased consistency and yield of 

BM-hMSC manufacture between donors and explore the benefits this can bring as the process 

scale increases.  
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5.2 Growth characteristics of BM-hMSCs in different media 

 
5.2.1 Experimental overview 

Given the importance of the medium formulation on the expansion of BM-hMSCs and on the 

development of scalable processes, three different medium formulations have been assessed 

for their effect on the yield, quality and consistency of two BM-hMSC lines. From Chapter 4, the 

M2 BM-hMSC line has been selected for this study due to the higher growth and quality 

characteristics, as well as, M3 which displayed the lowest growth kinetics and a sharp reduction 

in cellular characteristics. The three medium formulations are as follows (see Section 3.2.1): 

 
1. DMEM supplemented with 10% foetal bovine serum (FBS) 

2. DMEM supplemented with 10% human platelet lysate (HPL) 

3. Irvine Scientific PRIME-XV® MSC Serum-free medium (SFM) 

 

Prior to this study, the concentration of HPL in DMEM was screened to assess the level required 

for similar growth characteristics to 10% FBS (found to be 10% HPL), the results of which can be 

found in Appendix B. The selection of PRIME-XV® SFM was made following a pre-screen of six 

commercially available serum-free media and the PRIME-XV® SFM was tested for compatibility 

with BM-hMSCs prior to these experiments, the results of which can be found in Appendix C. 

Four T-75 flasks were seeded for each BM-hMSC line, in each medium formulation giving a total 

of 24 flasks that were cultured for 36 days in accordance with the protocol described in Section 

3.2.5. At passage the viable cell number, mean cell diameter and percentage cell aggregation 

was determined (Section 3.4.2) and the growth kinetics calculated (Equation 1). The culture 

medium supplemented with either FBS or HPL was exchanged after three days and SFM was 

exchanged every two days. Daily medium samples were taken and analysed for glucose, lactate, 

ammonia, lactate dehydrogenase (LDH) and total protein as in Section 3.4.6 on the Cedex Bio-

HT. Metabolite analysis was transferred from the BioProfile FLEX to the Cedex Bio-HT as more 

medium components could be measured using the Cedex Bio-HT with increased accuracy and 

higher throughput. The metabolite concentrations and per cell metabolite flux was then 

calculated from these measurements (Equation 5 and 6).     
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5.2.2 Growth kinetics over multiple passages 

Human mesenchymal stem cells are currently under clinical investigation for the treatment of 

many diseases, with the majority of these off-the-shelf therapies typically requiring more than 

one billion cells per patient (Prasad et al. 2011; Maziarz et al. 2015). In order for manufacturing 

processes to meet this demand, a large cell expansion ratio will be required to treat many 

patients from the same batch. Figure 5.1 shows the relative difference between a serum-free 

medium (SFM), PRIME-XV®, and medium supplemented with fetal bovine serum (FBS) or human 

platelet lysate (HPL) in terms of BM-hMSC growth. It is clear that the SFM offers a significantly 

higher proliferation rate over FBS and HPL (p < 0.001) with a maximum specific growth rate of 

0.471 day-1 compared with 0.244 day-1 in FBS and 0.334 day-1 during the 36 day expansion 

process (Figure 5.2). This increased growth rate corresponds to a final median cumulative 

population doubling level of 18.15 in the SFM compared with 8.93 in FBS and 9.91 in HPL culture 

across the two donors at the end of the 36 day expansion process.  

 

 

 

Figure 5.1. Cumulative population doublings of the two BM-hMSC lines over 36 days of 

expansion in FBS, HPL and SFM. Showing the increased consistency and yield in SFM over 36 

days and increased consistency and yield in HPL over 18 days compared to FBS-containing 

medium. Data shows mean ± SD, n=4 
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This represents an increase of around 600 times the number of cells under the SFM culture 

compared with FBS culture over this expansion period, which dramatically increases the 

effective product yield and potential scalability of the SFM process to meet the needs of a large 

scale off-the-shelf cell-based therapy.  

 

Cells that experience nutrient deprivation typically spend longer in the G1 phase of the cell cycle, 

resulting in slower proliferation (Jorgensen and Tyers 2004). The fact that the PRIME-XV® 

medium supported a more rapid cell growth therefore indicates that it may provide a better 

nutritional balance or activates growth regulation pathways such as the PI(3)K pathway, than 

the FBS-containing medium under the medium exchange regime employed here. 

 

 

 

Figure 5.2. Specific growth rate of the two BM-hMSC lines over 36 days of expansion in FBS, 

HPL and SFM. Showing the increased consistency and yield in SFM and the decline in growth 

rate of BM-hMSCs in HPL culture. Data shows mean ± SD (n=4)  

 

5.2.3 Mean cell diameter of BM-hMSCs over multiple passages 

The cell diameter of the BM-hMSCs throughout the expansion process in FBS, HPL and the SFM 

culture has been measured to determine whether this attribute remains consistent. It can be 

seen from Figure 5.3 that the BM-hMSCs cultured in the SFM have a smaller diameter 
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throughout the expansion process compared to FBS and HPL, which in volumetric terms equates 

to around half the size (assuming complete sphericity). The increase in cell diameter of M2 and 

M3 towards the end of the culture process is associated with a reduction in growth rate (Figure 

5.4) and therefore stability in cell diameter throughout culture will be important in order to 

maintain BM-hMSC growth kinetics. Figure 5.4 shows the relationship between the mean cell 

diameter of the BM-hMSC population against the growth kinetics of the subsequent passage. 

This demonstrates that the smaller BM-hMSCs generally have higher growth kinetics, which has 

been reported previously (Majore et al. 2009; Christodoulou et al. 2013). In addition to growth, 

BM-hMSC size is also linked to aging of BM-hMSCs and loss in differentiation potential (Stolzing 

and Scutt 2006; Wagner et al. 2010) and therefore increasing size can also be used as a surrogate 

marker of BM-hMSC senescence.  

 

 

 

Figure 5.3. Mean cell diameter of the two BM-hMSC lines throughout 36 days of expansion in 

FBS, HPL and SFM. Showing the reduced mean cell diameter under SFM and an increase in HPL 

throughout culture. Data shows mean ± SD (n=4)   

 

Importantly, the osmolality of the FBS-based, HPL-based and PRIME-XV® SFM are similar (0.31, 

0.31 and 0.29 Osmol.kg-1, respectively), further indicating that the difference in cell size noted 

in Figure 5.3 is not a simple matter of a change in osmotic balance, although it should be noted 

that the osmolality of the PRIME-XV® SFM is closer to human physiological conditions 

(Cheuvront et al. 2014).  Although the reasons for this relationship are not clear, it can 
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nonetheless provide a basis for evaluating the stability of the BM-hMSCs throughout expansion 

and provide as an early indication that cell growth kinetics may begin to reduce. The smaller cell 

size experienced in the SFM will also allow for higher number of cells per area, an important 

attribute for adherent cell expansion, however, the implications of this smaller size on the 

functional properties must be assessed during product pre-clinical and subsequent clinical 

development.  

 

 

 

Figure 5.4. Correlation showing the relationship between mean cell diameter and specific 

growth rate of BM-hMSCs during the following passage, R2=0.8705. Data shows (n=144) 

 

 

The size of the BM-hMSC also has the potential to affect the post-transplant safety profile of 

the therapy and the impact of the process conditions on this attribute should be considered in 

relation to the delivery method (Ge et al. 2014). If the cell-based therapy is to be delivered by 

intra-arterial infusion, there is a potential risk of microembolisms and decreased cerebral blood 

flow which must be mitigated by altering the cell dose, infusion volume and velocity (Cui et al. 

2015). The size of freshly isolated stem cells is ~11 µm and can be transported through 

capillaries, while expansion has previously been shown to increase the size to ~20 µm 

obstructing microvascular vessels after infusion (Moelker et al. 2007). Considering that BM-

hMSCs cultured under FBS reached a maximum cell diameter of 18.4 µm compared with SFM 
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with a maximum cell diameter of 15.5 µm, the smaller cell diameter achieved under SFM would 

offer advantages of reduced risk of these complications. Cells of around 15 µm have previously 

been shown to carry reduced risk of restricting cerebral blood flow, with larger cells requiring a 

reduced dose and infusion rate (Janowski et al. 2013).  

 

5.2.4 Net metabolite flux per BM-hMSC 

The net metabolite flux of glucose and lactate has been measured in FBS, HPL and SFM culture 

over the expansion process to better understand the relative consistency between the donor 

BM-hMSCs with time in culture. Figure 5.5 shows the per cell flux of glucose for FBS, HPL and 

SFM culture, with a range of per cell glucose flux of 24.29, 28.77 and 8.81 pmol.cell-1.day-1 for 

FBS, HPL and SFM expansion, respectively. This is concurrent with the relative flux of lactate per 

cell (Figure 5.6), with a range of 22.47, 25.76 and 2.11 pmol.cell-1.day-1 for FBS, HPL and SFM 

expansion, respectively.  

 

 

 

Figure 5.5. Per cell metabolite flux of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing increasing per cell glucose consumption rate through 

culture in FBS and HPL. Data shows mean ± SD (n=4)      

 

 



Chapter 5: Improving the Yield and Consistency of BM-hMSC Expansion 
 
 

88 | P a g e  
 

This increased range in per cell metabolite flux in FBS and HPL is primarily due to increased 

variability between donors at the end of the expansion process and is associated with a 

reduction in BM-hMSC growth and increase in cellular senescence that is not experienced in the 

SFM, despite the higher number of population doublings.  

 

 

Figure 5.6. Per cell metabolite flux of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing increasing per cell lactate production rate through 

culture in FBS and HPL. Data shows mean ± SD (n=4)      

 

 

Figure 5.7 shows the ammonia flux per cell of M2 and M3 in FBS, HPL and SFM. This shows a 

similar increase in the ammonia production rate towards the end of HPL expansion that was 

experienced with the glucose consumption and lactate production rates. This reaches a 

maximum of 6.92 ± 0.38 pmol.cell-1.day-1 after 36 days expansion in M3, which is almost double 

the production rate measured in SFM. The yield of lactate from glucose (Figure 5.8) in SFM was 

typically below 1 mol.mol-1, suggesting a combination of anaerobic glycolysis and oxidative 

phosphorylation to drive energy production (Ozturk and Palsson 1991; Cruz et al. 1999). The 

higher yield of lactate from glucose in FBS and HPL suggests increased utilisation of anaerobic 

glycolysis, suggesting that the BM-hMSC cultured in SFM more efficiently utilise glucose for 

energy production (Schop et al. 2008).  
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Figure 5.7. Per cell metabolite flux of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing increasing per cell ammonia production rate through 

culture in HPL. Data shows mean ± SD (n=4)       

 

 

 

Figure 5.8. Yield of lactate from glucose of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Demonstrating that BM-hMSCs use glucose via anaerobic 

glycolysis in all conditions. Data shows mean ± SD (n=4) 
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The net flux of metabolites has the potential to form part of a panel of measurements for the 

purposes of demonstrating comparability, whereby process changes can be evaluated for their 

impact on cellular characteristics. This understanding of the cell during the expansion process 

will also be a valuable tool during process scale-up to ensure that the interaction between the 

cell and its environment has not changed during technology transfer. This highlights the 

importance of process analytical technology (PAT), which can be employed to monitor and 

control process and product attributes to ensure consistency and quality in the final product. It 

can be seen from Figure 5.5 and Figure 5.6 that there is reduced per cell consumption of glucose 

and production of lactate in SFM culture, which is likely to be a beneficial product attribute as 

the process is scaled. This will be particularly apparent once suspension-based expansion 

processes routinely reach high cell densities (in excess of 1x106 cell.mL-1), where the buildup of 

waste products such as lactate have the potential to inhibit the expansion process. Considering 

that the culture medium is likely to contribute to a significant portion of the cost of goods for 

BM-hMSC production, product attributes that reduce the usage of culture medium will be 

increasingly beneficial at the large scale.     

 

The increased consistency between donor BM-hMSC lines in terms of per cell metabolite flux is 

a further demonstration that the cells cultured in the SFM conditions show reduced inter-donor 

variation, an important consideration given the large amount of variation experienced in cell-

based therapy manufacture. Although this has been demonstrated here for basic metabolites, 

there is scope to extend this analysis to a larger panel of metabolic intermediates to provide a 

detailed understanding of the impact of the process on the BM-hMSC metabolic characteristics 

during scale up. The reason for this increased consistency in the SFM has yet to be explored in 

the literature, however, the combination of BM-hMSCs cultured on fibronectin with serum-free 

growth medium has previously shown to activate the platelet-derived growth factor receptor, 

which is essential for cell migration (Veevers-Lowe et al. 2011). Activation of BM-hMSCs in this 

way provides a potential mechanism for the cell characteristics to converge, as the BM-hMSCs 

are actively forced to utilise specific cellular pathways, as opposed to serum-based culture 

where an abundance of various proteins are available to the cells. This combination of a 

fibronectin coating with growth medium supplemented with platelet-derived growth factor has 

been used previously to positively select for smaller, highly proliferative cell populations from 

bone-marrow, termed multipotent adult progenitor cells (MAPCs) (Breyer et al. 2006). This 

positive selection process could also be contributing to the increase in consistency measured in 

several different characteristics under serum-free conditions as discussed further below.    
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5.2.5 Live metabolite flux over multiple passages 

The measurement of live metabolite concentrations throughout culture is important to ensure 

that the medium exchange regime employed is sufficient to supply the required nutrients and 

limit the concentrations of metabolites that have the potential to limit cell growth. Figure 5.9 

show the concentration of glucose in each medium formulation for both BM-hMSC donors, 

demonstrating that the concentration of glucose did not fall below 2 mmol.L-1 at any point 

during the 36 days of expansion in FBS, HPL or SFM.   

 

Figure 5.9. Live glucose concentration of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing reduced glucose concentration in HPL and lower 

glucose utilisation of BM-hMSCs in SFM. Data shows mean ± SD (n=4)       
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Similarly, the concentration of lactate in the culture medium must be reduced to avoid inhibition 

of BM-hMSC growth and characteristics which has previously been determined to be 35.4 

mmol.L-1 for BM-hMSCs (Schop et al. 2009b). It can be seen from Figure 5.10 that the maximum 

level of lactate for FBS and HPL culture was 6.67 ± 0.06 and 9.44 ± 0.66 mmol.L-1, respectively. 

In contrast, the maximum level of lactate in SFM was far lower at 3.22 ± 0.19 mmol.L-1, more 

than an order of magnitude lower than the previously determined inhibitory level.    

 

 

Figure 5.10. Live lactate concentration of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing increased lactate concentration in HPL and lower 

lactate concentration in SFM. Data shows mean ± SD (n=4)     
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The concentration of ammonia in the culture medium must also be reduced to avoid inhibition 

of BM-hMSC growth and characteristics which has previously been determined to be 2.4 

mmol.L-1 for BM-hMSCs (Schop et al. 2009b). It can be seen from Figure 5.11 that the maximum 

level of ammonia for FBS and HPL culture was 0.70 ± 0.05 and 0.87 ± 0.05 mmol.L-1, respectively. 

In this instance, the maximum level of ammonia in SFM was higher at 0.90 ± 0.02 mmol.L-1, 

however, still half the previously determined inhibitory ammonia level for BM-hMSCs.    

 

 

Figure 5.11. Live ammonia concentration of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing similar levels of ammonia concentration in FBS, HPL 

and SFM. Data shows mean ± SD (n=4)  
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Cell damage was evaluated by measuring a combination of lactate dehydrogenase (LDH) 

(Lavrentieva et al. 2010a) and total protein released. Figure 5.12 and Figure 5.13 show these 

concentrations throughout culture, which indicate only a minimal increase in LDH and no 

change in the subsequent total protein concentration. The only appreciable increase in LDH 

concentration occurred in SFM at the first passage from the baseline of around 3 U.L-1 up to 

10.13 ± 1.56 U.L-1.  

 

 

Figure 5.12. Live lactate dehydrogenase (LDH) concentration of two BM-hMSC lines over 36 

days of monolayer expansion in FBS, HPL and SFM. Showing increased LDH concentration in 

SFM at increased cell densities. Data shows mean ± SD (n=4)  
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This is in conjunction with the highest cell density during the expansion process and therefore 

should be monitored, particularly during bioreactor culture where it is desirable to have high 

BM-hMSC densities to increase product yields. This combined measurement demonstrates that 

cell death was minimal throughout the expansion process, making the fold expansion data a 

reliable estimate of net proliferative rate.   

 

 

Figure 5.13. Live total protein concentration of two BM-hMSC lines over 36 days of monolayer 

expansion in FBS, HPL and SFM. Showing no increase in concentration throughout expansion, 

indicating a low amount of BM-hMSC death. Data shows mean ± SD (n=4)       



Chapter 5: Improving the Yield and Consistency of BM-hMSC Expansion 
 
 

96 | P a g e  
 

5.3 Identity of BM-hMSCs in different medium formulations 

 
5.3.1 Experimental overview 

The identity of BM-hMSCs must be sustained throughout the expansion process and ensuring 

that this is the case for all potential culture media or changes to the process is important during 

process development. To achieve this, the tri-lineage differentiation potential of both BM-hMSC 

donors in each media condition has been assessed after six experimental passages using the 

protocol outlined in Section 3.4.4 with representative images taken in each condition. 

Multicolour flow cytometry has also been used to assess the co-expression of surface markers 

on the BM-hMSCs after six passages, using the protocol in Section 3.4.5. Finally, the genotype 

of three of the BM-hMSC donors has been verified by short tandem repeat (STR) analysis after 

six experimental passages to ensure the BM-hMSC cultures have remained genetically stable 

and have not become contaminated during subsequent culture.     

 
 
5.3.2 Tri-lineage differentiation potential of BM-hMSCs in different formulations 

As defined by the International Society of Cellular Therapy (ISCT) (Dominici et al. 2006), BM-

hMSCs from both donors in each medium formulation must demonstrate the ability to 

differentiate down the osteogenic, chondrogenic and adipogenic lineages in vitro. This 

qualitative demonstration of tri-lineage differentiation potential for all donor BM-hMSCs can be 

seen in Figure 5.14. The BM-hMSCs cultured in chondrogenic medium as micromasses have 

stained positive for the presence of glycosaminoglycans (GAGs) with Alcian Blue, indicative of 

chondrogenic differentiation. In addition, BM-hMSCs cultured in adipogenic medium have 

formed lipid vacuoles (stained with Oil Red-O) and BM-hMSCs cultured in osteogenic medium 

have demonstrated the production of alkaline phosphatase and calcium, stained black with 

silver nitrate. Figure 5.14 shows that BM-hMSCs have demonstrated this potential for both of 

the BM-hMSC donors in all three medium formulations, which demonstrates that changing the 

medium formulation has not had an adverse impact on the in vitro differentiation potential of 

the BM-hMSCs.   
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Figure 5.14. Tri-lineage differentiation potential of the two BM-hMSC lines in FBS, HPL and 

SFM using phase contrast microscopy. Showing osteogenic differentiation by staining for 

alkaline phosphatase and calcium deposition, adipogenic differentiation by staining with Oil 

Red O and chondrogenic differentiation by staining with Alcian Blue 
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5.3.3 Immunophenotype of BM-hMSCs in different medium formulations 

In addition to the tri-lineage differentiation potential in Section 5.3.2, BM-hMSCs must also 

demonstrate the expression of both positive and negative surface markers in accordance with 

the ISCT criteria. Table 5.1 shows the percentage co-expression of CD90+, CD73+, CD105+, 

CD34- & HLA-DR- of the two BM-hMSC lines in FBS, HPL and SFM at the start and end of the 

expansion process.  

 

Table 5.1. Multiparameter flow cytometry showing percentage co-expression of CD90+, 

CD73+, CD105+, CD34- & HLA-DR- of two BM-hMSC lines in FBS, HPL and SFM at day 0 (passage 

3) and after day 36 (passage 9). Mean value ± SD, in all cases 10,000 events were measured 

 

 

Despite the differences in cell growth and net metabolite flux described in Section 5.2, all of the 

BM-hMSC lines displayed the expected immunophenotype by the positive co-expression of 

CD73, 90 and 105 and negative co-expression of CD34 and HLA-DR at the start and end of the 

culture process. This level of expression has been maintained above 90% for all of the BM-hMSC 

donors across six experimental passages and 36 days in culture, demonstrating that cellular 

changes in growth kinetics and net metabolite flux do not have an effect on the expression of 

BM-hMSC surface markers. Further to this, the flow cytometry plots can be seen in Figure 5.15 

for M2 and Figure 5.16 for M3 at the end of the expansion process. This confirms the co-

expression of the required immunophenotype markers and also shows a difference in 

population distribution for the different conditions, with BM-hMSCs cultured in SFM displaying 

a tighter distribution of marker expression.  



Chapter 5: Improving the Yield and Consistency of BM-hMSC Expansion 
 
 

99 | P a g e  
 

 

 

 

Figure 5.15. Multiparameter flow cytometry plots for M2 in FBS, HPL and SFM after 36 days 

of expansion showing co-expression of CD90+, CD73+, CD105+, CD34- & HLA-DR- 
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Figure 5.16. Multiparameter flow cytometry plots for M3 in FBS, HPL and SFM after 36 days 

of expansion showing co-expression of CD90+, CD73+, CD105+, CD34- & HLA-DR- 
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5.3.4 Short tandem repeat analysis of BM-hMSCs in different medium formulations 

Short tandem repeat (STR) analysis of M2 and M3 BM-hMSC lines in FBS, HPL and SFM after 36 

days culture can be seen in Figure 5.17. This shows that they have retained the 16 key loci they 

are expected to express, indicating that these cell lines have retained the characteristic 

genotype throughout the entire culture process in all conditions.  

 

 

 

Figure 5.17. Short tandem repeat analysis of M2 and M3 BM-hMSC lines in FBS, HPL and SFM 

after 36 days of expansion demonstrating retention of the 16 loci that are characteristic of 

BM-hMSCs  
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5.4 Characterisation of BM-hMSCs in different medium formulations 

 
5.4.1 Experimental overview 

The measurement of cellular characteristics is of critical importance for the successful 

development of BM-hMSC manufacturing processes, particularly when assessing the impact of 

different process conditions such as medium formulations, on the product. The BM-hMSC 

morphology has been assessed in each medium formulation during the expansion process, using 

a representative phase contrast microscopy image of the BM-hMSCs adhered to the surface of 

a tissue culture flask. In addition to this, RNA expression of four key BM-hMSC genes were 

assessed at passage three, six and nine of culture for each BM-hMSC line in each medium 

formulation. The following primers for cell markers were used: CCL2 (recruits monocytes, 

memory T cells, and dendritic cells to the sites of inflammation produced by either tissue injury 

or infection, p21 (regulates the cell cycle and mediates cellular senescence), OCT4 (pluripotent 

marker associated with self-renewal of undifferentiated cells) and VEGF (associated with 

vascularization and growth of blood vessels). Expression was normalized to the reference gene 

36B4 and plotted against the number of cumulative population doublings.  

 

To assess the colony forming unit fibroblast (CFU) potential of M2 and M3 in each medium 

formulation, four T-75 flasks for each of these donor lines were taken through six experimental 

passages and at the end of passage three, six and nine remaining cellular material from each T-

75 flask was plated into two T-25 flasks for CFU analysis as described in Section 3.4.9. In 

conjunction with this, remaining cellular material from each of the four flasks was plated into 

three wells of a 12-well plate and quantitatively assessed for osteogenic potential as described 

in Section 3.4.8. The output of each of these assays was plotted against cumulative population 

doublings to provide to normalised assessment of colony forming and osteogenic potential of 

each BM-hMSC line.   

 
 
5.4.2 Morphology of BM-hMSCs in different medium formulations 

Figure 5.18 shows the difference in BM-hMSC morphology between donor lines in FBS-based 

culture that is reduced in HPL and SFM culture, with smaller spindle-shaped cells. This increased 

consistency between donors in cellular morphology observed in HPL and SFM has benefits for 

the development of manufacturing processes based on a fixed surface area. This will be 

particularly apparent for patient specific therapies, where the number of obtainable cells per 

square centimeter will determine the final cell yield of the product batch. 
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Figure 5.18. Day six phase contrast images showing the more consistent morphology between 

M2 and M3 in HPL and SFM compared to FBS expansion   

 
 
 
 
Considering that manufacturing processes for these cell-based therapies will likely have a 

minimum number of cells per dose, this reduced variation under HPL and SFM will greatly 

reduce the risk of suffering a product batch failure, increasing the cost-efficiency of the process. 
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5.4.3 Genetic expression of BM-hMSCs in different medium formulations 

It is also important that the BM-hMSCs retain the expression of key genes throughout the 

expansion process, as they are likely to play a key role in the product performing its function in 

vivo. In general, BM-hMSCs cultured under SFM conditions retained the expression of all four 

genes analysed, indicating that the believed positive selection occurring to generate the more 

homogenous population in SFM, is not impacting the expression of key genes.  

 

 

 

Figure 5.19. Quantitative RT-PCR analysis showing RNA expression of CCL2 gene in FBS, HPL 

and SFM expansion against cumulative population doublings for the two BM-hMSC lines. 

cDNA is normalized to housekeeping gene 36B4 

 

 

The comparative analysis of the CCL2 gene for both BM-hMSC lines in FBS, HPL and SFM can be 

seen in Figure 5.19. This shows that the RNA expression of this gene has been maintained in all 

conditions despite the differences in the number of population doublings. The CCL2 gene has 

been implemented in the recruitment of T-cells, monocytes and dendritic cells to the sites of 

inflammation (Guilloton et al. 2012) and is therefore an important gene to maintain for clinical 

indications that require a level of immune modulation. Immunomodulatory properties of BM-

hMSCs play a key role in their therapeutic potential (Le Blanc et al. 2004; Le Blanc et al. 2008), 
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suppressing tissue rejection by inhibiting the response of the patient’s lymphatic cells. A number 

of companies such as Athersys Inc. (USA), Tigenix (Belgium), Pluristem Therapeutics Inc. (Israel) 

and Mesoblast Ltd (Australia) are developing BM-hMSC products to target clinical indication 

relating to immune modulation, demonstrating the increased emphasis that industry has placed 

on the immunomodulatory mechanism of action that BM-hMSCs have previously 

demonstrated. 

 

 

 

Figure 5.20. Quantitative RT-PCR analysis showing RNA expression of P21 gene in FBS, HPL 

and SFM expansion against cumulative population doublings for the two BM-hMSC lines. 

cDNA is normalized to housekeeping gene 36B4 

 

Figure 5.20 shows the relative expression of P21, a gene relating to cellular aging and 

senescence (Chen et al. 2011) and has not unduly increased throughout the expansion process 

in SFM, HPL or FBS culture. This demonstrates that the onset of senescence toward the end of 

the expansion process in FBS and HPL in this instance did not occur in conjunction with the up-

regulation of the P21 gene as has been demonstrated previously (Estrada et al. 2013).  
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Figure 5.21. Quantitative RT-PCR analysis showing RNA expression of Oct4 gene in FBS, HPL 

and SFM expansion against cumulative population doublings for the two BM-hMSC lines. 

cDNA is normalized to housekeeping gene 36B4 

 

 

Oct4 is a marker of pluripotency, mainly associated with embryonic stem cells, but has 

previously demonstrated expression in BM-hMSCs (Riekstina et al. 2009). Maintenance of Oct4 

under SFM expansion (Figure 5.21) demonstrates the continued ability of the cells to self-

proliferate at high population doubling. It has previously been demonstrated that BM-hMSCs 

selected by serum deprivation are a subpopulation of very early progenitor cells with enhanced 

expression of Oct4 and several other genes characteristically expressed in embryonic cells 

(Pochampally et al. 2004). This demonstrates an advantage of BM-hMSCs culture in SFM, with 

the expression of pluripotent markers being important for the clinical application of cell-based 

products that undergo cellular differentiation. It can also be seen from Figure 5.21 that the 

expression of Oct4 decreased in FBS and HPL for the BM-hMSC line that underwent senescence 

towards the end of the expansion process. This should be monitored during the expansion 

process to ensure that it does not affect the therapeutic potential of the BM-hMSC therapy, as 

the retention of functional material is vital for the development of successful expansion 

processes. 
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Figure 5.22. Quantitative RT-PCR analysis showing RNA expression of VEGFA gene in FBS, HPL 

and SFM expansion against cumulative population doublings for the two BM-hMSC lines. 

cDNA is normalized to housekeeping gene 36B4 

 

Figure 5.22 shows the expression of VEGF across both BM-hMSC lines in all medium conditions 

over the monolayer expansion process. VEGF has been shown to be a highly important gene in 

the promotion of angiogenesis by BM-hMSCs (Beckermann et al. 2008), which will be important 

in a number of clinical indications, particularly for cardiac repair (Gao et al. 2007), a key target 

for a number of BM-hMSC-based therapies. Despite a higher relative expression of VEGF in BM-

hMSCs cultured in SFM, there is a decrease in the expression of VEGF in FBS, HPL and SFM as 

the number of population doublings increases, which should be further investigated if the BM-

hMSC product requires a high level of cumulative population doublings and is to be used for 

clinical indications requiring angiogenesis.  

 
 
5.4.4 Colony forming potential of BM-hMSCs in different medium formulations 

There is currently much discussion about the true identity and desired characteristics of BM-

hMSCs for clinical applications and how they elicit their therapeutic mechanism of action 

(Bianco et al. 2013b). Despite this, some hints come from a Graft-versus-host disease (GVHD) 

study showing that just a few passages can make a significant difference to the product efficacy. 

Human MSCs from passages 1-2 compared to passages 3-4 showed a decrease in patient survival 
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and response while no in vitro differences were found (von Bahr et al. 2012).  Despite this 

uncertainty in the application of BM-hMSCs, there is still a need to rigorously characterise the 

cellular product during the development of an expansion process to ensure the process itself is 

not having a detrimental impact on the product characteristics whilst yield is increased. It is 

important that assay development takes place in parallel with clinical development so that the 

prediction of clinical effect for a specific target indication can be correlated to process 

measurements in vitro.        

 

As BM-hMSC expansion processes move through the development phase, there is an increasing 

need to assess the characteristics of the product in relation to the number of population 

doublings the cells have undergone and is favorable under the current regulatory guidelines. 

This has the benefit of normalizing cell expansion data as passage number does not take into 

account the seeding density of the cells or the relative expansion level of the product in each 

condition. Using population doubling level versus cellular characteristic in this way allows for a 

fair comparison between conditions and is also far more amenable to comparisons with scale-

up technology such as bioreactors, when the term passage does not readily apply.  

 

 

Figure 5.23. Colony forming efficiency of the two BM-hMSC lines against number of 

population doublings throughout the expansion process in FBS, HPL and SFM. Demonstrating 

the increased consistency between BM-hMSC lines in SFM compared to FBS and HPL-based 

medium 
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Figure 5.23 shows the colony forming potential of the BM-hMSC donor lines under FBS, HPL and 

SFM culture against the number of population doublings. This demonstrates that the colony 

forming potential decreases through the expansion process as the number of population 

doublings increases, which hints at the challenges that exist when developing large scale 

manufacturing processes, which are likely to require lot sizes in excess of a trillion cells (Rowley 

et al. 2012b).  

 
 
Despite this, BM-hMSCs cultured in SFM retained a similar level of colony forming potential at 

a high number of population doublings and importantly, the consistency between the two BM-

hMSC donor lines was far greater than in FBS and HPL.  What our data therefore suggests is that 

the SFM condition used, PRIME-XV®, in conjunction with growth on fibronectin, is able to 

support the generation of a more homogenous cell population in terms of colony forming 

potential as well as cell size and growth rate, possibly through a positive selection process or 

the maintenance of asymmetric division.  Indeed, an increased presence of CFU-Fs in an BM-

hMSC population has previously been noted when using an optimized defined medium 

formulation as compared to DMEM supplemented with FBS (Jung et al. 2010). Furthermore, 

Wagner and colleagues (Wagner et al. 2006) compared two serum-containing media noted that 

one was able to support a more homogenous morphology than the other. This maintenance of 

consistency between donors will be important for both patient specific and off-the-shelf 

therapies and will reduce the likelihood of suffering product batch failure during quality testing. 

This will result in a reduced cost at the large scale, as the capital invested per batch will be high 

but more importantly for patient specific therapies, a batch failure would result in a patient 

going without treatment, which would be highly undesirable.  

 

 

5.4.5 Quantitative osteogenic potential of BM-hMSCs in different formulations 

As with the colony forming potential in Figure 5.23, the quantitative osteogenic potential of the 

BM-hMSCs in each medium formulation has been evaluated. Similarly, the same trend is also 

presented in Figure 5.24, which shows that the osteogenic potential of the BM-hMSCs 

decreasing as the number of population doublings increases. This is also supported by in vivo 

clinical data (Yamachika and Iida 2013) for these indications as well as for additional indications 

outside of the BM-hMSC niche (Moll et al. 2014a).   It is important to assess the impact of the 

expansion process on quality attributes early in development, as it will determine the maximum 
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allowable expansion ratio of the product for each particular indication, which will in turn 

influence the overall cost and scale of the therapy. 

 

 

 

 

Figure 5.24. Osteogenic potential of two BM-hMSC lines against number of population 

doublings throughout the expansion process in FBS, HPL and SFM. Demonstrating the 

maintenance in osteogenic potential of both BM-hMSC lines in SFM at a high number of 

population doublings.       
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5.5 Considerations for consistency in bioprocess development  

One of the key driving factors for the overall production cost of a BM-hMSC therapy, as well as 

medium cost, will likely be in the level of donor to donor variability experienced during the 

manufacturing process, leading to increased process time and risk of batch failure. The donor 

lines selected for this study had previously demonstrated large differences in cellular 

characteristics (Chapter 4), which will particularly impact the successful development of patient 

specific BM-hMSC therapies.  

 

 

 

Figure 5.25. Box and whisker plots showing the consistency in growth kinetics of two BM-

hMSC lines over 18 days and 36 days expansion in FBS, HPL and SFM. Demonstrating the 

increased variation in FBS and HPL over 36 days of expansion and the maintenance of 

consistency in SFM expansion.  

 

 

Figure 5.25 shows the inconsistency between the growth characteristics of these BM-hMSC 

lines, with a range of 0.234 day-1 in FBS, 0.386 day-1 in HPL and 0.216 day-1 in SFM following the 

36 day expansion process, demonstrating a diverging process occurring in HPL culture. In 

contrast to this variance experienced in HPL culture and despite a higher number of cumulative 



Chapter 5: Improving the Yield and Consistency of BM-hMSC Expansion 
 
 

112 | P a g e  
 

population doublings, the SFM culture process had a corresponding range of only 1.45 

population doublings between these donors and batch runs after 36 days in culture. This 

indicates that SFM is highly amenable to a large scale expansion process, where a high number 

of product population doublings are required. Further to this, HPL has demonstrated consistent 

BM-hMSC growth characteristics over 18 days of expansion, which indicates that is represents 

a viable alternative to FBS for patient specific manufacturing processes where a lower number 

of population doublings are required.    

 

 

Table 5.2. Process time required to manufacture a theoretical batch of 350 million BM-hMSCs 

demonstrating variation in process time between and within donor material that is reduced 

in HPL and further reduced in SFM. (From 2 million BM-hMSCs starting material).  

 

 

 

For the development of a patient specific cell-based therapy, where the inter donor variability 

has to be accounted for during manufacture, this reduction in product variance offers a 

significant benefit to the process. Reducing the divergence in donor cell characteristics will 

alleviate potential bottlenecks in the isolation, expansion and delivery process, an important 

consideration for cell-based therapy process development. In conjunction with this, a more 

consistent expansion process will reduce the risk of suffering a product batch failure, which for 

a patient specific therapy will mean that the patient will fail to be treated. Table 5.2 shows the 

variability between the two BM-hMSC lines for a hypothetical process requiring a batch size of 

350 million cells from a starting population of two million cells (Heathman et al. 2015b). This 

demonstrates the increased consistency that can be achieved in the SFM and HPL process 
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between production batches and between donors, with a reduction in range from 19.4 days in 

the FBS process to 4.5 days in the HPL process and 0.9 days in the serum free process. This also 

has advantages for off-the-shelf therapies, as it is possible to select material for the expansion 

process by pre-screening BM-hMSCs and discarding those that do not display sufficient growth 

kinetics. Under the SFM condition, both of the BM-hMSC lines displayed similar process times 

between donors and a reduced inter donor range. This has the potential to lead to reduced costs 

in the process development phase as fewer donor lines will be excluded (and therefore require 

testing) compared to FBS culture and will be available for the production process. The reduced 

process time to achieve this batch size in the serum free condition will also be advantageous for 

reducing the overall medium costs, as product batches can be manufactured in reduced time.  

 

  

 

 

Figure 5.26. Box and whisker plots showing the consistency in mean cell diameter of two BM-

hMSC lines over 18 days and 36 days expansion in FBS, HPL and SFM. Demonstrating the 

increased variation in FBS and HPL over 36 days of expansion and the maintenance of 

consistency in SFM expansion. 
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Furthermore, an increase in achievable cell number per batch will also increase the material 

available for quality release testing which is an important consideration of patient specific 

therapies as each patient batch must be independently tested prior to release. A study by 

Deskins and colleagues also demonstrated that three independent in vitro assays based on 

growth rate, proliferative potential and ATP content were able to predict in vivo performance, 

with BM-hMSCs performing above average in all three assays having increased in vivo 

regenerative abilities (Deskins et al. 2013).          

 
 
Human MSCs cultured in SFM had a cell diameter of 14.65 ± 1.7 µm (median ± range) compared 

to FBS culture with a cell diameter of 16.6 ± 2.8 µm (median ± range) and HPL culture also at 

16.6 ± 3.9 µm (median ± range). The variability in cell diameter throughout expansion in FBS and 

HPL-based medium (Figure 5.26) could have further implications for the delivery process in 

terms of cell concentration and infusion rate, which would likely have to be standardized during 

clinical development. As well as an increase in BM-hMSC productivity, this demonstrates a 

further advantage of SFM culture of BM-hMSCs in terms of cell size consistency over a 36 day 

expansion process. In addition to this, BM-hMSCs expanded in SFM demonstrated a reduction 

in post-harvest cell aggregation (Figure 5.27), which will be beneficial for the downstream and 

formulation process steps. 
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Figure 5.27. Box and whisker plots showing the post-harvest aggregation of five or more cells 

in FBS, HPL and SFM. Demonstrating the reduced BM-hMSC aggregation in SFM expansion 

compared to FBS and HPL. Data shows n = 144.  

 

 

Associated with the reduction in inter-donor variability, further reductions in process input 

variability can be made by placing controls on the supply of raw materials. Considering the 

potential issues surrounding the limited availability and batch-to-batch variability of FBS 

(Brindley et al. 2012), the development of defined, serum-free medium formulations will further 

drive consistency into the manufacturing process. In this model, culture medium can be 

manufactured to a specific formulation, ensuring inter-batch consistency and reducing overall 

costs by scaling up the medium manufacturing process and benefitting from increasing 

economies of scale. This is in contrast to a manufacturing process based on FBS, where the cost 

of the culture medium will increase as the process is scaled through clinical development into 

commercial scale production. It should be said, however, that the development of a defined 

medium formulation should be based on a rigorous product understanding, so that desired 

product attributes are maximized and not impacted by the various medium components. These 

desired product attributes could range from growth kinetics all the way to functional attributes, 

which will depend on the target clinical indication.   
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5.6  Chapter conclusions 

The development of consistent manufacturing processes remains a key challenge that must be 

overcome to ensure the successful translation of cell-based therapies. This serum-free medium 

has demonstrated the potential to reduce the variability of input material to these processes, 

which will allow for increased control over process consistency. By developing this serum-free 

process, the yield and consistency of BM-hMSC expansion has been increased between donors, 

which offers large advantages in the development of both off-the-shelf and patient specific cell-

based therapies. The convergence of BM-hMSC characteristics throughout an expansion process 

demonstrates a level of control over the product manufacture, which has the potential to 

increase the cost effectiveness and reduce the risk in these processes.   

 
 
Now that alternative medium formulations have been identified that have the potential to 

increase product yield and consistency, these can now be transferred to a scalable microcarrier 

based process. This will drive a level of scalability into the process, as a suspension based system 

can benefit from increasing economies of scale, whilst having the potential to meet the BM-

hMSC lot-sizes required for the commercial production of an off-the-shelf therapy.  
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6 Transfer of the BM-hMSC Expansion Process into Suspension 

 

6.1 Chapter introduction 

The addition of microcarriers has been used to culture adherent cells such as BM-hMSCs in 

suspension (Schop et al. 2008; dos Santos et al. 2011a; Chen et al. 2013; Rafiq et al. 2013a) 

allowing for process scale up, where online monitoring and control systems can be used to 

deliver a consistent and cost-effective BM-hMSC product. Stirred-suspension bioreactors are 

currently employed for mammalian cell culture in biopharmaceutical production and therefore 

their design and operation are well-understood (Nienow 2006), with the potential to meet the 

expected manufacturing demands of large-scale BM-hMSC therapies.    

 

A key aspect of reducing variation in the process will be reducing and eventually eliminating the 

use of fetal bovine serum (FBS) from the cell culture medium (Wappler et al. 2013). In addition 

to lot-to-lot variability, there are further process constraints on the use of FBS such as limited 

supply (Brindley et al. 2012), spiraling cost, potential for pathogen transmission, increased risk 

of recipient immune reaction (Spees et al. 2004) and reduced scope for process optimisation. 

Furthermore, FBS has been shown to contain immunogenic contaminants which have the 

potential to negatively impact post-transplant clinical results (Heiskanen et al. 2007), potentially 

increasing the regulatory burden placed upon these products. All of these considerations mean 

that moving towards a serum-free process would be beneficial in achieving scalable, tunable 

and consistent BM-hMSC manufacturing processes. In addition, BM-hMSCs grown in a serum-

free medium have demonstrated increased proliferation rates, up-regulation of genes 

important in BM-hMSC function and down-regulation of genes involved in the production of 

proinflammatory cytokines (Crapnell et al. 2013).   

 

Unlike traditional suspension-based bioprocesses, cell harvesting from the microcarrier surface 

is critically important as the quality characteristics of BM-hMSCs must be retained throughout 

this process. Harvesting involves two stages, detachment of BM-hMSCs from microcarriers 

followed by microcarrier separation from the BM-hMSC product (Nienow et al. 2014). After 

separation, cell-based products will undergo a holding time prior to downstream processing and 

formulation in order to pool the product. Product quality can deteriorate with prolonged 

holding time (Pal et al. 2008) and should be considered during process development. The large 

scale manufacture of an allogeneic BM-hMSC product will require long term product storage to 

decouple production from delivery, in a business model akin to current biopharmaceuticals. 
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Therefore, cryopreservation of BM-hMSCs must be carefully considered to ensure the 

therapeutic potential of the BM-hMSC product does not deteriorate prior to delivery (Moll et 

al. 2014b).     

 

The aim of this Chapter therefore was to develop a microcarrier expansion process for BM-

hMSCs in serum-based medium and to subsequently transfer this into a serum-free process. The 

integration of sequential unit operations for the serum-free BM-hMSC production process from 

expansion through to cryopreservation will also be evaluated to provide an important study in 

the development of a scalable end-to-end manufacturing process for BM-hMSC therapies.  
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6.2 Developing an agitated microcarrier process in serum-based medium 

 
6.2.1 Experimental overview 

Following the successful development of a monolayer expansion process in serum and serum-

free medium, with increased consistency and yield between donor BM-hMSC lines M2 and M3, 

this process must be transferred to a scalable expansion process with the potential to meet the 

lot-sizes required for commercial production of an off-the-shelf therapy. The first stage of this 

will be to transfer the serum-based monolayer process to microcarrier culture in suspension. 

For this, four 100 mL spinner flasks were cultured in FBS and HPL-containing medium with BM-

hMSC lines M2 and M3 for six days, to replicate a similar process to monolayer (Section 3.3). 

Daily medium samples were taken for analysis of glucose, lactate and ammonia, lactate 

dehydrogenase and total protein with cell counts performed on day three of culture (four 

samples were analysed per spinner flask as per Section 3.4.3). The culture medium was 

exchanged on day three for both FBS and HPL culture (Section 3.3.3). At harvest, the BM-hMSC 

were removed from the microcarriers and separated according to Section 3.3.4. The BM-hMSCs 

harvested from each condition were then assessed for mean cell diameter (3.4.2), tri-lineage 

differentiation potential (Section 3.4.4) and immunophenotype (Section 3.4.5). In addition to 

these identity measurements, BM-hMSC quality characteristics of colony forming efficiency 

(Section 3.4.9), osteogenic potential (Section 3.4.8) and outgrowth potential were also assessed 

post-harvest. Following this process, a comparison was made between these microcarrier and 

previous monolayer growth and post-harvest characteristics to assess the impact of transferring 

the BM-hMSC expansion process into suspension.   

 
 
6.2.2 Growth kinetics of BM-hMSCs in agitated microcarrier culture 

For a large number of clinical indications, BM-hMSCs will need to be manufactured on a large 

scale in order to reduce the cost of production and to meet the market need for the treatment. 

Microcarriers have previously been demonstrated to support the proliferation and harvest of 

BM-hMSCs in suspension (dos Santos et al. 2011a; Chen et al. 2013; Rafiq et al. 2013a) and 

therefore have the potential to be operated up to and beyond the thousand liter scale. 

    

The growth kinetics of BM-hMSCs will also play a part in reducing costs, as accommodating BM-

hMSCs with a lower expansion potential will reduce annual production rates (Heathman et al. 

2015c; Naing et al. 2015a). Figure 6.1 shows the growth rate of the two BM-hMSC donors over 

six days in culture in both FBS and HPL-containing medium. The growth kinetics of the two donor 
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BM-hMSC lines in the HPL-based medium is significantly higher (p < 0.01) than the FBS-

containing medium for both of the BM-hMSC lines, in particular M3 showed extremely low 

growth kinetics in FBS with 0.44 ± 0.18 population doublings over the six day growth period. 

This increase in growth kinetics for BM-hMSCs during microcarrier culture has also been 

demonstrated at 5% HPL compared with 10% FBS (Sunil et al. 2014).  

 

 

 

 

Figure 6.1. Growth kinetics of BM-hMSCs cultured on microcarriers in FBS-containing medium 

and HPL-containing medium for six days showing increased growth kinetics in HPL (p < 0.01). 

(A) Specific growth rate and (B) cumulative population doublings. Data shows mean ± SD n=4. 

 

 

The increased consistency between donors gives significant advantages to the manufacturing 

process as increased production rates and reduced batch failure rates are likely to reduce the 

overall cost of the product. It can be seen from Figure 6.1 that the lag phase experienced by BM-

hMSCs in FBS culture between day 0 and day 3 is not present when the cells are cultured in HPL, 

which is the likely cause of the difference in growth kinetics over the six day period. The reason 

for this may be due to an increase in the attachment rate of the cells which in turn shortens the 

lag phase prior to cell division taking place. This link between attachment efficiency and cell 

growth is well established (Mitchell et al. 2014) and the level of relevant attachment proteins 

present in HPL is typically higher than in FBS, which will contribute to this effect (Bieback 2013). 

The attachment of the BM-hMSCs to the culture surface is particularly important for suspension 

culture, where the cells and microcarriers are constantly agitated throughout the culture period.   
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6.2.3 Metabolite flux of BM-hMSCs in agitated microcarrier culture 

The net metabolite flux of the cells in microcarrier culture has been measured for M2 and M3. 

Figure 6.2A shows the glucose consumption of BM-hMSCs in FBS and HPL culture, which was 

between 11.13 – 15.32 pmol.cell-1.day-1 with no significant difference measured across these 

conditions. The lactate production rate is shown in Figure 6.2B, which again shows a similar level 

of production between FBS and HPL. This suggests that the BM-hMSCs in both conditions are 

using similar metabolic pathways, as confirmed by the yield of lactate from glucose (Figure 

6.2D). This is in contrast to previous studies using serum-free medium which demonstrated that 

BM-hMSCs tend to favor the relative production of ammonia over lactate during microcarrier 

culture under serum-free conditions (dos Santos et al. 2011a). There was however a reduction 

in the production of ammonia for M2 in HPL to 1.20 ± 0.03 pmol.cell-1.day-1, suggesting altered 

amino acid use, which may be related to the need for precursors (e.g. glutamine and asparagine) 

supporting purine and pyrimidine biosynthesis (Higuera et al. 2012). 

 

 

 

Figure 6.2. Per cell metabolite flux of two BM-hMSC lines over six days microcarrier expansion. 

Showing (A) per cell glucose consumption rate, (B) per cell lactate production rate, (C) per cell 

ammonia production rate and (D) Yield of lactate from glucose. Data shows mean ± SD (n=4).      
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Cell death was evaluated by measuring a combination of lactate dehydrogenase (LDH) 

(Lavrentieva et al. 2010a) and total protein released into the culture medium. Figure 6.3 shows 

these concentrations throughout culture, which show no increase in the LDH or total protein 

concentrations for both M2 and M3 in FBS and HPL-based culture. This demonstrates that cell 

damage was minimal throughout the microcarrier expansion process, despite the process 

change from static to agitated culture.  

 

 

Figure 6.3. Nutrient and metabolite flux of BM-hMSC expansion on microcarriers. Total 

protein (A) and lactate dehydrogenase concentration (B) are shown for FBS and HPL-

containing medium for M2 and M3. Data shows mean ± SD, n = 4 

 

 

6.2.4 Post-harvest characterisation of BM-hMSCs from agitated microcarrier culture 

The post-expansion detachment and separation of the BM-hMSCs from the microcarriers is of 

critical importance for a scalable production process, as cellular attributes must be maintained 

throughout the process (Nienow et al. 2014; Nienow et al. 2015b). A previously developed 

harvesting protocol (Nienow et al. 2014) was modified for this study by replacing trypsin-EDTA 

with TrypLE Express for the HPL culture to ensure the process was animal-component free. The 

post-harvest viability from both donor BM-hMSC lines in FBS and HPL was > 95%, demonstrating 

that this harvest process did not have a detrimental impact on the membrane integrity of the 

cells. It is important that BM-hMSC characteristics are also maintained following this 

detachment and separation process from the microcarriers.  

 
Figure 6.4 shows the effect of the microcarrier process on BM-hMSC attributes compared to 

pre-expansion for colony forming efficiency, osteogenic potential, specific outgrowth rate and 

mean cell diameter. The colony forming efficiency of the BM-hMSCs following the microcarrier 
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expansion and harvest process generally saw an increase compared to pre-expansion, with a 

significant increase for M2 in HPL (p < 0.05). Similarly, the specific outgrowth rate and mean cell 

diameter have been maintained post-harvest, demonstrating that the microcarrier process has 

not affected these BM-hMSC characteristics. In contrast, the osteogenic potential of the BM-

hMSC decreased for all conditions (p < 0.01), which should be further investigated if the BM-

hMSCs are to be used for clinical indications relating to the production of collagen. There is the 

potential however, for this type of clinical indication, that biodegradable microcarriers could be 

directly implanted as a cell-scaffold construct to support the regeneration of bone tissue (Gao 

et al. 2015), removing the need for cell harvest altogether.     

 

 

Figure 6.4. Post-harvest BM-hMSC quality compared to pre-expansion demonstrating 

retention of key attributes, showing (A) colony forming efficiency, (B) osteogenic potential, 

(C) specific outgrowth rate and (D) mean cell diameter. Data shows mean ± SD (n=4).  

 

The BM-hMSCs harvested from the microcarrier process must also retain their identity in 

accordance with the ISCT criteria. Figure 6.5 shows the tri-lineage differentiation potential of 

the BM-hMSC following microcarrier expansion in HPL down the adipogenic, osteogenic and 



Chapter 6: Transfer of the BM-hMSC Expansion Process into Suspension 
 
 

124 | P a g e  
 

chondrogenic lineages. This demonstrates that the BM-hMSCs have retained their tri-lineage 

differentiation potential following microcarrier expansion in HPL.  

 

 

Figure 6.5. Tri-lineage differentiation potential of BM-hMSC lines using phase contrast 

microscopy. Showing adipogenic differentiation (A) by staining with Oil Red O, osteogenic 

differentiation (B) by staining for alkaline phosphatase and calcium deposition and 

chondrogenic differentiation (C) by staining with Alcian Blue 

 

 

In addition to a demonstration of the tri-lineage differentiation potential, BM-hMSC harvested 

from the microcarrier process must also retain their immunophenotype. Figure 6.6 shows the 

multiparameter flow cytometry plots of post-harvest BM-hMSCs demonstrating the maintained 

positive co-expression of CD105, CD90 and CD73 throughout the microcarrier expansion 

process. Further to this, BM-hMSC have retained the negative co-expression of CD45, CD34, 

CD11b, CD19 and HLA-DR following the microcarrier expansion process. This demonstrates that 

the BM-hMSCs have retained the desired immunophenotype throughout the microcarrier 

process as has been demonstrated during the monolayer expansion process.   
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Figure 6.6. Post-harvest multiparameter flow cytometry plots showing co-expression of 

CD90+, CD73+, CD105+, CD44+, CD34-, CD45-, CD11b-, CD19- & HLA-DR- from microcarrier 

culture 

 

 

This demonstrates that HPL is a viable alternative to FBS for the microcarrier culture of BM-

hMSCs and has the potential to be taken forward to support further process development and 

scale-up. The increased consistency in growth between donors in HPL will also benefit the 

development of both patient specific and off-the-shelf BM-hMSC therapies, allowing for 

increased production rates and shorter processing times.            
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6.2.5 Comparison of BM-hMSCs in monolayer and agitated microcarrier culture 

One of the key challenges in the successful development of scalable cell therapy manufacturing 

processes, is in the process transfer away from traditional manual monolayer processes. The 

decision of when in the development cycle to complete these bridging studies and move toward 

a scalable process should be carefully considered and many companies have suffered as a result 

of waiting until the end of clinical development, prior to commercial production. The advantages 

of automated and closed processing systems in driving scalable production by reducing costs 

should not be underestimated (Williams et al. 2012; Hampson 2014), with suspension based 

systems being a lead candidate, as they are routinely operated in this manner. This process 

transfer from monolayer to microcarrier culture will aim to assess the impact of the new process 

on the product attributes, to ensure they are comparable between the processes, avoiding the 

need to repeat clinical work, which will cost significant time and capital. 

 

 

Table 6.1. Comparison of monolayer and microcarrier culture of BM-hMSCs in FBS and HPL-

containing medium showing the improved process transfer under HPL. Statistics show 

significance between monolayer and microcarrier condition. * denotes p < 0.05 and ** 

denotes p < 0.01.  

 

 

Obtaining similar growth kinetics of the BM-hMSCs from the monolayer and microcarrier 

processes is also important, as this will affect the number of BM-hMSCs that can be 

manufactured per unit time, which will reduce the number of batches produced per year. Table 

6.1 shows the comparison of the monolayer and microcarrier process for M2 and M3 in FBS and 
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HPL-based culture. The growth rate of BM-hMSCs in FBS-based culture showed a significant 

reduction from monolayer to microcarrier culture for both BM-hMSC lines (p < 0.05 and p < 

0.01), which is particularly apparent for M3, with a reduction from 0.14 ± 0.02 to 0.05 ± 0.02 

day-1. This would create challenges during process scale up within a suspension based system 

and would necessitate careful selection of donor material for master cell banks, to ensure it is 

amenable to this potential change in process conditions from static to agitated culture. It is likely 

that this widening of the gap in growth kinetics between the static monolayer process and 

agitated microcarrier culture is due to the efficiency of cell attachment, which becomes more 

important within the agitated environment.  

 
 
In contrast to FBS-based culture, HPL proved more effective in supporting the transfer of the 

process from static to agitated conditions with only a slight reduction in the growth kinetics of 

M3 and no significant difference between the monolayer and microcarrier growth kinetics of 

M2. This demonstrates the potential of HPL to be used as a medium supplement within 

monolayer culture as well as for suspension culture of BM-hMSCs. Table 6.1 also shows that the 

colony forming efficiency, mean cell diameter and outgrowth rate have not been reduced for 

the microcarrier process which will be important during process transfer and scale up toward 

commercial production. It is also evident from Table 6.1 that the yield of lactate from glucose  

is more similar when comparing monolayer and microcarrier culture in HPL with FBS, which 

suggests a maintenance of the glycolytic pathway during microcarrier culture (Pattappa et al. 

2011). All of this means that HPL represents a beneficial alternative to FBS for monolayer 

expansion processes and further process transfer into suspension based systems. This has 

implications for both patient specific and off-the-shelf BM-hMSC therapies in terms of 

increasing yield and reducing costs of therapies that are currently in development.                   
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6.3 Development of a fibronectin coating process for microcarriers 

 
6.3.1 Experimental overview 

As has been discussed previously, the development of serum-free manufacturing processes will 

be important the drive the consistent and cost-effective production of BM-hMSC therapies. 

Considering the yield and consistency gains that have been achieved in serum-free monolayer 

culture and the successful process transfer of the serum-based process into suspension via the 

addition of microcarriers, it was important to also transfer the serum-free process into 

microcarrier culture. The key difference between the serum-based and the serum-free process 

for the culture of BM-hMSCs is in the fibronectin treatment of the tissue culture flask to provide 

the necessary attachment proteins to enable cell proliferation. This process is well established 

for monolayer culture, however, additional challenges to this coating process for microcarrier 

culture mean that a new process must be developed to ensure the adequate coating of the 

microcarriers and enable BM-hMSC expansion under serum-free conditions.    

 

The first experiment in this process was to assess the impact of fibronectin coating in monolayer 

in FBS-based culture. This is to provide a baseline for microcarrier coating in FBS-based culture 

so that the initial microcarrier coating development can be completed in FBS-based medium as 

this provides a far more cost-effective process development pathway. Four T-75 flasks were 

coated with 0.4 µg.cm-2 of PRIME-XV® Fibronectin and cultured in FBS-containing medium 

alongside four uncoated T-75 flasks for three passages. At the end of each passage, the viable 

cell number and mean cell diameter was determined and the growth kinetics were calculated. 

In addition, the three hour attachment efficiency was determined at the end of each passage 

for coated and uncoated T-25 flasks. 

 

In order to determine the concentration of fibronectin to coat the microcarriers, an experiment 

was designed to compare different concentrations of fibronectin in PBS prior to culture. Table 

6.2 shows the volume and concentrations of fibronectin used for each of the tested coating 

protocols for microcarriers. Four spinner flasks were cultured for each coating concentration for 

six days (see Section 3.3.3) and harvested according to Section 3.3.4 to determine the final cell 

number. Following this, post-harvest characterisation was completed to verify BM-hMSC 

immunophenotype and tri-lineage differentiation potential. In addition, an experiment was 

conducted to ensure that the fibronectin substrate did not coat the internal glass surface of the 
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spinner flask, which would allow BM-hMSCs to attach and proliferate on the internal surface of 

the flask. This was not found to be the case and these results can be found in Appendix D.      

 

Table 6.2. Fibronectin coating protocol for microcarrier culture 

Final coating 
concentration 

(µg.cm-2) 

Microcarrier surface 
area (cm2) 

Concentration of 
fibronectin (µg.mL-1) 

Volume of coating 
solution (mL) 

0.4 500 5 40 

0.2 500 2.5 40 

0.1 500 1.25 40 

 

 

The coating protocol was as follows: 

1. Depending on microcarrier surface area required, the appropriate amount of 

polystyrene plastic microcarriers was weighed as per the manufacturer’s instructions 

and transferred to a spinner flask vessel. (1.4 g provided 500 cm2 of microcarrier growth 

area). 

2. 25-30 mL of distilled water was added and the spinner flask was autoclaved.  

3. After autoclaving, the water was aspirated from the spinner flask. 

4. The appropriate amount of coating substrate was added according to Table 6.2 and the 

spinner flask was agitated at NJS (30 rpm) for two hours at room temperature.  

5. The microcarriers were washed once with PBS, 100 mL of SFM was added and the flask 

was transferred to in an incubator prior to BM-hMSC inoculation.  

 

Following this initial screening study in FBS, the best performing fibronectin concentration was 

taken forward to assess the performance in serum-free culture, with both human fibronectin 

(FN) and recombinant fibronectin (MatrIS-F). In addition to the pre-coating protocol described 

above, the potential for a direct coating process was also assessed. The advantage of this would 

be that it would shorten the process time, as well as alleviating the need to validate the coating 

process which would need to be de-coupled from the expansion process to reduce the risk in 

suffering a quality assurance failure, which would impact the subsequent process operation. 

The protocol for this direct coating was as follows: 



Chapter 6: Transfer of the BM-hMSC Expansion Process into Suspension 
 
 

130 | P a g e  
 

1. Depending on microcarrier surface area required, the appropriate amount of 

polystyrene plastic microcarriers were weighed as per manufacturer’s instructions and 

transferred to a spinner flask vessel. (1.4 g provided 500 cm2 of microcarrier growth 

area). 

2. 25-30 mL of distilled water was added and the spinner flask was autoclaved.  

3. After autoclaving, the water was aspirated from the spinner flask. 

4. Fibronectin was added to 40 mL of SFM to give a final concentration of 1.25 µg.mL-1, 

which was agitated at 30 rpm for two hours at room temperature. 

5. Finally, 60 mL of fresh SFM was added and the flask was transferred to an incubator 

prior to BM-hMSC inoculation.  

After six days of culture, the four spinner flasks for each condition were harvested according 

to Section 3.3.4 and the cell number determined prior to post-harvest BM-hMSC 

characterisation.  

 
 
6.3.2 Fibronectin coating of FBS culture in monolayer  

The first part of developing a microcarrier coating process for serum-free culture was to assess 

the effect of culturing BM-hMSCs on fibronectin in FBS-containing medium in monolayer. This 

is because the initial development of a microcarrier coating process took place in FBS-based 

culture and it is important to obtain a baseline in monolayer to compare these results to the 

microcarrier coating protocol. Figure 6.7 shows the results of the monolayer fibronectin coating 

protocol in FBS-based medium. It can be seen from Figure 6.7 that the fibronectin coating of the 

tissue culture flasks led to a significantly increased growth rate of the BM-hMSCs at passage 

four (p < 0.01), passage five (p < 0.05) and passage six (p < 0.01). The specific growth rate of BM-

hMSCs at passage five was 0.258 ± 0.034 day-1 for non-coated and 0.316 ± 0.018 day-1 in 

fibronectin coated flasks, which can be used for comparison against the microcarrier coating, 

following an adaption passage.   

 

It has previously been shown that BM-hMSCs adhered to fibronectin strongly potentiate 

platelet-derived growth factor receptor (PDGFR)-β phosphorylation and focal adhesion kinase 

(FAK) activity. This leads to the regulation of actin reorganisation and increased cell migration, 

which is important during culture as well as therapeutically, for the remodelling of vasculature 

(Veevers-Lowe et al. 2011) and has been shown to enhance osteogenesis (Li et al. 2013). In 

addition to the increased growth characteristics of BM-hMSCs, the mean cell diameter of the 
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BM-hMSCs cultured on fibronectin was also significantly reduced for the first two passages (p < 

0.05), which is in accordance with the previous findings in Section 5.2.3, which showed that a 

reduced cell diameter was associated with increased growth kinetics.  

 

An indication that fibronectin enhances the attachment of BM-hMSCs can be seen in Figure 6.7, 

which is significantly higher for the first two passages (p < 0.05) compared to uncoated tissue 

culture plastic. It is also evident that the consistency in BM-hMSC attachment is improved when 

cultured on fibronectin, which will be important for the development of BM-hMSC 

manufacturing processes, particularly on microcarriers, where the cell attachment is particularly 

important under agitated conditions (Rafiq et al. 2015b).    

 

 

Figure 6.7. Fibronectin coating in FBS monolayer culture at a concentration of 0.4 µg.cm-2 

showing the specific growth rate, cell diameter and attachment efficiency of BM-hMSCs over 

three passages. Demonstrating the increased attachment and growth kinetics of BM-hMSCs 

cultured on fibronectin. Data shows mean ± SD, n=4. * denotes p < 0.05 
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6.3.3 Fibronectin coating of microcarriers in FBS culture   

Now that a baseline for fibronectin coating has been established in monolayer culture, a 

comparison of coating concentrations can be evaluated in microcarrier culture using FBS-

containing medium. The results of this study can be seen in Figure 6.8, which shows the fold 

increase in BM-hMSCs at fibronectin concentrations of 0, 0.1, 0.2 and 0.4 µg.cm-2, 

demonstrating an increase in growth rate at lower concentrations of fibronectin. As with the 

monolayer culture previously, coating the microcarriers in fibronectin produced a significant 

increase in growth kinetics (p < 0.05), demonstrating that the microcarriers are being 

successfully coated with the fibronectin substrate at all concentrations. 

 

Part of the reason for the improved growth kinetics at lower fibronectin concentrations can be 

seen in Figure 6.9, which shows the high level of microcarrier aggregation that occurs, 

particularly at a fibronectin coating concentration of 0.4 µg.cm-2. The consequence of increase 

microcarrier aggregation is that the available surface area for BM-hMSCs to expand on is 

reduced, resulting in a lower cell number at the end of six days in culture. In contrast, the level 

of microcarrier aggregation at 0.1 µg.cm-2 was comparable to the level of aggregation observed 

in the uncoated control.               

 

 

Figure 6.8. Fibronectin coating of microcarriers at different concentrations in FBS showing the 

increased BM-hMSC expansion rate at reduced fibronectin concentrations. Data shows mean 

± SD, n=4 
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In terms of a direct comparison between monolayer and microcarrier culture of BM-hMSCs, the 

uncoated monolayer condition had a growth rate of 0.258 ± 0.034 day-1, compared to 0.147 ± 

0.2 day-1 in microcarrier culture, a reduction of 0.111 day-1. In contrast, the difference in growth 

kinetics between monolayer and microcarrier culture for the fibronectin coated condition was 

0.059 day-1. This increased comparability in BM-hMSC growth kinetics between monolayer and 

microcarrier culture for fibronectin coated surfaces is likely a result of the improve attachment 

efficiency seen in Figure 6.7, as effective cell attachment becomes increasing important on 

microcarriers under agitated conditions. This characteristic of fibronectin coated microcarrier 

culture makes developing a serum-free microcarrier process a highly attractive proposition, 

considering the improved BM-hMSC growth and quality characteristics seen for monolayer 

culture in Chapter 5.   

 

 

Figure 6.9. Phase contrast images showing the aggregation of BM-hMSCs and microcarriers 

with fibronectin coating at different concentrations in FBS 
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To ensure that the fibronectin coating of microcarrier does not affect the identity characteristics 

of the BM-hMSC, immunophenotype, tri-lineage differentiation and morphology have been 

assessed in accordance with the International Society for Cellular Therapy (ISCT) criteria 

(Dominici et al. 2006). Figure 6.10 shows the compliance of the BM-hMSCs with the ISCT criteria, 

by adherence to tissue culture plastic, demonstrating the same morphology post-harvest in 

fibronectin coated and uncoated culture and differentiation down the osteogenic, adipogenic 

and chondrogenic lineages. The post-harvest BM-hMSC immunophenotype can be seen in 

Figure 6.10 which shows the co-expression of positive markers CD73, 90 and 105 as well as the 

expression of CD34 and HLA-DR at less than 2 % (Chan et al. 2014b). 

 

 

Figure 6.10. Post-harvest characterisation showing retention of BM-hMSC morphology, 

immunophenotype and tri-lineage differentiation potential for fibronectin coated 

microcarrier culture in FBS-based medium  
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6.3.4 Fibronectin coating strategy for microcarriers in SFM 

Following the successful demonstration of fibronectin coating of microcarriers in FBS-containing 

medium, the process was validated for serum-free culture using the lowest fibronectin 

concentration of 0.1 µg.cm-2. The reason for this was because it demonstrated similar growth 

characteristics to 0.2 µg.cm-2 (p > 0.05) whilst requiring half the amount of fibronectin, 

representing a significant cost saving for the process. For the development of the fibronectin 

coating process for microcarriers in SFM, human derived fibronectin (FN) will be used in 

conjunction with recombinant fibronectin (MatrIS-F) to assess the relative performance of the 

two fibronectin sources. The reason for this is that the development of defined manufacturing 

processes will require the use of non-animal and non-human derived components to reduce the 

risk of pathogen transmission as well as reducing the variability between batches of substrates 

(Unger et al. 2008). This means that the use of recombinant proteins, such as fibronectin in 

future BM-hMSC processes will be favourable and therefore it is important to assess whether 

they are amenable to the microcarrier process at an early stage in development. Further to this, 

if a similar performance can be demonstrated between human-derived fibronectin and 

recombinant fibronectin, then the rest of this development can be carried out using the more 

cost-effective fibronectin source, with the knowledge that if future development requires a 

recombinant protein source, the process can be successfully transferred in a timely fashion.    

 

 

 

Figure 6.11. The effect on BM-hMSC growth and cell diameter of pre-coating microcarriers 

versus directly adding the coating substrate into the medium for FBS and SFM-based 

expansion. Coating at 0.1 µg.cm-2 using human-derived (FN) and recombinant (MatrIS-F) 

fibronectin.  Data shows mean ± SD, n=4 
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Figure 6.11 shows the results for this development using PRIME-XV® SFM with pre-coating of 

the microcarriers in PBS and directly adding the fibronectin into the culture medium to avoid 

the additional process of coating the microcarriers. It can be seen from Figure 6.11, however, 

that directly adding the attachment substrate into the culture medium does not effectively 

support the proliferation of BM-hMSCs, with almost no growth over the six days of culture in 

SFM. This means that despite the advantages of eliminating the need to pre-coat the 

microcarriers, it is necessary to do so when expanding BM-hMSCs in SFM. The contrast between 

FBS and SFM in this instance is due to the increased presence of attachment proteins in FBS, 

which are able to support the attachment and proliferation of BM-hMSCs even when ineffective 

microcarrier coating occurs when the fibronectin is directly added to the culture medium. 

 

 

 

Figure 6.12. Post-harvest outgrowth showing the reduced outgrowth rate of cells cultured on 

microcarriers with attachment substrate added into the medium. Data shows mean ± SD, n=4 

 

 

It was also evident from Figure 6.11 that the growth kinetics of BM-hMSCs in SFM were 

drastically enhanced compared to FBS in microcarrier culture, as was seen in monolayer culture 

in Chapter 5. The mean cell diameter of BM-hMSCs in SFM was also lower than BM-hMSCs in 
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FBS culture, which was particularly evident for the BM-hMSCs cultured on pre-coated 

microcarriers (Figure 6.11). The fact that the post-harvest mean cell diameter of BM-hMSCs in 

the direct coating condition was significantly higher (p < 0.01) than in the pre-coating condition 

is further evidence that the BM-hMSCs in this condition were not able to successfully attach to 

the microcarriers.    

 

Figure 6.12 shows the post-harvest outgrowth kinetics of BM-hMSCs from each of the 

microcarrier conditions, which shows the reduced outgrowth kinetics of BM-hMSCs cultured on 

microcarriers that were directly coated from the culture medium. This is a further indication 

that the direct coating method for the microcarriers is having a detrimental impact on the BM-

hMSCs, which should be avoided during the manufacturing process. All of this evidence shows 

that for the successful expansion of BM-hMSCs in SFM, that pre-coating the microcarriers with 

fibronectin will be required at a concentration of 0.1 µg.cm-2, which can now be taken forward 

to develop a serum-free microcarrier process for the expansion of BM-hMSCs.   
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6.4 Development of a serum-free microcarrier process for BM-hMSCs 

 
6.4.1 Experimental overview 

Following the successful development of a fibronectin coating protocol for microcarriers in SFM, 

a full investigation of the serum-free culture of BM-hMSCs on microcarriers was completed. For 

this, four 100 mL spinner flasks were cultured in FBS-containing medium with BM-hMSC line M2 

and four were cultured in SFM following the microcarrier coating protocol described in Section 

6.3 for six days. Daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed on day three of culture 

(four samples were analysed per spinner flask as per Section 3.4.3). The culture medium was 

exchanged on day three for FBS culture and every two days for SFM culture (Section 3.3.3). At 

harvest, the BM-hMSCs were removed from the microcarriers and separated according to 

Section 3.3.4. The BM-hMSCs harvested from each condition were then assessed for mean cell 

diameter (3.4.2), tri-lineage differentiation potential (Section 3.4.4) and immunophenotype 

(Section 3.4.5). In addition to these identity measurements, BM-hMSC quality characteristics of 

colony forming efficiency (Section 3.4.9) and outgrowth potential were also assessed post-

harvest.   

 

It is important that the development of BM-hMSC production processes also consider the 

downstream implications of the process and in particular the cryopreservation of the product, 

as many of these off-the-shelf therapies will require long term storage. Part of this was 

considering the time it will take to process bioreactor material on a large scale and integrating 

these realistic downstream processing times into the process prior to cryopreservation. With 

this in mind, a four hour holding time was incorporated into the SFM process post-harvest, with 

this BM-hMSC product taken forward into a serum-free cryopreservation process (Section 

3.3.6). Following this cryopreservation process, BM-hMSCs were thawed and assessed for 

adhesion and F-actin content (Section 3.4.13).     

 
 
6.4.2 Process map of the serum-free BM-hMSC microcarrier process 

Process mapping is a key part of systematic process development and allows for a structured 

development methodology centered on the concept of integrated unit operations and is being 

adopted in current biopharmaceutical manufacture (ICH 2005). Breaking a process down into 

unit operations allows for the detailed analysis of each process sub-unit, which can be assessed 

in terms of its impact on the product characteristics. This flags potential issues or bottlenecks in 
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the process which can then be systematically resolved. Figure 6.13 shows our simplified process 

map, which forms the basis for our integrated serum-free BM-hMSC production process, 

allowing us to develop individual unit operations to eventually achieve a larger yield of high 

quality product. The timing of the microcarrier-fibronectin coating step has been highlighted as 

a potential bottleneck, which cannot take place immediately prior to the expansion step. A 

quality risk management approach has highlighted that the quality assurance of the microcarrier 

coating could not take place in-process, as a failure event would severely impact subsequent 

unit operations. This will be addressed during future process development as this unit operation 

would have to take place in advance to decouple the coating step from the BM-hMSC expansion, 

reducing the inherent risk in the process.         

 

 

 

Figure 6.13. Process map for the serum-free expansion, harvest, downstream processing and 

preservation of BM-hMSCs on microcarriers. 

 

A further benefit of the process map is that it allows for interchangeability of unit operations 

that may not be sufficiently scalable for future product requirements. An example of this in the 

current process is the use of vacuum filtration and centrifugation to separate the BM-hMSCs 

from the microcarriers, which would be a challenge to operate at large scale. Therefore, during 

future development, scalable technology would be assessed for the separation and 

concentration step such as tangential-flow filtration. The effect of this unit operation must be 

assessed in terms of the impact on the product characteristics, to ensure product quality is not 

compromised. This assessment should be done in a timely manner, as the implications of 

changing process unit operations late in clinical development can be prohibitive. Therefore by 

taking this systematic development methodology and utilising process mapping, potential 
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bottlenecks and scalability issues can be alleviated at an early stage of development, avoiding 

costly changes as processes move through clinical development.         

 

 

6.4.3 Growth kinetics of BM-hMSCs in serum-free microcarrier culture 

As described previously, intensive process scale-up will be required to meet the clinical and 

commercial need for these large-scale allogeneic therapies. For instance, for a typical clinical 

indication like myocardial infarction, the dose requirements will be in the range of 35 – 350 

million BM-hMSCs per patient (Hare et al. 2009).  

 

 

 

Figure 6.14. Growth kinetics of BM-hMSCs cultured on microcarriers in FBS-containing 

medium and serum-free medium. Showing (A) Total viable cell number and (B) Specific growth 

rate. Data shows mean ± SD N=3 

 

 

The BM-hMSCs were expanded on non-porous plastic microcarriers in 100 mL spinner flasks 

over six days in FBS-containing medium and PRIME-XV SFM®. To facilitate cell attachment 

without the presence of serum (Hayman et al. 1985), plastic microcarriers were pre-coated with 

fibronectin before expansion under serum-free conditions. For BM-hMSCs expanded in spinner 

culture with FBS-containing medium, a final cell density of (8.58 ± 1.37) x 104 cells.mL-1 (mean ± 

SD, n=3) was reached, corresponding to a fold expansion of 2.86 ± 0.46 (Figure 6.14). In contrast, 

BM-hMSCs expanded in serum-free medium reached a final cell density of (3.01 ± 0.27) x 105 

cells.mL-1, corresponding to a fold increase of 10.04 ± 0.88 over the same time period (Figure 

6.15). Operating under serum-free conditions gave a 350% increase in BM-hMSC yield, which is 

significantly higher than serum-based culture (P < 1·10-6). This difference represents a significant 
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step forward in increasing the lot-size of BM-hMSC expansion and is comparable to studies 

which have achieved a BM-hMSCs density on microcarriers of 1 – 2 x 105 cells.mL-1, also under 

serum-free conditions (Santos et al. 2011; dos Santos et al. 2014). It was also observed that the 

BM-hMSC growth kinetics under serum-free microcarrier culture (0.384 ± 0.014 day-1) were 

significantly higher (p < 0.0001) than serum-free monolayer culture (0.323 ± 0.011 day-1). This 

increase could also be improved further by adding more surface area during the microcarrier 

culture, reducing the surface area limitation experienced under serum-free conditions.  

 

 

 

Figure 6.15. Growth kinetics of BM-hMSCs cultured on microcarriers in FBS-containing 

medium and serum-free medium. Showing (A) Cell concentration and (B) cumulative 

population doublings. Data shows mean ± SD N=3 

 

 

Despite this improvement in BM-hMSC yield under serum-free conditions, the expansion unit 

operation is clearly far from optimal. Figure 6.16 shows the large amount of microcarrier 

aggregation that occurred in serum-free culture, which limited the effective surface area 

available for expansion. The growth kinetics in Figure 6.14B and Figure 6.15B, where the BM-

hMSC growth between days 3 to 6 was reduced compared to day 0 to 3 in serum-free culture, 

is also suggestive of surface area limitation. It is likely that microcarrier aggregation is caused by 

a combination of accelerated cell growth, the microcarriers reaching effective confluence and 

the medium sampling process which requires the microcarriers to settle. These potential 

mechanisms will need to be addressed moving forward as aggregation not only has the potential 

to reduce cell yield but can also accentuate cell microenvironment heterogeneity (Baraniak et 

al. 2012) resulting in a cell product of inconsistent quality, although this did not occur here.         
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Figure 6.16. Microcarrier culture of BM-hMSCs on day 5 showing representative images of 

cell-microcarrier aggregation. Image of microcarriers in spinner flask with FBS-containing 

medium (A) and serum-free medium (B). Live/dead cell stain of BM-hMSCs on microcarriers 

in FBS-containing medium (C) and serum-free medium (D). Live cells stained with Calcein AM 

fluorophore (GREEN) and dead cells are stained with ethidium homodimer (RED). 

 

 

6.4.4 Metabolite flux of BM-hMSCs in serum-free microcarrier culture 

Metabolite analysis of microcarrier-based suspension culture of BM-hMSCs showed differences 

in the metabolic pathway usage relating to lactate and ammonia production between FBS-

containing and serum-free cultures. In FBS-containing medium, BM-hMSCs favoured the relative 

production of lactate over ammonia, whereas the relative production of ammonia over lactate 

was favoured with BM-hMSCs cultured in serum-free conditions (Figure 6.17). This finding is 

consistent with the monolayer process evaluated in Chapter 5.  
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Figure 6.17. Nutrient and metabolite flux of BM-hMSC expansion on microcarriers. Glucose, 

lactate and ammonia concentrations in FBS-containing medium (A) and serum-free medium 

(B). Data shows mean ± SD, N=3 

 

 

 

Figure 6.18 shows that the per cell production of lactate was lower in serum-free culture at 

12.63 ± 0.59 pmol.cell-1.day-1 (mean ± SD, n=3) compared with 20.81 ± 4.88 pmol.cell-1.day-1, 

whereas the production of ammonia was 2.82 ± 0.15 pmol.cell-1.day-1 in serum-free, compared 

to 3.31 ± 0.10 pmol.cell-1.day-1 in FBS-containing culture.  The estimated yield of lactate from 

glucose over the entire culture period was 1.91 ± 0.03 and 1.76 ± 0.04 mol.mol-1 for FBS-

containing and serum-free culture, respectively. It is considered that the observed differences 

in these metabolic profiles are predominantly related to proliferative rate in this instance. The 

increased proliferative rate coupled with the smaller cell size makes DNA a larger proportion of 

the total cell biomass under serum-free conditions. Increased ammonia production suggests 

altered amino acid utilisation, which may be related to the increased need for precursors (e.g. 

glutamine and asparagine) supporting purine and pyrimidine biosynthesis (Higuera et al. 2012). 
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Figure 6.18. Specific consumption rate per cell of glucose (A) and production rate per cell of 

lactate (B), ammonia (C) and lactate dehydrogenase (D) for FBS-containing medium and 

serum-free medium.  Data shows mean ± SD (N=3). 

 

It is clear that a more detailed metabolic analysis is required and the development of culture 

medium should consider the impact of these metabolic pathways on cell characteristics. The 

reduced consumption of glucose and production of lactate per cell under serum-free conditions 

does however provide an advantage over serum-based culture, as the usage and build-up of 

metabolites has the potential to inhibit cell growth as the yield and scale increases. 

 

 

Figure 6.19. Nutrient and metabolite flux of BM-hMSC expansion on microcarriers. Total 

protein (A) and lactate dehydrogenase concentration (B) are shown for FBS-containing and 

serum-free medium. Data shows mean ± SD, N=3 
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Growth limiting concentrations of lactate and ammonia for BM-hMSCs, reported as 35.4 mM 

and 2.4 mM, respectively (Schop et al. 2009a), were not reached in any of our microcarrier 

cultures. Cell death was evaluated by measuring a combination of lactate dehydrogenase (LDH) 

(Lavrentieva et al. 2010a) and total protein released. Figure 6.19 shows these concentrations 

throughout culture, which indicate only a minimal increase in LDH and no change in the total 

protein released. This demonstrates that cell death was minimal throughout the expansion 

process, despite the increase in microcarrier aggregation, making the fold expansion data a 

reliable estimate of net proliferative rate. 

 
 
6.4.5 Harvest of BM-hMSCs from serum-free microcarrier culture 

The post-expansion detachment and separation of the BM-hMSC product from the microcarrier 

surface, whilst retaining the cell quality, is of critical importance for a scalable production 

process. The sequential expansion and harvest of BM-hMSCs represents an important step in 

the successful integration of these unit operations and has been demonstrated previously in 

FBS-based culture (Nienow et al. 2014). The same harvest protocol was modified for this study 

by replacing trypsin-EDTA with TrypLE Express for the serum-free culture to ensure the process 

was animal-component free. It was also observed that though microcarrier aggregation and cell 

number in the serum-free process was significantly greater than FBS-based culture, this 

difference did not limit the effectiveness of the harvest protocol and the BM-hMSCs were 

successfully detached from the microcarrier surface (Figure 6.20), with post-harvest cell viability 

(based on membrane integrity) of 99.63 ± 0.03 % (mean ± SD, n=3).  
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Figure 6.20. Post-expansion harvest of BM-hMSCs from microcarriers showing successful BM-

hMSC detachment from microcarriers (A). Post-harvest viability shows high number of intact 

BM-hMSCs for FBS-containing medium and serum-free medium. Data shows mean ± SD, N=3. 

 

 

 

After separating the cells from the microcarriers by vacuum filtration, the BM-hMSCs were held 

in culture medium at room temperature to simulate a potential large-scale batch pooling time 

before centrifugation, freezing medium equilibration and cryopreservation. This holding step 

was considered important for a cell-based product, as a BM-hMSC holding time of greater than 

six hours has been shown to negatively impact cellular quality (Pal et al. 2008), which could 

impose limits on the potential scalability of the bioprocess, depending on the sensitivity of the 

cell-based product. This holding process can be broken down into the microcarrier harvest (two 

hour process) and microcarrier-cell separation with an ambient hold in culture medium (two 

hour process). These steps are followed by suspension and equilibration of the cell product in 

freeze medium for up to one hour at 4°C prior to cryopreservation, which should be an 

acceptable exposure time for mixing and dosing thousands of vials or bags with suitable 
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manifold filling systems (Rowley et al. 2012a). Tangential-flow filtration has the potential to 

wash and concentrate cell products at the large scale within this two hour window (Pattasseril 

et al. 2013), meaning that the combined harvest, downstream and preservation timings in this 

study would still be relevant as the process is scaled-up further.                   

 
 
6.4.6 Post-harvest identity of BM-hMSCs from serum-free microcarrier culture 

To ensure that the microcarrier-based expansion and harvest unit operations have not had a 

detrimental effect on identity and quality, BM-hMSC characteristics have been evaluated 

immediately post-harvest. The primary objective for this is to demonstrate that the BM-hMSCs 

conform to the International Society for Cellular Therapy (ISCT) criteria (Dominici et al. 2006). 

Figure 6.21 shows the compliance of the BM-hMSCs with the ISCT criteria, by adherence to 

tissue culture plastic, demonstrating the same morphology post-harvest as was demonstrated 

pre-expansion and differentiation down the osteogenic (Figure 6.21E), adipogenic (Figure 6.21F) 

and chondrogenic (Figure 6.21G) lineages. The post-harvest BM-hMSC immunophenotype can 

be seen in Figure 6.21H which shows the co-expression of positive markers CD73, 90 and 105 at 

greater than 99 % as well as the expression of HLA-DR at less than 2 % (Chan et al. 2014b). There 

was an increase in the positive expression of CD34 above the 2% positive threshold, which can 

be attributed to an increase in non-specific antibody binding caused by the culture of BM-hMSCs 

on a fibronectin substrate and has previously been reported to be positive for adipose derived 

BM-hMSCs (Wagner et al. 2005). 
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Figure 6.21. Post-harvest BM-hMSC characterisation. (A) pre-expansion and (B) post-harvest 

BM-hMSC morphology in FBS-containing medium. (C) pre-expansion and (D) post-harvest BM-

hMSC morphology in serum-free medium. Tri-lineage differentiation of BM-hMSCs showing 

(E) osteogenic, (F) adipogenic and (G) chondrogenic potential post-harvest in serum-free 

medium. Multiparameter flow cytometry showing dual gating of CD73, 90, 105, 34 and HLA-

DR for BM-hMSCs post-harvest from serum-free microcarrier culture (H). 
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6.4.7 Post-harvest characterisation of BM-hMSCs from agitated microcarrier culture 

The successful development of a BM-hMSC manufacturing process relies on the characterisation 

of product identity and quality at each unit operation (Carmen et al. 2012a). The development 

of clinical indication specific BM-hMSC quality assays has proved to be complex, owing to their 

unique and multifactorial putative mechanism of action. Without definitive quality assays, the 

field relies on surrogate assays to measure cell attributes that are known to be related to aspects 

of BM-hMSC quality. Figure 6.22A shows the outgrowth of BM-hMSCs before, during and after 

expansion, with no decline in the proliferative potential observed across these unit operations. 

This suggests that BM-hMSCs have not experienced detrimental conditions during the 

microcarrier expansion and harvest process that could have affected their proliferation 

potential (Sethe et al. 2006).  

 

 

 

 

Figure 6.22. Post-harvest BM-hMSC quality compared to pre-expansion demonstrating 

retention of key attributes, showing (A) specific growth rate, (B) colony forming efficiency, (C) 

mean cell diameter and (D) forward/side scatter of cell populations confirming difference in 

mean cell diameter. 
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Colony forming potential has been highlighted as an important assay for the quality of BM-hMSC 

preparations (Pochampally 2008) and is known to deteriorate during culture (Schellenberg et al. 

2012). Figure 6.22B shows the maintenance of colony forming potential from pre-expansion to 

post harvest for both conditions, which further demonstrates that the BM-hMSCs have not been 

damaged during the harvest and separation process.  

       

The size of BM-hMSCs in culture is known to increase as they undergo cellular senescence 

(Wuchter et al. 2014), and should therefore be tracked throughout expansion and harvest to 

ensure it remains stable. Figure 6.22C demonstrates that the mean cell diameter remained 

stable throughout culture, with significantly smaller BM-hMSCs produced under serum-free 

culture (p < 0.05). Without the availability of a robust potency assay to determine the 

implications of a smaller cell size in serum-free culture, it is not known how this will affect in 

vivo BM-hMSC quality attributes. Despite this, clinical work has demonstrated that smaller BM-

hMSCs reduce the potential for vascular obstructions and stroke following the intra-artery 

injection of cells (Ge et al. 2014), as well as reducing capillary entrapment (Dreher et al. 2013). 

These observations suggest that a smaller cell size may not only be beneficial in terms of 

obtaining a higher number of cells per area for expansion, but might also be advantageous in 

product delivery. This possibility raises a question of whether the therapeutic potential of the 

cell is related to size and whether we need to think not only in terms of cell number but also in 

terms of product biomass for production and delivery of cell therapies. Cellular enlargement has 

been associated with the development of professional secretory cells such as plasma cells 

(Shaffer et al. 2004), with more organelles and increased protein synthesis. Considering that 

protein secretion is a putative mechanism of action of BM-hMSCs in vivo, the relation of cell size 

to secretory capability of BM-hMSCs should be clinically evaluated post-delivery.    

 
 
6.4.8 Downstream and preservation from a serum-free microcarrier process 

The BM-hMSCs harvested from serum-free spinner cultures were preserved using a serum-free 

freezing medium and a slow-freezing cryopreservation process. After thawing, cell viability (by 

membrane integrity) decreased to 75.8 ± 1.4% as a consequence of the cryopreservation 

process (Figure 6.23A). However, this value remains above the FDA guideline for cell-based 

therapies of 70% (FDA 2008a). A similar number of cells were recovered after three hours in 

culture, based on their sustained adherence to fibronectin without loss of membrane integrity 

(Figure 6.23A). It is important to note that this post-thaw recovery is comparable to studies 
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where BM-hMSCs have been immediately processed from monolayer culture (Liu et al. 2010), 

without the microcarrier harvest, filtration and holding time steps.   

 

 

 

Figure 6.23. Post-thaw BM-hMSC recovery following serum-free cryopreservation, showing 

(A) post-thaw recovery and 3 hour cell attachment based on PI exclusion. Post-thaw BM-hMSC 

outgrowth (B) following serum-free cryopreservation. Data shows mean ± SD (N=3). 

 

 

Despite the initial cell loss post-thaw, a 500 % increase in cell yield was obtained after 7 days in 

monolayer culture (compared with 800 % for unpreserved post-passage control), demonstrating 

that recovered cells were able to proliferate normally (Figure 6.23B). Recovered cells also 

displayed comparable morphology to unpreserved cells after 3 hours and 24 hours of culture on 

fibronectin, with signs of matured cell-matrix interactions, cell elongation (indicative of motility) 

(Huttenlocher and Horwitz 2011) and recovery of F-actin networks (Figure 6.24). These 

observations demonstrate that BM-hMSCs can be cryopreserved and recovered from a 

microcarrier expansion, harvest and holding process, with comparable cell yields to traditional 

monolayer harvest and immediate cell preservation.     
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Figure 6.24. Post-thaw BM-hMSC recovery following serum-free cryopreservation, showing 

formation of F-Actin cytoskeleton (A) 3 hours, (B) 24 hours post thaw (C) 3 hours post-passage 

control and (D) 24 hours post-passage control. Phase contrast images show day 2 BM-hMSC 

morphology post-thaw (E) and post passage control (F). Scale bar = 250 µm. 
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6.5 Chapter conclusions 

This Chapter has demonstrated that the serum-based monolayer BM-hMSC expansion process 

developed in Chapter five can be directly transferred into suspension via the introduction of 

microcarriers. This is an important process transfer step as the development of a scalable 

microcarrier expansion process has the potential to take advantage of increasing economies of 

scale to cost-effectively manufacture BM-hMSCs at the lot-sizes required for commercial 

production. Furthermore, the increased yield and donor consistency that was experienced for 

the monolayer process in HPL, has also directly transferred to the microcarrier process, 

indicated that this improved efficiency has the potential to be carried through increasing 

process scales, with preliminary process development and BM-hMSC donor screening taking 

place in small scale monolayer processes. In order for this microcarrier process to be operated 

under serum-free conditions, a fibronectin coating process has been developed for microcarrier 

culture. This has revealed that a lower concentration of fibronectin is more advantageous for 

microcarrier process which will be important to reduce the cost of goods in BM-hMSC 

manufacturing processes. It has been identified that the microcarriers must be pre-coated with 

fibronectin prior to the expansion process which will necessitate the validation and potential 

storage conditions for fibronectin coated microcarriers, to ensure the process is compatible with 

critical manufacturing principles.     

  

This Chapter has also demonstrated the feasibility of a serum-free microcarrier process for the 

expansion, harvest and preservation of BM-hMSCs. The integration of multiple process unit 

operations is an important step in developing a microcarrier-based expansion process capable 

of meeting the lot sizes required for clinical applications. The BM-hMSC identity and quality have 

been maintained throughout every unit operation of this integrated process, culminating with 

the successful recovery of BM-hMSCs from the cryopreservation step. Mapping has provided a 

robust process understanding from end-to-end, which can be broken down into individual unit 

operations and optimised for BM-hMSC yield, quality and consistency.  

 

The systematic development of a process control strategy for the expansion unit operation will 

form a key part of driving increased yield and consistency into the process, as well as the 

identification and mitigation of bottlenecks to further streamline the process. The focus of the 

following Chapter therefore, will be the development of a process control strategy for the 

microcarrier expansion of BM-hMSCs that can be integrated into this serum-free production 

process.            
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7 Process Control Strategy for BM-hMSC Microcarrier Culture 

 

7.1 Chapter introduction 

The addition of microcarriers has been used to culture adherent cells such as BM-hMSCs in 

suspension (Chapter 6) allowing for process scale-up, where online monitoring and control 

systems can be used to deliver a consistent and cost-effective BM-hMSC therapy. Further to 

this, stirred-suspension bioreactors are currently employed in biopharmaceutical production 

and therefore their design and operation are well-understood (Nienow 2006), with the potential 

to meet the expected manufacturing demands of large-scale BM-hMSC therapies (Heathman et 

al. 2015b). The supply of oxygen to the BM-hMSCs in these microcarrier suspension processes 

is essential and is typically achieved by headspace aeration as the oxygen uptake rate of BM-

hMSCs is relatively low (Rafiq et al. 2013a; Heathman 2015). That said, however, as the volume 

of the bioreactors and cell densities increase, it is likely that the sufficient supply of oxygen will 

require aeration directly into the culture medium via a sparger, which could be potentially 

detrimental to the BM-hMSCs (Nienow et al. 1996; Nienow et al. 2015a).  

 

One of the key aspects of a successful manufacturing process is in the reduction of product 

variation, which is particularly challenging when the cell is the final product. Variation can be 

introduced into the product by both the process input material and the process conditions 

(Williams et al. 2012). The input to the process must be controlled by strict BM-hMSC isolation 

techniques and potentially cell selection steps to improve product input consistency (Naing et 

al. 2015b), although these are typically poorly defined for BM-hMSCs. Additionally, the raw 

materials, such as the culture medium, must be controlled to further reduce variation and the 

development of defined medium formulations without the use of animal serum has been 

proposed as a mechanism to achieve this (Heathman et al. 2015e). The use of serum-free 

medium with microcarriers for the expansion of BM-hMSCs has previously been demonstrated 

for uncontrolled processes (dos Santos et al. 2011a; Heathman et al. 2015a; Tan et al. 2015) and 

therefore represents a viable alternative for large-scale serum free manufacture of BM-hMSCs. 

The monitoring and control of process parameters such as pH and dissolved oxygen for these 

suspension bioreactor systems will be important to reduce the variation introduced by the 

process conditions. This will be critical in order to drive consistent and cost-effective 

manufacturing processes for BM-hMSC therapies and therefore should be integrated into early 

bioprocess development.  
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The US Food and Drug Administration (FDA) has released guidance documents on the use of 

process control and real time release testing for pharmaceutical manufacturing (FDA 2009). This 

guidance has highlighted the importance regulators are placing on continual process 

improvement and enhanced understanding as a fundamental aspect of process development 

and control. Process analytical technology or PAT is a system for analysing and controlling 

manufacturing processes through measurement of product attributes to ensure final product 

quality, proposed by the FDA (FDA 2004). It will therefore be desirable to utilise these PAT 

technologies and measure online parameters in order to develop control systems to ensure that 

the product characteristics remain consistent. These relevant process parameters are likely to 

include a combination of cell growth, medium temperature, pH, pO2 and pCO2, which are 

commonplace in current biopharmaceutical production processes (Cierpka et al. 2013). 

 

The aim of this Chapter therefore, is to develop a process control strategy for the microcarrier 

culture of BM-hMSCs in suspension in order to drive increased consistency and yield into the 

process. The impact of this process control strategy on process economics and product 

consistency will be assessed for two BM-hMSC donors in both FBS-based and serum-free 

medium and compared to previously uncontrolled monolayer and microcarrier-based 

suspension BM-hMSC expansion processes in Chapter 5 and Chapter 6.       
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7.2 Effect of agitation rate on BM-hMSC expansion 

 
7.2.1 Experimental overview 

Following the successful development of a suspension-based microcarrier process for the 

expansion of BM-hMSCs, a control strategy should be developed to increase the yield and 

consistency in the process. The first step in this is to investigate the effect of the impeller speed 

on BM-hMSC growth and characteristics in order to determine the optimum agitation strategy 

for the microcarrier culture process. For this, three DASbox culture vessels per condition were 

cultured for six days in FBS-based medium (see Section 3.3.5) at 80, 115, 150 and 225 rpm in 

accordance with Table 7.1, which shows the characterisation of the bioreactor system at each 

impeller speed. It is important to note that the DASbox culture vessels do not contain baffles, 

however, the bioreactor system was assumed to be baffled due to the number of probes in the 

vessel in relation to the culture volume. The pH control set-point was 7.4, the dissolved oxygen 

concentration was controlled to 100 % and the temperature was controlled to 37 °C. Prior to all 

experiments, the control system on the DASGIP DASbox bioreactor platform was adjusted to 

ensure it remained stable, the process of which can be seen in Appendix E.  

 

During culture, daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed each day (four samples 

were analysed per bioreactor as per Section 3.4.3). The culture medium was exchanged on day 

three of culture. At harvest, the BM-hMSCs were removed from the microcarriers and separated 

according to Section 3.3.6. The BM-hMSCs harvested from each condition were then assessed 

for mean cell diameter (Section 3.4.2), tri-lineage differentiation potential (Section 3.4.4) and 

immunophenotype (Section 3.4.5). In addition to these identity measurements, BM-hMSC 

quality characteristics of colony forming efficiency (Section 3.4.9) and outgrowth potential were 

also assessed post-harvest.   
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Table 7.1. Physical characterisation of the DASGIP DASbox bioreactor platform at the various 

impeller speeds used in this study. For an impeller diameter of 0.03 m and a bioreactor 

diameter of 0.063 m. 1) from reference (Nienow et al. 2015b)    

Impeller 
rate 

(rpm) 

Culture 
volume 

(ml) 

Power 
number1 

Max 
dissipation 

rate/average 
dissipation 

rate1 

Reynolds 
number 

Impeller 
speed (s-1) 

Max specific 
energy 

dissipation 
rate (W/kg) 

Kolmogorov 
scale of 

turbulence 
(µm) 

80 100 1.5 18 1439 1.33 0.016 90 

115 100 1.5 18 2068 1.92 0.046 68 

150 100 1.5 18 2697 2.50 0.103 56 

225 100 1.5 18 4046 3.75 0.346 41 

 

 

 

7.2.2 Human MSC growth kinetics on microcarriers 

In order to support the successful expansion of BM-hMSCs on microcarriers in suspension 

bioreactors, it will be critically important to employ an agitation strategy that suspends the 

microcarriers without causing damage to the cells throughout scale-up. In order to quantify this, 

the impact of different impeller speeds on the growth of BM-hMSCs on microcarriers has been 

assessed. In conjunction with this, the physical parameter of the bioreactor system have been 

calculated to provide a strong theoretical basis for this comparison, which can be seen in Table 

7.1. The controlled bioreactor system was operated at 100 % dissolved oxygen for each impeller 

rate, with the pH maintained at 7.4, which is commonly used for BM-hMSC culture (Wuertz et 

al. 2009).  

 

Figure 7.1 shows the effect of the various impeller speeds on BM-hMSC growth from daily 

samples over six days, with the highest impeller speed of 225 rpm leading to the lowest BM-

hMSC growth. This is confirmed by the post-harvest cell counts in Figure 7.2, which shows that 

there is significantly increased (p < 0.05) BM-hMSC growth at lower impeller speeds. The 

minimum impeller speed to suspend the microcarriers (NJS) was visually determined to be 115 

rpm, which explains why the daily cell counts at 80 rpm were lower than expected, as the 

microcarriers and cells were not entirely suspended. Maintaining the microcarriers and cells in 

suspension is critical to ensure that the effective mass and heat transfer can take place (Nienow 

1997) and therefore the impeller speed in this microcarrier-based bioreactor system should be 

at least 115 rpm. 
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Figure 7.1. Effect of bioreactor impeller speed on BM-hMSC growth over six days of culture in 

the DASbox controlled bioreactor, showing the increased growth kinetics at NJS. Control set-

points are 100% dissolved oxygen tension and pH 7.4 with headspace aeration. Data shows 

mean of n = 3 

 

 

Table 7.1 shows the characterisation of the bioreactor system at different impeller speeds with 

a calculation of the Kolmogorov microscale of turbulence for each impeller speed. Considering 

that the size of the microcarriers used in this study are in the range of 125-212 µm, Table 7.1 

shows that the Kolmogorov scale turbulent eddies at each of the investigated impeller speeds 

is much less than the size of the microcarriers but bigger than a cell. Kolmogorov theory suggests 

that the eddies most likely to cause damage are those of the size of the suspended entity i.e. 

eddies which are the same size as the microcarriers (Cherry and Papoutsakis 1986), with the 

energy of the eddies being transferred to the surface of the microcarriers. This results in high 

local velocity gradients between the microcarriers and the fluid, and the highest shear rates on 

the cells. Work by Croughan et al  (1987) has investigated the impact of this microscale of 
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turbulence on cells grown on microcarriers, with cell damage becoming significant when the 

microscale was less than or equal to about two-thirds the size of the microcarriers (Croughan et 

al. 1987). Based on the minimum microcarrier size used in this study it would suggest that the 

BM-hMSC growth kinetics would be affected at a turbulent eddy size of < 83 µm, which is the 

eddy size calculated for impeller speeds of 115 – 225 rpm, where the BM-hMSC growth kinetics 

were reduced compared with 80 rpm where the eddy size was 90 µm. However, in the latter 

case, the cells and microcarriers were not fully suspended at this impeller speed. This drop in 

growth rate clearly suggests that the impact of poor mass transfer to the cells due to the lack of 

suspension is more  damaging than that due to fluid dynamic stress even though the microscale 

is only ~  55 % of the size of the microcarrier at 115 rpm.        

 

 

 

Figure 7.2. Effect of bioreactor impeller speed on post-harvest BM-hMSC number after six 

days of culture in the DASbox controlled bioreactor, showing the increased BM-hMSC number 

at lower impeller speeds. Data shows mean ± SD, n = 3 

 

The spinner flask process employed an agitation strategy that gave a Kolmogorov microscale of 

183 µm (Hewitt et al. 2011), representing double the eddy size calculated for the culture process 

at 80 rpm here. A key difference between the spinner flask process and the DASbox process is 

that the DO and pH are controlled in the DASbox rather than simply relying on a buffer in the 

culture medium and environment regulation in an incubator. The control of the medium pH will 
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be important during manufacture, particularly as the cell densities and metabolite 

concentrations increase. Despite the much higher eddy size in the spinner flask process, the 

post-harvest BM-hMSC number was similar at 8.69 ± 0.58 · 106 (Chapter 6) compared to an 

impeller speed of 80 rpm which had a post-harvest cell number of 9.68 ± 1.94 · 106 under a 

similar culture process. It should also be noted that the growth kinetics at an impeller speed of 

150 rpm was similar (p > 0.05) to that measured at NJS, which is beneficial as it allows for similar 

BM-hMSC growth kinetics at an increased energy dissipation rate of 0.103 W.kg-1 compared with 

0.046 W.kg-1 at an impeller speed of 115 rpm (NJS), allowing for increased process flexibility 

during scale-up.    

 
 
7.2.3 Human MSC metabolite flux on microcarriers 

The relative flux of metabolites is an important parameter to measure and understand during 

the expansion process as it has the potential to form part of a process control system, based 

upon BM-hMSC characteristics. Figure 7.3 shows the lactate dehydrogenase (LDH) and total 

protein concentration at the various impeller speeds throughout the culture process, which do 

not increase as the impeller speed in changed. If cell damage was occurring during the culture 

process, the levels of LDH and total protein would increase as the cell cytoplasmic membrane 

rupture and release protein and LDH into the culture medium (Lavrentieva et al. 2010b). The 

differences in BM-hMSC growth kinetics discussed in Section 7.2.2 due to changes in impeller 

speed are therefore not attributed to cellular damage by membrane disruption in this instance.  
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Figure 7.3. Live metabolite concentrations of lactate dehydrogenase (LDH) and total protein 

at various impeller speeds demonstrating little increase in concentrations throughout 

expansion indicating a low level of cellular damage. Data shows mean ± SD, n = 3 

 

 

It has been demonstrated previously however, that increasing the shear stress in flow chambers 

during BM-hMSC culture leads to the inhibition of proliferation, in association with maintaining 

cells in G0/G1 phase of the cell cycle (Luo et al. 2011). Additionally, the reduction in growth 

kinetics at higher impeller speeds could be caused by an inhibition of BM-hMSC attachment and 

re-attachment to the microcarriers during the growth phase. Whatever the mechanism for the 

reduced growth rate of BM-hMSCs on microcarriers at increased impeller speeds, it is not 

caused by direct cell damage as is commonly assumed.  
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In addition to LDH and total protein concentration, the glucose, lactate and ammonia 

concentrations have been measured daily during the culture process for each impeller speed 

(Figure 7.4). The glucose concentration decreased to a minimum of 2.06 ± 0.45 mmol.L-1 at an 

impeller rate of 80 rpm, supporting that the post-harvest cell number was highest in this 

condition. The lowest reduction in glucose concentration was for 225 rpm, with a day six 

concentration of 4.08 ± 0.43 mmol.L-1 demonstrating a reduced glucose uptake at lower BM-

hMSC growth rates. In addition to this, the lactate concentration reach a maximum of 7.73 ± 

0.57 mmol.L-1 on day six of culture at an impeller speed of 80 rpm, with a similar trend for each 

impeller rate as for the glucose concentration. In contrast to this, the change in ammonia 

concentration was more similar across all of the impeller speeds, suggesting that ammonia 

production was less dependent on BM-hMSC growth than glucose and lactate during the culture 

process.  

 

The net flux of each metabolite can be seen in Figure 7.5, which shows a similar level of per cell 

glucose consumption and lactate production across each impeller speed. This is an indication 

that the low BM-hMSC growth at an impeller speed of 225 rpm is not a result of cellular 

senescence, as the glucose consumption and lactate production per cell has previously been 

shown to increase if this is the case (Heathman et al. 2015c). The increased ammonia production 

at an impeller speed suggests altered amino acid utilisation, which may be related to the 

increased need for precursors (e.g., glutamine and asparagine) supporting purine, and 

pyrimidine biosynthesis (Higuera et al. 2012). The yield of lactate from glucose for impeller 

speeds of 80, 115 and 150 rpm was around 2 mol.mol-1 which indicates that the cells mainly 

metabolise glucose via the inefficient glycolytic pathway instead of the energy efficient 

oxidative phosphorylation pathway (Higuera-Sierra et al. 2009).  
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Figure 7.4. Live metabolite concentrations of glucose, lactate and ammonium for various 

impeller speeds showing the increased metabolic activity at lower agitation rates. Data shows 

mean ± SD, n = 3 



Chapter 7: Process Control Strategy for BM-hMSC Microcarrier Culture 
 
 

165 | P a g e  
 

The impeller speed of 225 rpm had a yield of lactate from glucose of 2.70 ± 0.73 mol.mol-1 which 

is above the theoretical maximum yield of 2 mol.mol-1 (Glacken 1988). This suggests that an 

additional carbon source, most likely glutamine, is being metabolised to produce lactate and 

ammonia, resulting in higher lactate yields and an increase in the per cell ammonia flux (Rafiq 

et al. 2013a) seen in Figure 7.5.      

 

 

 

Figure 7.5. Metabolite consumption and production rate of BM-hMSCs at various impeller 

speeds. Showing glucose consumption, lactate production, ammonia production and the yield 

of lactate from glucose. Data shows mean ± SD, n = 3 

 

 

 

7.2.4 Post-harvest characterisation of BM-hMSCs 

In addition to the growth kinetics and metabolite flux, it is important to assess the post-harvest 

BM-hMSC characteristics to ensure that the process and harvest conditions have not had a 

detrimental impact on the quality of the cell (Nienow et al. 2014). The BM-hMSCs were 
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harvested from the microcarrier surface and separated prior to characterisation according to a 

previously published protocol for the DASGIP DASbox bioreactor platform (Nienow et al. 2015b).  

 

 

 

Figure 7.6. Post-harvest outgrowth rate of BM-hMSCs at various impeller speeds showing the 

increased outgrowth kinetics of BM-hMSCs from the controlled bioreactor compared to pre-

expansion and post-spinner culture. Data shows mean ± SD, n = 3 

 

 

The specific outgrowth rate can be seen in Figure 7.6 which shows that the BM-hMSC post-

harvest outgrowth rate was similar across all of the impeller speeds investigated. Similarly, this 

suggests that the impeller speed of 225 rpm has not triggered a senescent state in the BM-

hMSCs or caused detriment to their outgrowth potential. This is further evidence to support the 

hypothesis that the reduction of BM-hMSC growth kinetics on microcarriers at high impeller 

rates is due to inefficient cell-microcarrier attachment, rather than cell damage due to 

increasing shear forces. It can also be seen from Figure 7.6 that the post-harvest outgrowth 

kinetics of BM-hMSCs from the controlled DASbox bioreactor system at all impeller speeds were 

higher than either before expansion and post-harvest from the uncontrolled spinner flask 

process. This is an indication of the positive impact the controlled bioreactor process is having 

on the BM-hMSC characteristics which will be important for future bioprocess scale-up and 

development.       
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Figure 7.7. Post-harvest mean diameter of BM-hMSCs at various impeller speeds showing the 

reduced mean BM-hMSC diameter of BM-hMSCs from the controlled bioreactor compared to 

pre-expansion. Data shows mean ± SD, n = 3 

 

 

Associated with the increase in post-harvest outgrowth, the BM-hMSCs cultured in the DASbox 

bioreactor platform had a reduced mean cell diameter for all impeller speeds compared to pre-

expansion and post-harvest from uncontrolled spinner flasks. As well as being associated with a 

decrease in BM-hMSC growth rate, an increase in cell size has been linked to aging of BM-hMSCs 

and loss in differentiation potential (Stolzing and Scutt 2006; Wagner et al. 2010) and therefore 

a reduction in BM-hMSC size through controlled microcarrier expansion will be beneficial to the 

manufacturing process.  

 

Colony forming potential has been highlighted as an important assay for the quality of BM-hMSC 

preparations (Pochampally 2008) and is known to deteriorate during culture (Schellenberg et al. 

2012; Heathman et al. 2015c). Figure 7.8 shows the maintenance of colony forming potential 

from pre-expansion to post-harvest at all impeller speeds, which further demonstrates that the 

BM-hMSCs have not been damaged during the expansion and harvest process.  
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Figure 7.8. Post-harvest colony forming efficiency of BM-hMSCs at various impeller speeds 

showing a similar colony forming potential of BM-hMSCs across all conditions. Data shows 

mean ± SD, n = 3 

 

 

To ensure that the microcarrier-based expansion and harvest unit operations have not had a 

detrimental effect on BM-hMSC identity, the immunophenotype has been evaluated 

immediately post-harvest. The primary objective for this is to demonstrate that the BM-hMSCs 

conform to the International Society for Cellular Therapy (ISCT) criteria (Dominici et al. 2006). 

The post-harvest BM-hMSC immunophenotype for an impeller speed of 225 rpm can be seen in 

Figure 7.9 which shows the co-expression of positive markers CD73, 90 and 105 as well as the 

negative expression of HLA-DR and CD34 (Chan et al. 2014b). Table 7.2 shows the percentage 

co-expression of each of these markers, which is greater than 95% for impeller speeds of 80, 

150 and 225 rpm, confirming maintenance of BM-hMSC immunophenotype.  
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Figure 7.9. Exemplar multiparameter flow cytometry plots showing co-expression of CD90+, 

CD73+, CD105+, CD34- & HLA-DR- for an impeller speed of 225rpm 

 

 

 

 

 

Table 7.2. Post-harvest multiparameter flow cytometry showing percentage co-expression of 

CD90+, CD73+, CD105+, CD34- & HLA-DR- at various impeller speeds. Mean value ± SD, in all 

cases 10,000 events were measured 

Impeller speed (rpm) % co-expression of CD73+, 90+, 105+, 34- and HLA-DR- 

80 96.50 ± 0.14 

150 96.80 ± 0.28 

225 95.80 ± 0.14 
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7.3 Effect of dissolved oxygen concentration on BM-hMSC expansion 

 
7.3.1 Experimental overview 

In addition to the bioreactor impeller speed, the optimum dissolved oxygen (DO) concentration 

control set-point must be determined for BM-hMSC expansion on microcarriers. For this, three 

DASbox culture vessels per condition were cultured for six days (see Section 3.3.5) at 100, 75, 

50, 25 and 10 % dissolved oxygen in FBS-based medium. The pH control set-point was 7.4, the 

impeller speed was controlled to 115 rpm and the temperature was controlled to 37 °C. Prior to 

all experiments, the control system settings on the DASGIP DASbox bioreactor platform were 

adjusted to ensure it remained stable, the process of which can be seen in Appendix E.  

 

During culture, daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed each day (four samples 

were analysed per bioreactor as per Section 3.4.3). The culture medium was exchanged on day 

three of culture. At harvest, the BM-hMSCs were removed from the microcarriers and separated 

according to Section 3.3.6. The BM-hMSCs harvested from each condition were then assessed 

for mean cell diameter (Section 3.4.2), tri-lineage differentiation potential (Section 3.4.4) and 

immunophenotype (Section 3.4.5). In addition to these identity measurements, BM-hMSC 

quality characteristics of colony forming efficiency (Section 3.4.9) and outgrowth potential were 

also assessed post-harvest.   

 
 
7.3.2 The importance of dissolved oxygen control in bioreactor operation  

Almost all of the current technology for BM-hMSC expansion utilise open, laboratory scale 

processes such as T-flasks wherein controlling, monitoring, and evaluating the impact of key 

parameters on target cell output and productivity is difficult (Kirouac and Zandstra 2008). 

Control of process parameters such as dissolved oxygen during the manufacturing process will 

be vital in maximising product consistency and ensuring that the process is scalable. A large part 

of this ability to control the process conditions is in maintaining a closed process during 

expansion, which not only reduces contamination risk but is vital in maintaining the desired 

culture environment of the BM-hMSCs and avoid fluctuations in these critical process 

parameters. Much of the current literature on low oxygen concentration or hypoxia (Table 7.3) 

culture of BM-hMSC use hypoxic incubators that maintain a low oxygen environment (an oxygen 

concentration in the gas phase lower than that found in atmospheric air) rather than controlling 
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the process conditions, with process manipulations taking place at atmospheric oxygen 

concentrations.  

 

 

Table 7.3. Definitions of culture and physiological oxygen concentrations in relation to 
atmospheric and dissolved oxygen concentrations.  

Atmospheric 
Oxygen 

Concentration (v/v) 

Dissolved Oxygen 
Concentration (%) 

In vitro 
Nomenclature 

In vivo 
nomenclature 

20 – 21 100 Normoxia Hyperoxia 

2 -5  10 - 25 Hypoxia Normoxia 

 

 

Figure 7.10 shows the impact of exposing low oxygen experiments to atmospheric oxygen within 

an agitated bioreactor process. This demonstrates that for a DO set-point of 5 % (1.05 % 

atmospheric oxygen), after a one hour exposure of the culture to atmospheric conditions (21 % 

atmospheric oxygen equivalent at saturation to 100 % dissolved oxygen), creates a deviation to 

a maximum DO concentration of 77.9 %, which takes a further 294 minutes to return back to 5 

% DO with continual headspace aeration with 1.05% atmospheric oxygen. Considering the 

number of manipulations that occur during culture, for example, daily sampling and medium 

exchange, this mode of operation causes large and prolonged fluctuations in dissolved oxygen 

concentrations experienced by the BM-hMSCs. Considering that this study has taken place in 

agitated conditions with headspace aeration, it represents a best case scenario, as in static 

monolayer culture without headspace gassing these deviations in DO would be larger with an 

increased set-point recovery time. This is a potential reason why there is so much discrepancy 

within the published literature of BM-hMSCs cultured in low oxygen concentration 

atmospheres.    
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Figure 7.10. Implications of exposing low dissolved oxygen (DO) experiments (5 and 25%) to 

atmospheric conditions in a biological safety cabinet for 1, 5 and 60 minutes. Demonstrating 

the importance of continuous closed process control during bioreactor culture. Bars represent 

the set-point recovery time to 5 or 25% DO and diamonds represent the maximum DO 

concentration reached during each exposure and recovery period.    

 

 

7.3.3 Human MSC growth kinetics on microcarriers 

Following the initial experiment to assess the effect of the bioreactor impeller rate on BM-hMSC 

expansion on microcarriers, the impeller speed of 115 rpm has been selected for future 

bioreactor experiments. This speed was chosen because it allowed for the suspension of the 

microcarriers, without causing detriment to the BM-hMSC growth kinetics or post-harvest 

characteristics. 
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Figure 7.11. Effect of dissolved oxygen concentration on BM-hMSC growth over six days of 

culture in the DASbox controlled bioreactor, showing the increased growth kinetics at lower 

dissolved oxygen concentrations. Control set-points are 115rpm impeller speed and pH 7.4 

with headspace aeration. Data shows mean of n = 3 

 

 

Dissolved oxygen concentration has been previously shown to have an impact on BM-hMSC 

growth and cell characteristics (Grayson et al. 2006), with much debate around the use of the 

terms “normoxia” (100 % DO) and “hypoxia” (typically < 25 % DO) (Rafiq et al. 2013c). Figure 

7.11 shows the effect of various controlled dissolved oxygen concentrations on BM-hMSC 

growth on microcarriers over six days of culture, with increased growth kinetics at lower 

dissolved oxygen concentrations. This is confirmed by Figure 7.12 , which shows the post-

harvest cell number in each dissolved oxygen concentration, with significantly higher BM-hMSC 

numbers (p < 0.05) at 10 and 25 % DO compared with 100 % DO. There is currently no common 

consensus on whether low oxygen concentrations are beneficial for BM-hMSCs, with some 

studies demonstrating improved growth (Dos Santos et al. 2010) and function (Basciano et al. 
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2011), whilst others demonstrate diminished BM-hMSC characteristics (Rafiq et al. 2013c) in 

monolayer culture. This data therefore, provides an indication that BM-hMSC growth 

characteristics are improved at low dissolved oxygen concentrations, in a controlled 

microcarrier expansion process.        

 

 

 

Figure 7.12. Effect of dissolved oxygen concentration on post-harvest BM-hMSC number after 

six days of culture in the DASbox controlled bioreactor, showing the increased BM-hMSC 

number at lower dissolved oxygen concentrations. Data shows mean ± SD, n = 3 

 

7.3.4 Human MSC metabolite flux on microcarriers 

It is again important to assess the effect of changing DO concentrations on the relative 

metabolite flux of the BM-hMSC during microcarrier expansion. Figure 7.13 shows the live 

concentrations of glucose, lactate and ammonia over the six days of expansion, with increased 

consumption of glucose and production of lactate in low dissolved oxygen concentrations, in 

accordance with the increased BM-hMSC growth rate in Section 7.3.3. In contrast, Figure 7.13 

shows that the production of ammonia in 10 and 25 % DO was reduced compared with higher 

DO concentrations, despite the increased BM-hMSC number at the lower dissolved oxygen 

concentration. As with the impeller speed experiment, the LDH and total protein concentrations 

have been measured to assess whether any BM-hMSC stress or damage has been caused by the 
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different DO concentrations. Figure 7.14 shows these concentrations throughout culture, which 

have not unduly increased over the six day period, although the 100 % DO condition has 

demonstrated the highest level of total protein and LDH, despite having the lowest number of 

BM-hMSC through culture. This reduction in the release of LDH has previously been associated 

with a reduction in cell necrosis for a DO concertation of 7 %, compared to BM-hMSCs cultured 

at 100 % DO (Lavrentieva et al. 2010b). A reduction in cell necrosis at low dissolved oxygen 

concentrations would be beneficial for BM-hMSC manufacturing processes, as cell death has 

the potential to activate a cascade of negative cell responses that would reduce the purity of 

the final product and would therefore be undesirable (Festjens et al. 2006).  

 

The per cell flux of glucose, lactate, ammonia and the yield of lactate from glucose can be seen 

in Figure 7.15 for BM-hMSC culture on microcarriers at various controlled DO concentrations. 

This shows a significantly higher glucose and lactate production rate (P < 0.05) for a dissolved 

oxygen concentration of 10 %. This is in agreement with previous studies for BM-hMSCs cultured 

in monolayer conditions at reduced DO concentrations (Brown et al. 2007; Dos Santos et al. 

2010; Rafiq et al. 2013c), which demonstrates that the cell metabolism is switching from 

oxidative phosphorylation to anaerobic glycolysis (likely due to oxygen limitation in the culture 

medium) as well as an up-regulation of the glucose transport into the cells in low DO culture. 

Furthermore, the level of glucose consumption and lactate production for BM-BM-hMSCs is also 

comparable to these studies with around 15 pmol.cell-1.day-1 and 30 pmol.cell-1.day-1, 

respectively. It is important to note that this result for controlled microcarrier culture is 

consistent with the literature on the monolayer expansion of BM-hMSCs at low DO 

concentrations, demonstrating that despite the change in process conditions from monolayer 

to microcarrier culture, the metabolite flux of BM-hMSC remains comparable which is important 

during process development (Archibald et al. 2015).   
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Figure 7.13. Live metabolite concentrations of glucose, lactate and ammonium for various 

dissolved oxygen concentrations showing the increased metabolic activity at lower dissolved 

oxygen concentrations. Data shows mean ± SD, n = 3 
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The flux of ammonia can also be seen in Figure 7.15, which shows a significant reduction (p < 

0.05) for both 25 and 10 % DO to around 2.5 pmol.cell-1.day-1, compared to 100 % DO. This is 

again in agreement with previous studies (Dos Santos et al. 2010) and supports a more efficient 

cell metabolism under low DO culture conditions. A reduction in the production in ammonia at 

low DO concentrations for microcarrier culture is also advantageous for process operation, as 

the build-up of toxic compounds to inhibitory levels will become less of an issue (Schop et al. 

2009b).     

 

 

 

Figure 7.14. Live metabolite concentrations of lactate dehydrogenase (LDH) and total protein 

at various dissolved oxygen concentrations demonstrating little increase in concentrations 

throughout expansion indicating a low level of cellular damage. Data shows mean ± SD, n = 3 
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The yield of lactate production from glucose can also be seen in Figure 7.15, which shows a 

reduction in yield to 1.21 ± 0.37 mol.mol-1 at 25% DO, but a subsequent increase at 10 % DO to 

2.27 ± 0.26 mol.mol-1 compared with 100 % DO. This is once again in agreement with studies of 

BM-hMSC culture at low oxygen concentrations in monolayer involving BM-hMSCs (Dos Santos 

et al. 2010; Rafiq et al. 2013c) but is significantly higher than BM-hMSCs derived from the 

umbilical cord at both high and low DO concentrations (Lavrentieva et al. 2010b). Considering 

the importance of the in vivo niche environment on hMSC characteristics, it is possible that this 

difference in cell metabolism at different dissolved oxygen concentrations is due to relative 

differences in the in vivo oxygen concentrations in the bone-marrow and umbilical cord tissues 

(Mohyeldin et al. 2010).   

 

 

 

Figure 7.15. Metabolite consumption and production rate of BM-hMSCs at various dissolved 

oxygen concentrations. Showing glucose consumption, lactate production, ammonia 

production and the yield of lactate from glucose. Data shows mean ± SD, n = 3 
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7.3.5 Post-harvest characterisation of BM-hMSCs 

As with the investigation of the effect of various impeller speeds, it is important to assess 

whether microcarrier expansion at reduced DO concentrations is not unduly effecting the post-

harvest BM-hMSC characteristics, despite the improved growth kinetics seen in section 7.3.3. 

Figure 7.16 shows the outgrowth rate of BM-hMSCs harvested from microcarrier culture at the 

various DO concentrations compared to pre-expansion and post-harvest from uncontrolled 

spinner flasks at 100 % DO. This shows significantly higher (p < 0.05) outgrowth kinetics for BM-

hMSCs across all controlled bioreactor expansion conditions compared to pre-expansion and 

post-harvest from the spinner flasks. In addition to this, BM-hMSCs cultured at 10 % DO 

demonstrated significantly higher (p < 0.05) outgrowth kinetics compared to all other controlled 

DO concentrations. This suggests that the controlled expansion of BM-hMSCs on microcarriers, 

particularly at low dissolved oxygen concentrations, is having a positive impact on the 

outgrowth kinetics of BM-hMSCs.  

 

    

 

Figure 7.16. Post-harvest outgrowth rate of BM-hMSCs at various dissolved oxygen 

concentrations showing the increased outgrowth kinetics of BM-hMSCs from the controlled 

bioreactor particularly at low dissolved oxygen compared to pre-expansion and post-spinner 

culture. Data shows mean ± SD, n = 3 
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In accordance with the increase in outgrowth kinetics, the mean cell diameter of BM-hMSCs 

cultured in controlled bioreactor conditions in Figure 7.17 is significantly (p < 0.05) lower than 

pre-expansion and post-harvest from uncontrolled spinner flasks. The benefits to the 

manufacturing process of producing smaller BM-hMSCs has previously been discussed 

(Heathman et al. 2015e) and smaller cells are commonly associated with increased proliferation, 

greater colony-forming efficiency and longer telomeres (Samsonraj et al. 2015). Likewise, BM-

hMSC culture at low DO from different sources may also display different functional 

characteristics and can modulate the autocrine or paracrine activity of a variety of cytokines and 

growth factors in BM-hMSCs (Das et al. 2010).   

 

   

 

Figure 7.17. Post-harvest mean diameter of BM-hMSCs at various dissolved oxygen 

concentrations showing the reduced mean BM-hMSC diameter of BM-hMSCs from the 

controlled bioreactor compared to pre-expansion and post-spinner culture. Data shows mean 

± SD, n = 3 

 

 

The post-harvest colony-forming (CFU) efficiency of BM-hMSCs from the controlled bioreactor 

process at various DO concentrations can be seen in Figure 7.18, which shows a similar level of 

CFU efficiency for BM-hMSC harvested form 50 and 100 % DO conditions, compared with pre-
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expansion and post-spinner culture. In contrast, the post-harvest CFU efficiency of BM-hMSC 

from 10 and 25 % DO was significantly higher (p < 0.05) than pre-expansion and post-harvest 

from spinner flasks. An increase in CFU efficiency of BM-hMSCs at low dissolved oxygen is widely 

reported and has been shown to be independent of hypoxia inducible factor (HIF) expression in 

BM-hMSCs (Tamama et al. 2011).  

 

 

 

Figure 7.18. Post-harvest colony forming efficiency of BM-hMSCs at various dissolved oxygen 

concentrations showing an increased colony forming potential of BM-hMSCs at reduced 

dissolved oxygen concentrations. Data shows mean ± SD, n = 3 

 

 

 

To ensure that the microcarrier-based expansion and harvest unit operations have not had a 

detrimental effect on BM-hMSC identity, the immunophenotype has been evaluated 

immediately post-harvest. The primary objective for this is to demonstrate that the BM-hMSCs 

conform to the International Society for Cellular Therapy (ISCT) criteria (Dominici et al. 2006). 

The post-harvest BM-hMSC immunophenotype for a dissolved oxygen concentration of 10% can 

be seen in Figure 7.19 which shows the co-expression of positive markers CD73, 90, 44 and 105 

as well as the negative expression of CD45, 34, 11b, 19 and HLA-DR, demonstrating that low 
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oxygen culture of BM-hMSCs in a controlled microcarrier process does not affect the 

immunophenotype of the BM-hMSCs.   

 

 

 

Figure 7.19. Exemplar multiparameter flow cytometry plots showing co-expression of CD90+, 

CD73+, CD105+, CD44+, CD34-, CD45-, CD11b-, CD19- & HLA-DR- for a dissolved oxygen 

concentration of 10%   
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7.4 Effect of sparging on BM-hMSC expansion 

 
7.4.1 Experimental overview 

Despite that fact that sufficient oxygen can be supplied to the culture medium by headspace 

aeration at the 100 mL volume and cell densities investigated here, it is acknowledged that this 

may not be the case as the bioreactor process is scaled-up and cell-densities increase. In order 

to address this early in process development, the effect of aeration via a sparger in the culture 

medium has been investigated with and without PluronicTM F68, a commonly used cell 

protectant in suspension-based mammalian cell culture. Evidence suggests that PluronicTM F68 

has the potential to accumulate in mammalian cells during culture (Gigout et al. 2008), which 

would be undesirable for cell-based therapy applications and therefore its use should be limited 

where possible. For this investigation, three DASbox culture vessels per condition were cultured 

for six days (see Section 3.3.5) with an aeration rate of 0.1 VVM (gas volume flow per unit of 

liquid volume per minute). The dissolved oxygen was controlled to 100 %, the pH control set-

point was 7.4, the impeller speed was set to 115 rpm and the temperature was controlled to 37 

°C.  

 

During culture, daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed each day (four samples 

were analysed per bioreactor as per Section 3.4.3). The culture medium was exchanged on day 

three of culture. At harvest, the BM-hMSC were removed from the microcarriers and separated 

according to Section 3.3.6. The BM-hMSCs harvested from each condition were then assessed 

for mean cell diameter (3.4.2), colony forming efficiency (Section 3.4.9) and outgrowth 

potential.   

 
 
7.4.2 Aeration strategies in BM-hMSC bioreactor process development 

Agitation and aeration strategies will play a key role in the successful development of 

microcarrier based bioreactor processes for BM-hMSC manufacture, particularly as the scale of 

operation increases. Due to the fact that the specific oxygen demand and the cell densities 

achieved so far in BM-hMSC microcarrier culture are low, the oxygen demand of the cells in 

current benchtop bioreactors can be met by passing gas mixtures through the headspace. At 

the bench scale the relatively large surface area to volume ratio means that headspace aeration 

alone is sufficient to meet this demand, however on the commercial scale, as the available gas-
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liquid interface area is inversely proportional to scale, this will become more of a challenge 

(Nienow 2006). 

 

In order to address the oxygen supply issue, aeration directly into the culture medium via the 

incorporation of a sparger has been used for large scale mammalian cell culture, where the cell 

oxygen demand is an order of magnitude higher than BM-hMSCs (Rafiq et al. 2013a) and cell 

densities are greater than 5 · 106 ml-1 (Nienow 2003). The introduction of sparging into 

bioreactor culture also creates new challenges such as the addition of antifoam (Mostafa and 

Gu 2003) into the medium, which has been previously shown to significantly reduce the mass 

transfer properties of the system (Lavery and Nienow 1987). It is also widely accepted that cell 

damage due to sparging is primarily a result of bubbles bursting at the medium-air interface, 

where the local energy release is sufficient to damage the cell. Polymers such as PluronicTM F68 

are widely used to decrease this cell damage and improve bioreactor performance in traditional 

mammalian cell suspension processes (Oh et al. 1989; Kilburn and Webb 2000). This 

improvement in performance by the addition of PluronicTM F68 is a result of its ability to reduce 

the hydrophobicity of the cell surface, preventing cell-bubble attachment and subsequent 

damage due to these bubbles bursting at the surface (Meier et al. 1999). 

 

It is likely that the microcarrier culture of BM-hMSCs will encounter a number of these issues as 

the bioreactor scale and cell densities achieved increase throughout development. Therefore 

investigating the potential consequences will be important early in development. Furthermore, 

considering that the use of protective components, such as PluronicTM F68 have been successful 

for free suspension cell culture, it is possible that they will not be appropriate for the suspension 

culture of BM-hMSCs attached to microcarriers, as in this case the cells are administered directly 

to the patient and are subject to increased regulation.  

 
 
7.4.3 Human MSC growth kinetics on microcarriers 

The growth rate of BM-hMSC on microcarriers in a controlled bioreactor process has been 

assessed in order to compare the effect of sparging at 0.1VVM with and without PluronicTM F68 

to headspace aeration. Figure 7.20 shows this BM-hMSC growth rate over six days of bioreactor 

expansion, demonstrating that headspace aeration (1.70 ± 0.45·105 cell.mL-1) supports 

significantly higher (p < 0.05) growth kinetics compared to sparged culture with (0.52 ± 0.15·105 

cell.mL-1) and without (0.84 ± 0.18·105 cell.mL-1) PluronicTM F68. This is the first indication that 

aeration directly into the culture medium via a sparger has a detrimental impact on the 
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expansion of BM-hMSCs on microcarriers. Furthermore, the improved performance experience 

by free suspension cell culture due to the addition of PluronicTM F68 does not apply to the 

microcarrier system investigated here, which has also been demonstrated for an alternative cell 

type (Liu et al. 2004). 

 

 

 

Figure 7.20. Effect of sparging with and without PluronicTM F68 on BM-hMSC growth over six 

days of culture in the DASbox controlled bioreactor, showing the reduced growth kinetics 

when sparging. Control set-points are 115rpm impeller speed, 25% dissolved oxygen and pH 

7.4. Data shows mean ± SD, n = 3 

 

 

 

This results suggests that the detrimental impact of sparging on the microcarrier culture of BM-

hMSCs is not due to cell-bubble attachment, with cell damage caused by subsequent bubble 

bursting at the gas-liquid interface as is the case with free suspension cell culture (Meier et al. 

1999). The key difference with the microcarrier culture of BM-hMSCs compared to free 

suspension cell culture is that the cells must adhere to the microcarrier surface prior to growth. 

The addition of PluronicTM F68 into the culture medium in this system is in fact having a 

detrimental impact on the growth of BM-hMSCs (Figure 7.20), which perhaps is not surprising 

given that the mechanism of PluronicTM F68 is to reduce the cell hydrophobicity, thus reducing 

the affinity of the BM-hMSCs to attach to surfaces. Further evidence of this can be seen in Figure 
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7.21, which shows the attachment rate of the BM-hMSCs to the microcarriers during the six 

days of culture. This figure shows that the attachment rate of the BM-hMSCs is reduced in 

sparged culture compared to headspace aeration, suggesting that introducing bubbles into the 

bioreactor system is disrupting the BM-hMSC attachment process. Additionally, the inclusion of 

PluronicTM F68 in the culture medium is further reducing the attachment rate of the BM-hMSCs 

to the microcarriers in suspension, in accordance with the mechanism described above. This 

reduced attachment rate of BM-hMSCs is likely to be contributing to the reduced growth 

kinetics seen under sparged conditions for BM-hMSCs culture on microcarriers. There is 

potential however, that headspace aeration could be used for the initial attachment phase and 

sparged aeration could then be used as the BM-hMSC density and subsequent oxygen demand 

increases throughout the process.   

 

 

 

 

Figure 7.21. Attachment efficiency of BM-hMSC on microcarriers in the DASbox bioreactor 

system during sparger and headspace aeration strategies. Showing the reduced attachment 

rate of BM-hMSCs under sparged conditions. Data shows mean ± SD, n = 3 
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7.4.4 Human MSC metabolite flux on microcarriers 

In addition to growth kinetics, the metabolite flux has been monitored throughout culture to 

assess the impact that sparging is having on the consumption and production of metabolites 

throughout microcarrier culture. Figure 7.22 show the concentrations of glucose, lactate and 

ammonia throughout the six days of expansion for sparged and headspace aeration culture. This 

shows that despite the reduced growth kinetics seen in sparged culture in Section 7.4.3, the net 

flux of glucose, lactate and ammonia is similar for all conditions and did not reach previously 

determined inhibitory levels at any point (Schop et al. 2009b).    



Chapter 7: Process Control Strategy for BM-hMSC Microcarrier Culture 
 
 

188 | P a g e  
 

 

Figure 7.22. Live metabolite concentrations of glucose, lactate and ammonium at the different 

aeration strategies demonstrating a similar level of metabolic activity. Data shows mean ± SD, 

n = 3 
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Figure 7.23. Live metabolite concentrations of lactate dehydrogenase (LDH) and total protein 

at the different aeration strategies demonstrating little increase in concentrations throughout 

expansion indicating a low level of cellular damage. Data shows mean ± SD, n = 3  

 

 

As with the previous experiments, the LDH and total protein concentrations have been 

measured to assess whether any BM-hMSC stress or damage has been caused by sparged 

aeration. Figure 7.23 shows these concentrations throughout culture, which have not increased 

over the six day period in any condition. This is further evidence to suggest that introducing 

sparged aeration into the culture is not causing cell damage by bubble bursting, as the level of 

LDH and total protein would be increasing throughout culture if cell damage was occurring, 

which is the likely reason why the addition of PluronicTM F68 into sparged culture is not 
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improving the BM-hMSC growth kinetics on microcarriers. Considering that cell damage is not 

occurring during sparged aeration, it seems that the reduction in growth kinetics during sparging 

is caused by the reduction in attachment rate seen in Section 7.4.3.   

 

 

 

Figure 7.24. Metabolite consumption and production rate of BM-hMSCs at different sparging 

strategies. Showing the increased lactate and ammonia production for sparged culture. Data 

shows mean ± SD, n = 3 

 

 

The per cell flux of each metabolite can be seen in Figure 7.24, which shows a similar level of 

net glucose consumption per cell in headspace and sparged aeration during culture. In contrast, 

the production of ammonia to above 3 pmol.cell-1.day-1 and lactate to above 20 pmol.cell-1.day-

1 in sparged culture was significantly higher (p < 0.05) than from headspace aeration. The 

increase in the per cell production of lactate and ammonia has previously been associated with 

a reduction in growth kinetics of BM-hMSCs throughout an expansion process (Heathman et al. 

2015c).  
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7.4.5 Post-harvest characterisation of BM-hMSCs 

As with the previous experiments, it is important to assess whether the reduced growth 

characteristics of BM-hMSC in sparged aeration culture is also resulting in detrimental post-

harvest BM-hMSC characteristics, as this will be critical for successful development of 

commercial BM-hMSC manufacturing processes. The post-harvest characteristics of the BM-

hMSCs from the sparged and headspace aeration strategies can be seen in Figure 7.25, showing 

the relative post-harvest cell number, outgrowth rate, colony-forming potential and mean cell 

diameter.  

 

 

 

Figure 7.25. Post-harvest BM-hMSCs number, colony forming efficiency, outgrowth rate and 

mean cell diameter in different aeration strategies. Showing the reduced harvest cell number, 

mean BM-hMSC diameter and colony forming potential of BM-hMSCs from sparged culture. 

Data shows mean ± SD, n = 3 

 

 

The post-harvest BM-hMSC number confirms the findings in Section 7.4.3, that a significantly 

higher (p < 0.05) number of BM-hMSCs were produced under headspace aeration, compared to 
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sparged aeration in the controlled bioreactor process. Figure 7.25 shows that the post-harvest 

BM-hMSC mean diameter is increased for sparged culture, with a significant increase (p < 0.05) 

seen for sparged aeration with the addition of PluronicTM F68. This increase in post-harvest cell 

size is associated with a reduction in BM-hMSC attachment and subsequent growth rate with 

the addition of PluronicTM F68, as was seen in Section 7.2.4 for an impeller speed of 225 rpm. In 

addition to the increased post-harvest BM-hMSC diameter, the addition of PluronicTM F68 into 

the sparged culture lead to a reduction in BM-hMSC outgrowth kinetics as well as a significant 

reduction (p < 0.05) in the CFU potential of the BM-hMSCs. This reduction raises concerns about 

the use of PluronicTM F68 in the culture of BM-hMSCs on microcarriers and its inclusion in cell-

based therapy manufacturing processes should be carefully considered to ensure it is not having 

a detrimental impact on the growth or quality of the cell product.   
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7.5 Controlled expansion of BM-hMSCs in serum-free 

 
7.5.1 Experimental overview 

Now that a process control strategy has been developed for the microcarrier culture of BM-

hMSCs, this can be transferred to the serum-free microcarrier process developed in Chapter 6. 

For this, three DASbox culture vessels per condition were cultured for six days (see Section 3.3.5) 

for BM-hMSC donors M2 and M3 in SFM and FBS-based medium. From the previous studies in 

this Chapter, the pH control set-point was 7.4, the dissolved oxygen was controlled at 10%, the 

impeller speed was controlled to 115 rpm and the temperature was controlled to 37 °C.  

 

During culture, daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed each day (four samples 

were analysed per bioreactor as per Section 3.4.3). The culture medium was exchanged on day 

three of culture for FBS and every two days for SFM. At harvest, the BM-hMSC were removed 

from the microcarriers and separated according to Section 3.3.6. The BM-hMSCs harvested from 

each condition were then assessed for mean cell diameter (Section 3.4.2), tri-lineage 

differentiation potential (Section 3.4.4) and immunophenotype (Section 3.4.5). In addition to 

these identity measurements, BM-hMSC quality characteristics of colony forming efficiency 

(Section 3.4.9) and outgrowth potential were also assessed post-harvest.  In addition to this, the 

effective yield was calculated in terms of cells per volume of medium used per day, to determine 

the efficiency of the controlled process compared to uncontrolled in both FBS and SFM for the 

two donor BM-hMSC lines. The consistency between the BM-hMSC donors was also assessed 

by calculating the coefficient of variation for the controlled and uncontrolled processes.  

 
 
7.5.2 Human MSC growth kinetics on microcarriers 

Following the successful development of a process control strategy in FBS-based culture, it is 

important to assess the effect of this new control strategy on the serum-free (SFM) microcarrier 

expansion of the two BM-hMSC donors developed in Chapter 6. Figure 7.26 shows the growth 

kinetics of the two donor BM-hMSC lines in controlled bioreactors in FBS and SFM, with 

significantly increased growth kinetics for both BM-hMSC donors in SFM to a final cell 

concentration of 7.11 ± 0.90 · 105 cell.mL-1 for M2 and 6.13 ± 1.82 · 105 cell.mL-1 for M3. This 

represents a 300 % increase in the BM-hMSC yield across the two donors in SFM, which will be 

advantageous in driving cost-effective BM-hMSC manufacturing processes. The increase in 

growth kinetics in a controlled SFM microcarrier process presented here is in accordance with 
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previously published data for monolayer culture in Chapter 5 (Heathman et al. 2015e) and 

uncontrolled spinner flask culture in Chapter 6 (Heathman et al. 2015a).  

 

 

 

Figure 7.26. Serum-free and FBS expansion of two BM-hMSC donors over six days in the 

DASbox controlled bioreactor, showing the increased growth kinetics under serum-free. 

Control set-points are 115rpm impeller speed, 10% dissolved oxygen and pH 7.4. Data shows 

mean ± SD, n = 3 

 

 

The harvest efficiency of BM-hMSC from the FBS-based process was 91.5 ± 8.9 % across both 

donors, which is comparable to previous studies which demonstrated > 95% harvest efficiency 

for a spinner flask based harvesting process (Nienow et al. 2014). This also demonstrates the 

effectiveness of the scalable harvesting method developed on sound engineering principles, as 

despite the change in bioreactor platform, maintaining the same specific energy dissipation rate 

and Kolmogorov microscale of turbulence in the DASbox bioreactor platform has yielded a 

similar BM-hMSC harvest efficiency (Nienow et al. 2015b). The overall harvest efficiency of the 

BM-hMSCs from the SFM process, however, was 76.5 ± 2.9 %, significantly lower than the 

previous FBS-based microcarrier processes. This is most likely due to the significantly increased 

BM-hMSC densities achieved under serum-free conditions, reducing the effectiveness of the 

separation process. Figure 7.27 shows that the harvest procedure employed has successfully 

removed the BM-hMSCs from the microcarriers in the SFM process. Therefore, the reduction in 
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harvest efficiency can be attributed to losses during the subsequent cell-microcarrier separation 

step and cell concentration.  This separation problem will clearly have to be addressed moving 

forward, as increased cell densities will be required in order to drive cost-effective 

manufacturing processes and harvesting efficiencies will have fundamental impact on final 

product yields. Part of this success will be in developing scalable downstream technology, 

capable of reducing losses in the process step of separating the BM-hMSCs from the 

microcarriers after detachment.   

 

 

 

Figure 7.27. Phase contrast image of microcarriers post-harvest from the SFM process. 

Demonstrating that the BM-hMSCs have been successfully removed from the microcarriers 

during the harvesting process.   

 

 

It is evident from Figure 7.28 that the attachment efficiency of BM-hMSCs to the microcarriers 

is improved for both donors in the SFM expansion process, with > 75 % attachment efficiency 

after one day. In contrast, the controlled FBS-based process had an attachment efficiency of < 
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70 % for both donors after one day, with a reduced attachment in the subsequent four days of 

expansion. Given the implications of poor cell-microcarrier attachment described above, 

particularly as the process increases in scale, this higher level of attachment represents a key 

advantage of the SFM process compared to the FBS-based microcarrier process.  

 

 

 

Figure 7.28. Attachment efficiency of two BM-hMSC donors on microcarriers in the DASbox 

bioreactor system in FBS and SFM expansion. Showing the increased attachment rate of BM-

hMSCs in SFM. Data shows mean ± SD, n = 3 

 

 

7.5.3 Human MSC metabolite flux on microcarriers 

Metabolite analysis of the controlled microcarrier culture of BM-hMSCs showed differences in 

the metabolic pathway usage relating to lactate and ammonia production between FBS-

containing and serum-free cultures. Figure 7.29 shows the relative consumption of glucose, 

production of lactate and ammonia, as well as the yield of lactate from glucose in FBS and SFM 

for two donor BM-hMSC lines. In FBS-based expansion the consumption of glucose was 9.86 ± 

1.49 pmol.cell-1.day-1 for M2 and 8.37 ± 1.94 pmol.cell-1.day-1 for M3, whereas for SFM expansion 

the consumption of glucose was significantly lower (p < 0.05) for both BM-hMSC donors with 

4.41 ± 0.14 pmol.cell-1.day-1 for M2 and 3.54 ± 1.40 pmol.cell-1.day-1 for M3. Similarly, the 
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production of lactate in the controlled microcarrier process was significantly lower (p <0.05) in 

the SFM process compared to the FBS-based process for both donor BM-hMSC lines. This result 

is once again comparable to the levels of glucose and lactate flux measured during monolayer 

(Heathman et al. 2015e) and uncontrolled microcarrier culture (Heathman et al. 2015a) using 

the same donor BM-hMSCs. As with these previous studies, the production of ammonia is more 

similar between the FBS and SFM conditions indicating that the metabolite utilisation under 

SFM conditions is more efficient, with a switch from energy production predominantly via 

anaerobic glycolysis in FBS culture to utilisation of the oxidative phosphorylation pathway under 

SFM.  

 

 

 

Figure 7.29. Metabolite consumption and production rate of two BM-hMSC donors in FBS and 

SFM. Showing the increased lactate and ammonia production for sparged culture. Data shows 

mean ± SD, n = 3 

 

 

The metabolite utilisation between BM-hMSC donors is also more consistent in controlled SFM 

microcarrier culture, with a range in the yield of lactate from glucose between M2 and M3 of 

0.12 mol.mol-1. In contrast, the yield of lactate from glucose in controlled FBS culture between 
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donors showed a range of 1.32 mol.mol-1. This increase in consistency of BM-hMSC 

characteristics between donors in controlled SFM culture offers significant advantages for 

bioprocess development and has been maintained from monolayer culture of BM-hMSCs, 

demonstrating comparable process transfer throughout development.      

 

 

 

Figure 7.30. Live metabolite concentrations of lactate dehydrogenase (LDH) and total protein 

for two BM-hMSC donors in FBS and SFM showing an increase in LDH in SFM but no increase 

in total protein. Data shows mean ± SD, n = 3 

 

The live concentrations of LDH and total protein for controlled FBS and SFM microcarrier culture 

for two BM-hMSC donors can be seen in Figure 7.30. The FBS-based controlled bioreactor 
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process demonstrated little increase in LDH or total protein over the six days of culture, 

suggesting no significant cell damage is occurring during the expansion process. The total 

protein concentration in controlled SFM expansion also showed no significant increase over the 

six days of culture, however, the LDH concentration did see a slight increase on day six, when 

the cell density is at a maximum, up to the baseline level during FBS culture. Considering that 

this occurs at increased BM-hMSC densities, this should be evaluated as the final cell density of 

BM-hMSC bioreactor processes increase, to ensure that increasing the yield does not impact the 

quality of the product.      

 
 
7.5.4 Post-harvest characterisation of BM-hMSCs 

The post-harvest characteristics from the controlled microcarrier expansion process in FBS and 

SFM have been assessed to ensure that the expansion process is not having a detrimental 

impact on the BM-hMSC characteristics. The specific outgrowth rate of BM-hMSCs from both 

the FBS and SFM controlled bioreactor processes can be seen in Figure 7.31 which shows that 

the post-harvest outgrowth kinetics of BM-hMSC have been maintained. 

 

 

Figure 7.31. Post-harvest outgrowth rate of two BM-hMSC donors in FBS and SFM expansion 

showing the increased outgrowth kinetics of BM-hMSCs from the controlled bioreactor 

particularly under SFM. Data shows mean ± SD, n = 3 
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Figure 7.32 shows the post-harvest BM-hMSC diameter which has been significantly reduced (p 

< 0.05) compared to pre-expansion, which for the FBS process was 2.1 µm for M2 and 2.2 µm 

for M3. This is in contrast to the uncontrolled spinner flask process presented in Chapter 6 which 

demonstrated a slight increase in mean cell diameter of M2 (1.2 µM) and M3 (0.4 µm) between 

post-harvest and pre-expansion.  

 

 

 

Figure 7.32. Post-harvest mean cell diameter of two BM-hMSC donors in FBS and SFM 

expansion showing the decrease in mean cell diameter from the controlled bioreactor 

process. Data shows mean ± SD, n = 3  

 

 

The benefits to the manufacturing process of producing smaller BM-hMSCs has previously been 

discussed (Heathman et al. 2015e) and smaller cells are commonly associated with increased 

proliferation, greater colony-forming efficiency and longer telomeres (Samsonraj et al. 2015). 

This highlights a key advantage of the controlled bioreactor process, which is having a beneficial 

impact on the post-harvest characteristics of the BM-hMSCs, critical for process development 

and scale up.  
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The post-harvest colony-forming potential of the BM-hMSCs can be seen in Figure 7.33, which 

shows that the CFU potential has either increased or been maintained compared to pre-

expansion. This is particularly apparent for the controlled FBS-based process, which showed a 

significant increase (p < 0.05) in the post-harvest CFU potential for both BM-hMSC donor lines. 

This is again an indication of the beneficial impact of the controlled low DO process for the two 

BM-hMSC donors in terms of CFU potential, as the uncontrolled spinner flask process presented 

in Chapter 6 did not demonstrate this increase post-harvest CFU potential.     

    

 

 

Figure 7.33. Post-harvest colony forming efficiency of two BM-hMSC donors in FBS and SFM 

expansion showing the increase in colony forming efficiency from the controlled bioreactor 

process in FBS. Data shows mean ± SD, n = 3 

 

 

The BM-hMSCs harvested from the microcarrier process must also retain their identity in 

accordance with the ISCT criteria. Figure 7.34 shows the tri-lineage differentiation potential of 

the BM-hMSC following microcarrier expansion in SFM down the adipogenic, osteogenic and 

chondrogenic lineages. This demonstrates that the BM-hMSCs have retained their tri-lineage 

differentiation potential following controlled microcarrier expansion in SFM.  
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Figure 7.34. Post-harvest tri-lineage differentiation potential of BM-hMSCs using phase 

contrast microscopy. Showing osteogenic differentiation by staining for alkaline phosphatase 

and calcium deposition, adipogenic differentiation by staining with Oil Red O and 

chondrogenic differentiation by staining with Alcian Blue. 

 

 

 

In addition to demonstration of tri-lineage differentiation potential, BM-hMSC harvested from 

the microcarrier process must also retain their immunophenotype. Figure 7.35 shows the 

multiparameter flow cytometry plots of post-harvest BM-hMSCs demonstrating the maintained 

positive co-expression of CD105, 90, 44 and 73 throughout the microcarrier expansion process. 

Further to this, BM-hMSC have retained the negative co-expression of CD45, CD34, CD11b, CD19 

and HLA-DR following the controlled microcarrier expansion process in SFM.  
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Figure 7.35. Exemplar multiparameter flow cytometry plots showing co-expression of CD90+, 

CD73+, CD105+, CD44+, CD34-, CD45-, CD11b-, CD19- & HLA-DR- for M2 expanded in SFM 

 

 

7.5.5 Process control to drive yield and consistency 

In order for these BM-hMSC therapies to successfully progress through to commercial 

production, the process cost of goods should be minimised throughout development. Driving 

yield and consistency into the BM-hMSC manufacturing process at an early stage of 

development will be critical in order to reduce the overall cost of goods and increase the cost-

effectiveness of the final BM-hMSC product. Increasing the consistency of the final product will 

reduce process costs by demonstrating a level of control over the product and reducing the risk 

of batch failure. For large-scale off the shelf processes where the capital invested per batch is 

high, increasing the consistency of product quality will reduce the risk of product batch failures 

and significantly reduce the overall production costs. For patient specific therapies where there 

is a manufacturing batch per patient, increased inter-donor consistency will again reduce the 
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probability of batch failure, increasing overall costs and would mean that a patient would go 

without treatment. All of this means that assessing the final BM-hMSC yield and donor 

consistency for various process iterations, would be highly information on the direction of future 

process development to reduce overall production costs. 

 

Currently, two of the key cost drivers for the production of cell-based therapies are in the culture 

medium and the time it takes to manufacture a product batch (Simaria et al. 2014). Therefore 

to make a basic yield comparison of each of the processes developed, the relative process yield 

in terms of number of BM-hMSCs produced as a function of the volume of culture medium and 

process time has been calculated for each of the controlled and uncontrolled systems for a 

theoretical process. In addition to this process yield estimation, a combination of the inter- and 

intra-donor variation has been assessed to get an understanding of the relative consistency 

within each process.    

 

 

 

Figure 7.36. Impact of a process control strategy on the process yield from a microcarrier 

expansion process. Showing that controlled bioreactor processes under serum-free conditions 

provide much higher yield and consistency between donors. Bars denote process yield in 

terms of number of cells produced per volume of medium per unit time and the line chart 

denotes the coefficient of variation between and within donors.    
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The results of this can be seen in Figure 7.36, which demonstrates the increased process yield 

that is achieved in controlled SFM microcarrier culture. This improvement represents an 

increase in process yield of over 300 % for the controlled SFM process compared to the 

controlled FBS based process. As the process scale increases and the manufacturing costs of the 

SFM are reduced, this improvement is likely to increase further, due to the issues associated 

with serum supply at a large-scale (Brindley et al. 2012). It can also be seen from Figure 7.36 

that the process yield is also increased by an average of around 500% for both donors under 

controlled conditions compared to uncontrolled expansion, highlighting the importance of 

systematically developing a process control strategy to increase the yield of BM-hMSC 

production on microcarriers. It is important to note that the large difference in process yield 

between monolayer and microcarrier culture at the bench-scale evaluated here, will increase as 

the scale increases, due to the improved economies of scale achievable in a suspension 

bioreactor based process.  

 

The percentage coefficient of variation has been calculated for each of the expansion processes 

in order to assess the relative amount of variation between each condition. This parameter is a 

combination of inter-donor variation, (the variation between each donor) and intra-donor 

variation (the variation between batch runs of each donor). This can also be seen in Figure 7.36, 

which shows the lowest coefficient of variation for the controlled SFM microcarrier process with 

14.7 %. A coefficient of variation of 15 % or less is in compliance with the established regulatory 

requirements (FDA 2011a; Streitz et al. 2013), demonstrating control over the product. There is 

also a clear difference between the controlled and uncontrolled processes in FBS, with process 

control reducing the coefficient of variation from 79.1 to 37.5 %. This outcome represents a 

significant reduction in process variation, via the introduction of a process control system, once 

again demonstrating the importance of developing a process control strategy for BM-hMSC 

production.        
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7.6 Chapter conclusions 

This Chapter has demonstrated that the systematic development of a process control strategy 

for the microcarrier expansion of BM-hMSCs has significantly increased the yield and 

consistency achievable in the process. Unnecessarily increasing the impeller agitation speed 

during the microcarrier expansion of BM-hMSCs decreased the growth kinetics, however, did 

not have a detrimental impact on the BM-hMSC post-harvest characteristics. Direct aeration of 

the culture medium via a sparger has also been shown to be detrimental to BM-hMSC growth 

and post-harvest quality characteristics. Sparging of the medium during bioreactor culture is 

likely to be required at the large-scale to supply oxygen to the cells and remove carbon dioxide 

and is currently the preferred method of aeration in large scale bioreactors. It will be important 

during process scale-up, therefore, to ensure that bioreactor parameters such as energy 

dissipation and sparging rates are not increased above levels which might affect the growth 

characteristics of the BM-hMSC product.    

 

Studies looking at the effect of exposing low oxygen bioreactor culture to atmospheric 

conditions during the culture period has highlighted the importance of operating closed and 

controlled processes to avoid large fluctuation of the dissolved oxygen concentration of the 

medium. Operating the microcarrier expansion process for BM-hMSCs in closed and controlled 

manner, has demonstrated improved growth and post-harvest BM-hMSC quality characteristics 

at 10 and 25 % dissolved oxygen in FBS-based medium. The introduction of serum-free medium 

into this low dissolved oxygen controlled bioreactor process has further increased the yield 

across two BM-hMSC donors, however, with reduced harvest efficiency compared to the FBS-

based process that has lower cell numbers at harvest. Considering that this was primarily due 

to cell losses in the cell-microcarrier separation step, it will be imperative to develop specific 

downstream technology to effectively separate the cells from the microcarriers, even as the 

number of BM-hMSCs per volume is increased under serum-free conditions. 

 

The development of a process control strategy has significantly increased the yield and 

consistency between BM-hMSC donors with a coefficient of variance between and within these 

donors under serum-free conditions of less than 15 %. This is in conjunction with a significant 

increase in the BM-hMSCs produced per volume of medium per unit time under serum-free 

conditions, which will be critical in increasing the economies of scale and reducing the cost of 

BM-hMSC therapies. Furthermore, the introduction of the process control strategy has 

significantly reduced the BM-hMSC inter- and intra-donor variation in FBS-based culture from 
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79.1 to 37.5 %, which will be critical for the future development of both patient specific and off-

the-shelf BM-hMSC manufacturing processes.     

 

The subsequent downstream and cryopreservation processes following the bioreactor 

expansion and harvest unit operations will have a profound impact on the scalability of the BM-

hMSC manufacturing process. This is because as the scale and BM-hMSC yield increases, the 

time required to process and formulate the additional product will also increase, which has the 

potential to negatively impact the functionality of the final product. In order to assess this, the 

focus of the next Chapter will be to determine the impact of these subsequent unit operations 

on critical BM-hMSC characteristics through the downstream and cryopreservation processes.         

 

 

Publications arising from this Chapter:     

Heathman TRJ, Rafiq QA, Coopman K, Nienow AW, Kara B, Hewitt CJ. Developing a process 

control strategy for the serum-free production of human mesenchymal stem cells on 

microcarriers. Biotechnology & Bioengineering, (2015) (in preparation) 

 

Nienow AW, Hewitt CJ, Heathman TRJ, Glyn VAM, Fonte G, Hanga MP, Coopman K, Rafiq QA. 

Agitation Conditions for the Culture and Detachment of hMSCs from Microcarriers in Multiple 

Bioreactor Platforms. Biochemical Engineering Journal, (2015) (in press)  

 

 

 



Chapter 8: Downstream Processing and Cryopreservation of BM-hMSCs 
 
 

208 | P a g e  
 

8 Downstream Processing and Cryopreservation of BM-hMSCs 

 

8.1 Chapter introduction 

The successful development of a controlled serum-free microcarrier expansion and harvest 

process for BM-hMSCs in Chapter 7 has provided a consistent and potentially scalable upstream 

process for BM-hMSC production. Given the importance of maintaining critical product 

characteristics for cell-based therapies throughout the entire process (Carmen et al. 2012a; 

Heathman et al. 2015b), it is vital that the downstream process is also considered during 

development. This is because the BM-hMSCs, once harvested from the bioreactor, must be 

further processed and cryopreserved in order to decouple the manufacture from delivery and 

maximise the potential of this off-the-shelf business model. To achieve this, the downstream 

and cryopreservation process must be developed in conjunction with the upstream microcarrier 

process, taking a holistic process approach, considering the entire process from end-to-end 

(Heathman et al. 2015a). This is because any changes to the upstream process will have a direct 

impact on the downstream and cryopreservation processes and therefore must be developed 

in parallel, so that it remains cost-effective as the process scale increases (Hassan et al. 2015).   

 

Increasing the volumetric yield of BM-hMSC therapies will also be important moving forward as 

significant economic gains can be made by increasing the cell densities of microcarrier processes 

(Simaria et al. 2014). In conjunction with this, scalability in the downstream and 

cryopreservation process must be maintained, to ensure that harvested material from the 

bioreactors can be processed without impacting cell quality, as the timing of process steps 

increases. Considering process timings that would be realistic as the process scale increases will 

be important to facilitate systematic process development and highlight potential challenges at 

an early stage of development. The precise timings of these downstream processes for BM-

hMSC therapies are process specific and currently undefined, however, post-harvest washing 

and concentration is likely to be in the order of hours (Pattasseril et al. 2013), with subsequent 

manifold filling systems capable of formulating thousands of vials or bags within an hour 

(Rowley et al. 2012b). Future process development to reduce these downstream processing 

times by integrating up- and downstream unit operations and create functionally closed 

processes will also be critical, increasing the operability and scalability of BM-hMSC 

manufacturing (Cunha et al. 2015).  
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The preservation of therapeutically active cells as part of the manufacturing process is unique 

to the cell therapy industry (Rafiq et al. 2015a). This process step is necessary to decouple the 

production from the storage, shipment and delivery of cell product to the clinic. It also allows 

for time to validate the product and complete quality assurance tests, prior to delivery. 

Considering that a number of target clinical indications for cell therapy products will be 

emergency treatments, the long term storage of these products is vital to their success. The 

cryopreservation of cell therapy products has undergone much development, with an overview 

of 66 FDA submissions for BM-hMSC products showing that > 80% considered the use of 

cryopreservation prior to product storage and transportation (Mendicino et al. 2014). Despite 

this progress much work is still required to ensure that the cryopreservation process does not 

have a detrimental impact on the cell, with some clinical studies demonstrating reduced product 

efficacy following cryopreservation (Moll et al. 2014b). 

 

This cryopreservation process is typically based on a combination of FBS and dimethylsulfoxide 

(DMSO), which acts as a cryoprotective agent (CPA) to stabilise cellular proteins (Buchanan et 

al. 2004) and the plasma membrane of the cell (Anchordoguy et al. 1991). Despite the use of 

DMSO at the laboratory scale, there are potential issues with its use for clinical delivery and it 

has been associated with the denaturation of certain proteins (Arakawa et al. 1990) as well as 

neurological toxicity when delivered to patients at high concentrations (Rodrigues et al. 2008). 

The use of FBS in cryopreservation is widespread, however should be minimised due to its 

limited supply (Brindley et al. 2012), potential for pathogen transmission and adverse immune 

response (Tuschong et al. 2002). This means that eliminating the use of FBS and reducing the 

concentration of DMSO during the BM-hMSC cryopreservation process, will be highly beneficial 

during process development (Liu et al. 2010) and therefore should be considered in conjunction 

with the downstream process following BM-hMSC expansion on microcarriers.  

 

The aim of this Chapter therefore, is to evaluate a scalable serum-free downstream and 

cryopreservation process for BM-hMSCs (Figure 8.1), following the previously developed 

controlled expansion process on microcarriers. This will evaluate the effect of relevant and 

scalable process times on BM-hMSC quality throughout the downstream process and determine 

whether the previously observed donor variation has an impact on the future development of 

BM-hMSC downstream processes. In addition, the impact of increasing process yields towards 

commercially viable cell densities on the characteristics of BM-hMSCs will be evaluated in order 

to facilitate future process development.        
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Figure 8.1. Process map for the controlled serum-free expansion, harvest, downstream and 

cryopreservation of BM-hMSC, including process timings and operating temperatures used 

here.  
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8.2 High density culture of BM-hMSCs in a controlled serum-free process 

 
8.2.1 Experimental overview 

Following the successful development of a controlled serum-free microcarrier process for the 

expansion and harvest of BM-hMSCs, the potential to increase the product yield has been 

investigated. For this, three DASbox culture vessels of 100 mL working volume per condition 

were cultured for five days (see Section 3.3.5) using BM-hMSC donor M2 with growth area of 

500 or 1000 cm2 and a constant BM-hMSC seeding density of 6000 cells.cm-2. The pH control 

set-point was 7.4, the impeller speed was controlled to 115 rpm, the temperature was 

controlled to 37 °C and the dissolved oxygen concentration was controlled to 10 %. Prior to all 

experiments, the control system on the DASGIP DASbox bioreactor platform was adjusted to 

ensure it remained stable, the process of which can be seen in Appendix E.  

 

During culture, daily medium samples were taken for analysis of glucose, lactate, ammonia, 

lactate dehydrogenase and total protein with cell counts performed each day (four samples 

were analysed per bioreactor as per Section 3.4.3) to determine cell number and attachment 

efficiency. The culture medium was supplemented with glucose for a surface area of 1000 cm-2 

up to 20 mmol.L-1, with medium exchange taking place every two days. The purpose of the 

glucose supplementation was to ensure that the culture did not deplete the available glucose 

when reaching higher cell densities. At harvest, the BM-hMSC were removed from the 

microcarriers and separated according to Section 3.3.6. The BM-hMSCs harvested from each 

condition were then assessed for mean cell diameter (Section 3.4.2), tri-lineage differentiation 

potential (Section 3.4.4) and immunophenotype (Section 3.4.5). In addition to these identity 

measurements, BM-hMSC quality characteristics of colony forming efficiency (Section 3.4.9) and 

outgrowth potential were also assessed post-harvest.   

 
 
8.2.2 Growth kinetics of BM-hMSCs at increased yield 

As mentioned previously, it will be important to increase the volumetric yield of BM-hMSC 

manufacturing processes, to reduce the number of batch runs required to meet the commercial 

demand of the product. This will likely reduce the cost of production and drive the development 

of cost-effective and reimbursable BM-hMSC therapies (Simaria et al. 2014). The final BM-hMSC 

yield can be seen in Figure 8.2 for the two processes following five days of culture, which show 

a final BM-hMSC density of 0.71 ± 0.07 · 106 cells.mL-1 and 1.04 ± 0.07 · 106 cells.mL-1 for the low 

yield and high yield processes, respectively. This represents a significant increase (p < 0.05) of 
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almost 50 % in the volumetric yield obtained after five days. Despite this however, the growth 

rate in the low yield process was higher, at 0.61 ± 0.16 day-1 compared with 0.55 ± 0.02 day-1 in 

the high yield process. This is mainly due to the increased BM-hMSC seeding density in the high 

yield process, with the increasing number of microcarriers and cells per volume, reducing the 

overall growth kinetics of the BM-hMSCs.   

 

 

 

Figure 8.2. Growth kinetics of BM-hMSCs in a controlled bioreactor process showing the 

increased cell density that can be achieved in SFM. Bioreactor control conditions: pH = 7.4, DO 

= 10% and impeller speed = 115 rpm. Data shows mean ± SD, n = 3 

 

 

 

It is clear that for the suspension culture of adherent cell-based therapies, the initial attachment 

of the BM-hMSCs to the microcarriers will be critical for successful expansion. Figure 8.3 shows 

the attachment efficiency of the BM-hMSCs in the high and low yield processes, with greater 

than 80 % BM-hMSC attachment after the first day of culture. The subsequent attachment rate 

of the BM-hMSC in both processes reaches almost 100 % attachment after the second day of 

culture, prior to the first medium exchange. It is important for the BM-hMSCs to be attached to 

the microcarriers before the medium exchange takes place, so that they are not removed in this 

process.  
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Figure 8.3. Cell attachment to microcarriers in a controlled bioreactor process showing the 

high BM-hMSC attachment rate in both serum-free conditions. Bioreactor control conditions: 

pH = 7.4, DO = 10% and impeller speed = 115 rpm. Data shows mean ± SD, n = 3 

 

 

 

Following the five days of culture, the BM-hMSCs were harvested from the reactors by 

detachment from the microcarriers and separation of the cell from the microcarriers following 

the previously described protocol (Nienow et al. 2014; Nienow et al. 2015b). The harvest 

efficiencies were calculated following this process to be 72.9 ± 7.5 % and 76.5 ± 2.9 % for the 

high yield and low yield processes, respectively. As with in Chapter 7, the BM-hMSCs were 

successfully detached from the microcarriers using the developed protocol, however cell losses 

were experienced during the microcarrier-cell separation and concentration phase. This unit 

operation requires further development to not only integrate it as a closed process (Cunha et 

al. 2015), but to also ensure that it is able to support an expansion process that is yielding 

significantly higher cell numbers under serum-free conditions.       

 
 
8.2.3 Metabolite flux of BM-hMSCs at increased yield 

As the density of BM-hMSC suspension culture is increased, the availability of nutrients and 

removal of waste products will become increasingly important, to ensure that the BM-hMSC 

expansion does not become inhibited (Schop et al. 2009b). The concentration of glucose 

throughout the culture process can be seen in Figure 8.4, which shows that the level remained 
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above 2 mmol.L-1 in both conditions. The initial concentration of glucose in the high yield process 

was increased from 5 to 20 mmol.L-1 to ensure that there was sufficient supply of glucose at 

increasing cell densities for the fed-bath process. Although this meant that the glucose 

concentration did not become limiting, it would be more desirable to control the glucose level 

during culture rather than starting with a high concentration, which is depleted throughout 

expansion. This is because maintaining stability in process parameters will be important in 

driving further consistency into the process.    

 

 

 

Figure 8.4. Glucose concentration of BM-hMSCs in a controlled bioreactor process at low and 

high yield showing the higher initial concentration and increased consumption in high yield 

culture. Data shows mean ± SD, n = 3 

 

 

The effect or increased glucose concentration has been previously investigated, which 

demonstrates that a reduction in glucose concentrations leads to decreased apoptosis, an 

increased rate of BM-hMSC proliferation and increased colony forming potential in monolayer 

(Stolzing et al. 2006) and suspension (Stolzing et al. 2012) culture. It has been suggested that 

the mechanism for this detrimental effect of high glucose may be due to the aggravation of 

oxidative stress triggered by the presence of high glucose concentrations (> 25 mmol.L-1) (Saki 

et al. 2013). Despite this, it has been shown that high glucose did not affect the secretory profile 
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of BM-hMSCs, with glucose concentrations of 20 and 30 mmol.L-1 not affecting the production 

of VEGF, HGF, or FGF2 by untreated BM-hMSCs or those treated with TNF-alpha, LPS, or hypoxia 

(Weil et al. 2009). Human MSCs have also demonstrated remarkable resistance against glucose 

concentrations as high as 40 mmol.L-1, although over time this did create a proapoptotic 

environment, which has the potential to reduce BM-hMSC functionality after chronic exposure 

during culture (Li et al. 2007). The normal physiological concentration of glucose in the blood is 

typically between 4 - 6 mmol.L-1, although patients with diabetes can experience an increase to 

levels as high as 10 mmol.L-1 (The Emerging Risk Factors 2010). Considering that BM-hMSCs 

would not typically experience glucose concentrations of 20 mmol.L-1 in vivo, a better 

manufacturing strategy might be to continuously control the glucose levels in the bioreactor to 

lower concentrations. This would form the following part of the process control strategy 

development after the DO, impeller speed and pH levels in Chapter 7, as this will be likely to 

drive further consistency, yield and potentially function into the BM-hMSC product.    

 

 

 

 

 

Figure 8.5. Lactate concentration of BM-hMSCs in a controlled bioreactor process at low and 

high yield showing the increased production in high yield culture. Data shows mean ± SD, n = 

3 
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The concentration of lactate during the five days of culture in the high and low yield processes 

can be seen in Figure 8.5. As expected, the level of lactate in the high yield culture has increased 

more rapidly, reaching a final concentration of 9.62 ± 0.68 mmol.L-1. Despite the increase in BM-

hMSC density to above 1·106 cells.mL-1 the level of lactate remained far below previously 

determined inhibitory levels of lactate at 35.4 mmol.L-1 (Schop et al. 2009b). Despite the levels 

of lactate not reaching these inhibitory levels in culture, the concentration of lactate during high 

yield expansion is still in excess of typical levels in vivo (Bakker et al. 1991) and therefore the 

effect of this on BM-hMSC functionality should be determined and the lactate levels controlled 

accordingly.  

 

  

 

Figure 8.6. Ammonia concentration of BM-hMSCs in a controlled bioreactor process at low 

and high yield showing a similar production in high and low yield culture. Data shows mean ± 

SD, n = 3 

 

 

 

In contrast to the differences in the consumption of glucose and the production of lactate, the 

production of ammonia in low and high yield culture was similar over the five days of expansion 

(Figure 8.6). The maximum ammonia concentration reached during culture was 0.56 ± 0.01 

mmol.L-1, which is again far below the previously determined inhibitory level of 2.4 mmol.L-1 
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(Schop et al. 2009b). This again demonstrates that despite increasing the cell density to above 

1·106 cells.mL-1, the fed-batch strategy employed was sufficient to maintain below-inhibitory 

levels of process metabolites. In order to control the relative level of desired nutrients and 

metabolites in the process, however, a perfusion strategy could be employed to constantly 

monitor and control these concentrations, as has previously demonstrated benefits to BM-

hMSC suspension-based expansion processes (Cunha et al. 2015).   

 

 

 

Figure 8.7. Lactate dehydrogenase concentration of BM-hMSCs in a controlled bioreactor 

process at low and high yield showing the increased production in high yield culture. Data 

shows mean ± SD, n = 3 

 

 

In addition to the levels of glucose, lactate and ammonia, the concentration of LDH and total 

protein have been monitored throughout culture. Figure 8.7 shows the concentration of LDH 

over the five days of culture which demonstrates a significant increase (p < 0.05) in the high 

yield expansion process. An increase in supernatant concentrations of LDH has previously been 

linked to rising cell stress (Lavrentieva et al. 2010b), which has previously been shown to occur 

at high BM-hMSC culture density (Song et al. 2009) and higher glucose concentrations in culture 

(Stolzing et al. 2012). The implications of this increase in LDH concentrations on BM-hMSC 

function are currently unclear, however, as the concentration of total protein or the non-viable 
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cell number during this period did not increase (Figure 8.8) it is unlikely that this increase in LDH 

is associated with cell death.  

 

 

 

Figure 8.8. Total protein concentration in the supernatant of a controlled BM-hMSC bioreactor 

process at low and high yield showing no increase in the total protein concentration 

throughout culture. Data shows mean ± SD, n = 3 

 

 

 

The per cell flux of the various metabolites can be seen in Figure 8.9, which shows clear 

differences in the metabolic pathways utilised under the different conditions. The high yield 

expansion process demonstrated significant increase in the consumption of glucose and 

production of lactate (p < 0.05) combined with a significant reduction in the production of 

ammonia (p < 0.05). This indicates a shift in the metabolic pathway utilisation between high and 

low yield cultures, with energy utilisation in the low glucose/low yield process predominantly 

by oxidative phosphorylation, whereas the high yield/high glucose process has made a relative 

shift towards energy production via anaerobic glycolysis. This effect of increased glucose 

concentrations on BM-hMSC metabolism has previously been hypothesised (Weil et al. 2009) 

but not demonstrated and the shift towards energy production by anaerobic glycolysis would 

be largely undesirable as it represents a less efficient mechanism for energy production in BM-
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hMSCs. It is important to note also that the consumption rate of glucose and the production 

rate of lactate in controlled high yield culture is still less than BM-hMSC cultured in a controlled 

FBS based process, developed in Chapter 7.      

 

 

 

Figure 8.9. Per cell metabolite concentrations of glucose, lactate, ammonia and yield of lactate 

from glucose for high and low yield culture.  Showing the increased consumption of glucose 

and production of lactate in high yield culture. Data shows mean ± SD, n = 3 

 

 

8.2.4 Post-harvest characterisation of BM-hMSCs at increased yield 

The post-harvest characteristics from the high and low yield expansion processes in SFM have 

been assessed to ensure that the expansion process is not having a detrimental impact on the 

BM-hMSC characteristics. The specific outgrowth rate of BM-hMSCs from both the high and low 

yield controlled bioreactor processes can be seen in Figure 8.10 which shows that the post-

harvest outgrowth kinetics of BM-hMSC have been maintained compared to pre-expansion and 

post-spinner flasks. The post-harvest colony-forming potential of the BM-hMSCs can also be 

seen in Figure 8.11, which shows that the CFU potential has either increased or been maintained 
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compared to pre-expansion. This is particularly apparent for the high yield process, which 

showed a significant increase (p < 0.05) in the post-harvest CFU potential.  

 

 

Figure 8.10. Post-harvest BM-hMSC specific outgrowth rate from high and low yield controlled 

bioreactor processes showing the increased post-harvest growth kinetics compared to pre-

expansion (p < 0.05). Data shows mean ± SD, n = 3 

 

 

 

Figure 8.11. Post-harvest BM-hMSC colony forming efficiency from high and low yield 

controlled bioreactor processes showing the increased post-harvest colony forming efficiency 

in high yield culture compared to low yield (p < 0.05). Data shows mean ± SD, n = 3 
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The BM-hMSCs harvested from the microcarrier process must also retain their identity in 

accordance with the ISCT criteria (Dominici et al. 2006). Figure 8.12 shows the multiparameter 

flow cytometry plots of post-harvest BM-hMSCs demonstrating the maintained positive co-

expression of CD105, 90, 44 and 73 throughout the microcarrier expansion process (Chan et al. 

2014a). Further to this, BM-hMSC have retained the negative co-expression of CD45, CD34, 

CD11b, CD19 and HLA-DR following the high yield controlled microcarrier expansion process in 

SFM.  

 

 

 

Figure 8.12. Multiparameter flow cytometry plots showing co-expression of CD90+, CD73+, 

CD105+, CD44+, CD34-, CD45-, CD11b-, CD19- & HLA-DR- for M2 expanded and harvested from 

a high yield SFM microcarrier process. Representative plots from n = 3 
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In addition to demonstration of immunophenotype expression, BM-hMSC harvested from the 

microcarrier process must also retain their tri-lineage differentiation potential. Figure 8.13 

shows the tri-lineage differentiation potential of the BM-hMSC following high yield microcarrier 

expansion in SFM down the adipogenic, osteogenic and chondrogenic lineages. This 

demonstrates that the BM-hMSCs have retained their tri-lineage differentiation potential 

following high yield controlled microcarrier expansion in SFM.  

 

 

 

 

Figure 8.13. Post-harvest tri-lineage differentiation potential of BM-hMSCs from a high yield 

SFM microcarrier process using phase contrast microscopy. Showing (A) osteogenic 

differentiation by staining for alkaline phosphatase and calcium deposition, (B) adipogenic 

differentiation by staining with Oil Red O and (C) chondrogenic differentiation by staining with 

Alcian Blue. Representative plots from n = 3 
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8.3 Serum-free downstream process for BM-hMSCs  

 
8.3.1 Experimental overview  

Following the successful development of a controlled serum-free microcarrier process for the 

high yield expansion and harvest of BM-hMSCs, the effect of a serum-free downstream process 

on two BM-hMSC donors can be evaluated. For this, three DASbox culture vessels of 100 mL 

working volume per condition were cultured for five days (see Section 3.3.5) using BM-hMSC 

donor M2 and M3. The pH control set-point was 7.4, the impeller speed was controlled to 115 

rpm, the temperature was controlled to 37 °C and the dissolved oxygen concentration was 

controlled to 10 %. Following the harvest of BM-hMSCs from each DASbox reactor system, the 

BM-hMSCs were subjected to either a long (7 h) or short (5 h) downstream process in 

accordance with Figure 8.1. Firstly, the post-harvest BM-hMSCs were held in an agitated 

suspension of PlasmaLyte-A (PLA) for two or three hours to simulate a potential holding time 

that is likely to occur as the process is scaled. Following this, the BM-hMSCs were formulated 

into three formulations (n = 6 for each). The BM-hMSCs were held in their respective 

cryopreservation solutions for one or two hours before undergoing analysis, these were: 

1. PlasmaLyte-A supplemented with 10% (v/v) DMSO 

2. PlasmaLyte-A supplemented with 5% (v/v) DMSO 

3. PlasmaLyte-A supplemented with 2% (v/v) DMSO 

4. Irvine Scientific PRIME-XV® MSC FreezIS DMSO-Free 

 
 
During this downstream process, the BM-hMSC were analysed immediately post-harvest (2 h 

total), following the agitated holding step in PLA (4 or 5 h total) and following formulation in 

each cryopreservation solution (5 or 7 h total). The BM-hMSCs were analysed for membrane 

integrity, cell aggregation, mean cell diameter (Section 3.4.2), colony forming efficiency (Section 

3.4.9) and outgrowth potential were also assessed throughout the downstream process.    

 
 
8.3.2 Short-term downstream holding process for BM-hMSCs 

For the successful development of integrated manufacturing processes for BM-hMSCs, 

sequential unit operations from expansion to cryopreservation must be evaluated in order to 

determine the accumulated detrimental effect that this process might be having on the BM-

hMSC product. Taking BM-hMSCs from a potentially scalable expansion and harvest process is 

critical for this, as the upstream process must be representative of the expansion technology 
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that will be used at the large-scale. In this sense, process development for BM-hMSC 

manufacture must be carried out using a scaled-down end-to-end process, rather than 

developing each process step independently and assuming they will successfully integrate 

together.  Previous experiments have demonstrated maintained BM-hMSC viability after 

prolonged holding for up to four (Heathman et al. 2015a) and eight hours (Pal et al. 2008), 

however breaking down the process to assess the impact of each individual process step 

provides increased insight into the effect of the downstream process on BM-hMSCs. In addition 

to breaking down the process, considering the impact of these unit operation on multiple BM-

hMSC identity and quality characteristics will provide deeper insight into the potential 

limitations on the allowable downstream processing times for large-scale off-the-shelf BM-

hMSCs manufacturing processes.  

 

 

Figure 8.14. Short-term serum-free downstream holding process for BM-hMSCs showing the 

effect of different holding times on cell membrane integrity (DAPI and acridine orange) with 

a decrease toward the end of the downstream process. Blue dots represent BM-hMSC line 

M2, red triangles represent BM-hMSC line M3. Box and whisker plots show n = 12   

 

The downstream process following the controlled serum-free microcarrier expansion and 

harvest process has been split into a short process (total of five hours) and a long process (total 

of seven hours). The effect of the short-term downstream process on BM-hMSC viability can be 

seen in Figure 8.14 across the two BM-hMSC donors, which shows a general decrease in 

membrane integrity throughout the downstream process. This is from a median post-harvest 

BM-hMSC membrane integrity of 99.6 % to 97.1 % following a two hour holding and one hour 
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formulation step in a solution containing 5 % DMSO. Figure 8.14 also demonstrates the variation 

between the M2 and M3 BM-hMSC donors in terms of membrane integrity throughout the 

downstream process and also the increase in product divergence, the longer the BM-hMSCs 

progress through the downstream unit operations. This provides the first indication that the 

BM-hMSC donor variability experienced in the initial expansion and characterisation processes 

in Chapter 4 (Heathman et al. 2015c) is also having an impact on the downstream process.   

 
 
8.3.3 Long-term downstream holding process for BM-hMSCs 

In addition to the short-term downstream process lasting five hours, a long-term process has 

also been evaluated lasting a total of seven hours, which has the potential to allow for the 

handling of commercially relevant BM-hMSC manufacturing batch sizes (Pattasseril et al. 2013), 

with an operating window of five to seven hours. Figure 8.15 shows the result of this extended 

holding process on BM-hMSC membrane integrity, which is similar to the short-term holding 

process. This demonstrates that a downstream process window of five to seven hours is 

satisfactory to maintain a BM-hMSC viability greater than 90 %, which will be critical as the 

process increases in scale towards commercially relevant batch sizes and also for patient specific 

therapies, where procedural delays may require extended product holding times.  

 

 

Figure 8.15. Long-term serum-free downstream holding process for BM-hMSCs showing the 

effect of different holding times on cell membrane integrity with a decrease toward the end 

of the downstream process. Blue dots represent BM-hMSC line M2, red triangles represent 

BM-hMSC line M3. Box and whisker plots show n = 12  
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It is important to note however, that an increase in the concentration of the cryoprotective 

agent (CPA), in this case DMSO, may contribute to a reduction in BM-hMSC membrane integrity. 

With many current BM-hMSC cryopreservation processes using up to 10 % DMSO as the CPA in 

their formulations, it will be important to consider that as these processes are scaled, that 

prolonged holding times for the product formulation unit operation may not result in the 

optimum cryopreservation strategy. This is because the cells will experience an irreversible loss 

in membrane integrity prior to the cryopreservation process, which is not considered when 

developing a cryopreservation strategy at the bench scale.       

 
 
8.3.4 Increased concentrations of cryoprotective agents in the downstream process 

As mentioned previously, the DMSO concentration in the final product has implications for the 

downstream process, with holding times for cells in DMSO (and potentially alternative CPAs) 

dictating allowable process timing and therefore overall scale. Current formulation technology 

has the ability to fill several thousand vials per hour, however, which should enable lot sizes of 

least three to five thousand vials per lot (Rowley et al. 2012b). This allowable formulation 

processing time will be dependent on the specific cell-based therapy product, the dose size 

required and how tolerant the product’s quality and functional characteristics are to prolonged 

exposure to CPAs.   

 

Figure 8.16 shows the effect of holding BM-hMSCs in a formulation containing 10 % DMSO for 

one and three hours on membrane integrity. This shows a significant drop (p < 0.05) in BM-

hMSC membrane integrity throughout this holding process to a median of 92.2 % after one hour 

and 78.4 % after three hours. Considering the time it will take to formulate a large batch of BM-

hMSC in the CPA prior to final fill and finish, this will have a dramatic impact on the potential 

scale to which a cryopreserved product can be manufactured with high concentrations of 

DMSO. It should be noted also, that the donor variability in post-formulation membrane 

integrity at a DMSO concentration of 5 % seen previously, has been further compounded with 

an increase concentration of DMSO.  

 

In the clinic, the therapeutic cells should have a minimum viability of 70% (preferably more than 

85%) (Pattasseril et al. 2013) prior to delivery into the patient. Therefore in this BM-hMSC 

downstream process containing high concentrations of DMSO, 33 % of M2 events would fail this 

criteria after one hour post-formulation and 85 % would fail after three hours post-formulation, 

before the cryopreservation process has taken place. In contrast, the M3 donor BM-hMSC line 
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would not experience any failure events based on this criteria after either one or three hours 

post-formulation. This highlights the potential donor variability that can occur, not only in the 

expansion process, but also in the downstream process of BM-hMSC manufacture, as the M3 

BM-hMSC donor line was initially considered to be far from desirable (Chapter 4).    

 

 

Figure 8.16. The effect of using 10% DMSO in a serum-free downstream process for BM-

hMSCs. Showing the dramatic loss in membrane integrity through the downstream process. 

Blue dots represent BM-hMSC line M2, red triangles represent BM-hMSC line M3. Box and 

whisker plots for n = 12 

 

Associated with this decrease in membrane integrity of BM-hMSCs post-formulation, is an 

increase in the cell aggregation, most likely caused by the release of intra-cellular proteins as 

the BM-hMSC membrane ruptures. This increase in cell aggregation will cause a number of 

further issues to the process, as aggregation is likely to cause increasing cell death throughout 

the cryopreservation process, compounding the detriment to the product. This is mainly due to 

a limitation of nutrients within the aggregates, which will cause increased cell death (Suzuki et 

al. 2012). In addition, an increase in the aggregation level of the product during the downstream 

process will increase the variation in the vialing process between batches, as the accuracy of 

current cell counting methods relies upon having an evenly distributed single-cell suspension.       
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Figure 8.17. The effect of using 10% DMSO in a serum-free downstream process for BM-

hMSCs. Showing the dramatic increase in BM-hMSC aggregation that coincides with the 

decreased membrane integrity through the downstream process. Blue dots represent BM-

hMSC line M2, red triangles represent BM-hMSC line M3. Box and whisker plots for n = 12    

 

 

The use of DMSO for the cryopreservation of BM-hMSCs has been linked to adverse effects in 

the product such as genetic mutation (Rodrigues et al. 2008) as well as potential detriment to 

the patient (Windrum and Morris 2003) once infused. Therefore, the development of 

cryopreservation processes should seek to drive down the use of DMSO to not only reduce the 

toxicity risk to the patient, but also to enable increasing scale to be achieved in the downstream 

and product formulation processes, which will be required to drive down the cost of 

manufacture.     

 

8.3.5 Effect of the downstream process on BM-hMSC characteristics 

It is clearly important to maintain an acceptable level of BM-hMSC membrane integrity 

throughout the downstream process as this will have a profound impact on the product efficacy. 

Despite this however, additional BM-hMSC characteristics should be measured in order to 

assess subtle changes to the BM-hMSCs throughout the downstream process.  
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Figure 8.18. The effect of the serum-free downstream process on the mean cell diameter of 

BM-hMSCs. Showing the increase in mean cell diameter after the holding process. Blue dots 

represent BM-hMSC line M2, red triangles represent BM-hMSC line M3. Box and whisker plots 

for n = 12  

 

 

Figure 8.19 shows the effect of the downstream process on mean BM-hMSC diameter, with a 

significant increase (p < 0.05) following the holding process in PLA, which subsequently reduces 

post-formulation. This cell swelling through the holding process should be carefully controlled 

as it will likely increase the likelihood of a loss in membrane integrity and increased cell stress 

throughout the subsequent process. This can be achieved through the development of BM-

hMSC parenteral solutions that support a consistent osmotic balance throughout the entire 

downstream process. 

 

In addition to an assessment of the BM-hMSC size throughout the downstream process, the 

BM-hMSC outgrowth kinetics have been assessed for both donors for the formulation in PRIME-

XV® SFM FreezIS. The result of this can be seen in Figure 8.19A, which shows that BM-hMSC 

donor line M3 maintained its outgrowth potential throughout the downstream process above 

0.4 day-1. In contrast, BM-hMSC donor M2 not only demonstrated a significant reduction in 

outgrowth kinetics (p < 0.05), but also showed an increasing inter-batch variation throughout 

the downstream process. This reduction in the stability of the M2 donor line through the 

downstream process raises serious concerns about the impact of donor variation, not just on 

the expansion unit operation, but on the entire manufacturing process.  
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Figure 8.19. Serum-free downstream holding process for BM-hMSCs showing the effect on 

outgrowth potential for BM-hMSC line M3 (A) and M2 (B). Demonstrating the donor 

variability in the downstream process. Box and whisker plots, n = 6 for each donor BM-hMSC 

line.   

 

 

Colony forming potential has been highlighted as an important assay for the quality of BM-hMSC 

preparations (Pochampally 2008) and has previously been shown to deteriorate as BM-hMSC 

age in culture (Stolzing and Scutt 2006). As with the outgrowth potential, the colony-forming 

potential for BM-hMSC donor M3 saw a slight decrease from a median of 19.2 % post-harvest 

to 16.2 % post hold, which subsequently stabilised post-formulation in FreezIS (Figure 8.20A). 

This supports the previous results that suggest that BM-hMSC donor M3 is able to maintain key 

characteristics throughout the downstream process following serum-free microcarrier 

expansion. In contrast, Figure 8.20B shows a significant decline (p < 0.05) in the CFU potential 

for BM-hMSC donor M2 from a median of 16.8 % post-harvest to 12.8 % post-hold and finally 

6.4 % post-formulation in FreezIS. This represents a dramatic loss in CFU potential throughout 

the downstream process as was previously seen for the membrane integrity and outgrowth 

potential of BM-hMSC donor M2.         
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Figure 8.20. Serum-free downstream holding process for BM-hMSCs showing the effect on 

colony forming efficiency for BM-hMSC line M3 (A) and M2 (B). Demonstrating the donor 

variability in the downstream process. Box and whisker plots, n = 6 for each donor BM-hMSC 

line.   

 

 

Given the impact of the cell survival during prolonged holding times has on the potential scale 

that can be achieved, careful assessment of the allowable tolerances on the BM-hMSC 

characteristics should be completed early in process development as this will determine the 

overall process scalability. For the development of an off-the-shelf BM-hMSC manufacturing 

process, it will also be important to screen potential donors through the entire process rather 

than simply having exclusion criteria based on growth and functionality through the upstream 

process. This is because initial growth and characteristics of BM-hMSC donors in the serum-

based process in Chapter 4 highlighted BM-hMSC donor M2 as a favourable donor and M3 as 

being sub-optimal for the expansion process. This conclusion has been reversed, however, after 

considering the impact of the downstream on BM-hMSC characteristics in a serum-free process. 

For future off-the-shelf process development, it would be advised to operate a scaled-down 

version of the final manufacturing and delivery process, in order to screen desirable BM-hMSC 

donors through the entire process to take forward into commercial production.            
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8.4 Serum-free cryopreservation and thaw of BM-hMSCs  

 
8.4.1 Experimental overview 

Following the evaluation of a scalable and serum-free downstream process for BM-hMSCs, the 

effect of a cryopreservation and thaw on two BM-hMSC donors has been evaluated. For this, 

BM-hMSC from M2 and M3 donors were taken through a cryopreservation and thaw process, 

following controlled microcarrier expansion, harvest and downstream processing described in 

Section 8.3. This involved a post-formulation controlled-rate freezing process from 4 °C to -80 

°C at -1 °C.min-1, followed by transfer and storage to the vapour phase of monitored liquid 

nitrogen tank at -196 °C for a least two weeks. A total of six vials were cryopreserved from each 

bioreactor (n = 18) in each of the three serum-free cryopreservation formulas, these were:    

1. PlasmaLyte-A supplemented with 5% (v/v) DMSO 

2. PlasmaLyte-A supplemented with 2% (v/v) DMSO 

3. Irvine Scientific PRIME-XV® MSC FreezIS DMSO-Free 

 
 
After at least two weeks at -196 °C, vials of 1·106 BM-hMSCs were directly thawed in a water 

bath at 37 °C, before being washed and re-suspended in SFM. Post-thaw analysis was carried 

out for n = 3 from the downstream process, for n = 3 vials and n = 2 measurements (n = 18) for 

both donors in each of the cryopreservation conditions. The BM-hMSCs from both donors were 

assessed for post-thaw membrane integrity, attachment efficiency, colony forming efficiency 

(Section 3.4.9) and outgrowth potential. 

 
 
8.4.2 Post-thaw membrane integrity and attachment efficiency of BM-hMSCs 

In order to facilitate the successful development of off-the-shelf BM-hMSC therapies, the impact 

of cryopreservation, following the controlled serum-free microcarrier expansion, harvest and 

downstream processes should be evaluated.  The post-thaw cell viability prior to clinical infusion 

into a patient should have a minimum viability of 70% (preferably more than 85%) (Pattasseril 

et al. 2013). The BM-hMSC percentage membrane integrity one hour post-thaw can be seen in 

Figure 8.21 for both BM-hMSC donors in 5 % and 2 % DMSO as well as FreezeIS, a DMSO-free 

formulation. The BM-hMSC donor M3 demonstrates a high post-thaw membrane integrity 

across all conditions with a minimum viability 80.3 % and > 94 % of thawing events above the 

preferable product viability of > 85 % for clinical delivery. In contrast, the M2 BM-hMSC donor 

line as with the stability through the downstream process, demonstrated a significant reduction 
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(p < 0.05) in post-thaw membrane integrity. This is particularly apparent at reduced DMSO 

concentrations, with 5 % DMSO supporting a similar post-thaw membrane integrity to M3, with 

only two events below the 85 % threshold.  

 

 

 

Figure 8.21. Post-thaw membrane integrity of BM-hMSCs following the serum-free 

downstream holding and cryopreservation process for M3 (A) and M2 (B). Demonstrating the 

donor variability in the post-thaw BM-hMSC characteristics following cryopreservation. Box 

and whisker plots show n = 18 for each donor BM-hMSC line in each condition 

 

 

In addition to the post-thaw membrane integrity, the BM-hMSC attachment efficiency has been 

evaluated, demonstrating the percentage of BM-hMSCs that have retained the ability to adhere 

to tissue culture plastic post-thaw. This is important, as the ability of the BM-hMSC to attach to 

the culture surface demonstrates a higher level of function than simply assessing the cell 

membrane integrity. The attachment ability of BM-hMSCs has been shown to be a critical part 

of their putative function to home to the site of injury once delivered (Karp and Leng Teo 2009; 

Sohni and Verfaillie 2013) and therefore a dramatic reduction post-thaw, prior to clinical 

delivery, would be highly undesirable. Figure 8.22 shows the post-thaw attachment efficiency 

of M2 and M3 in each of the cryopreservation solutions, which shows a lower attachment 

efficiency although a similar trend to the post-thaw membrane integrity. This generally 

represents a reduction in post-thaw attachment efficiency compared to membrane integrity of 

20 - 30 % for M3 and 30 -40 % for M2. This again demonstrates the increased stability of the M3 

BM-hMSC donor line through the downstream and cryopreservation process in all three 
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cryopreservation solutions, whereas the M2 BM-hMSC donor line demonstrated poor recovery 

and attachment, particularly at lower levels of DMSO.   

 

 

   

Figure 8.22. Post-thaw attachment efficiency of BM-hMSCs following the serum-free 

downstream holding and cryopreservation process for M3 (A) and M2 (B). Demonstrating the 

donor variability in the post-thaw BM-hMSC characteristics following cryopreservation. Box 

and whisker plots show n = 18 for each donor BM-hMSC line in each condition 

 

 

 

In addition to the instability of the M2 BM-hMSC donor throughout the downstream process, it 

can be seen that the cryopreservation process is also having a detrimental impact on the 

membrane integrity of the cells. The difference in the median post-formulation and post-thaw 

membrane integrity of the M3 BM-hMSC donor line was 3.4, 6.7 and 0.7 % for the FreezIS, 2 % 

DMSO and 5 % DMSO, respectively. In contrast, the difference in the median post-formulation 

and post-thaw membrane integrity of the M2 BM-hMSC donor line was 33.5, 23.3 and 3.7 % for 

the FreezIS, 2 % DMSO and 5 % DMSO, respectively. This demonstrates that it is not only the 

downstream process that is having a detrimental effect on the M2 BM-hMSC line, but also the 

freeze-thaw process, particularly at reduced DMSO concentrations.  
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Figure 8.23. Post-thaw membrane integrity versus attachment efficiency of BM-hMSCs 

following the serum-free downstream holding and cryopreservation process. Showing the 

improved performance in one of the donor BM-hMSC lines. Data shows n = 198  
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Figure 8.23 shows the post-thaw membrane integrity against the attachment efficiency for both 

of the BM-hMSC lines in the short-term and long-term downstream processes. This again 

demonstrates the difference between the two donors in terms of recoverability through the 

entire process. Figure 8.23 also shows the effect of the long-term downstream process on the 

M3 BM-hMSC line, which shows a slight reduction in the post-thaw membrane integrity 

compared to the short-term downstream process, although not a single event dropped below < 

70 % viability after one hour post-thaw. In contrast, almost 40 % of the thaw events for BM-

hMSC line M2 were below this 70 % viability benchmark and almost all demonstrated less than 

50 % post-thaw attachment efficiency.   

 
 
8.4.3 Post-thaw BM-hMSC characteristics  

The BM-hMSC outgrowth kinetics have also been evaluated post-thaw in each cryopreservation 

solution for both donors. The result of this can be seen in Figure 8.24 which shows a similar level 

of outgrowth potential across all conditions in M3 and a slight increase in outgrowth kinetics of 

M2 as the concentration of DMSO is increased. In terms of the difference between post-

formulation and post-thaw outgrowth kinetics, BM-hMSC donor M3 shows a median decrease 

of 12 % compared to a decrease of 72 % for the M2 BM-hMSC donor for the DMSO-free FreezIS 

cryopreservation solution. It is clear that the freeze-thaw process is also having a detrimental 

impact on the BM-hMSC outgrowth kinetics of M2, which also demonstrates increased intra-

donor variability compared to M3.  

 

 

Figure 8.24. Post-thaw outgrowth potential of BM-hMSCs following the serum-free 

downstream holding and cryopreservation process for BM-hMSC line M3 (A) and M2 (B). 

Demonstrating the donor variability in the post-thaw BM-hMSC characteristics following 

cryopreservation. Box and whisker plots show n = 9 for each donor   
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A reduction in BM-hMSC characteristics as well as an increase in variability, has the potential to 

increase the likelihood of suffering a batch failure in the product and therefore pre-selecting 

BM-hMSC donors to mitigate this risk will be critical for the development of successful 

manufacturing processes.      

 

Maintaining the CFU potential of the BM-hMSCs throughout the cryopreservation process is also 

important, as key cellular characteristics must remain present right up until the point of product 

delivery to the patient. Figure 8.25 shows the post-thaw CFU potential of M2 and M3 donor 

lines in 5 % DMSO, 2 % DMSO and DMSO-free FreezIS. This shows the relative maintenance in 

the post-thaw CFU potential for the M3 BM-hMSC donor compared with M2 across all three 

cryopreservation solutions. Despite this, the relative difference between the post-formulation 

and post-thaw CFU potential for the DMSO-free FreezIS formulation for the M3 and M2 BM-

hMSC lines was similar, with a 23 and 19 % reduction, respectively. Considering that the post-

harvest CFU potential for M3 and M2 was 19.2 and 16.8% respectively, it is clear that the 

reduction in CFU potential for the M2 BM-hMSC line has been during the downstream process, 

before cryopreservation has taken place, whereas M3 CFU potential has been maintained 

throughout. Placing limits and controls on the downstream, as well as the expansion process 

will be critical therefore to maintain BM-hMSC quality throughout the entire manufacturing 

process.      

 

 

 

Figure 8.25. Post-thaw colony forming efficiency of BM-hMSCs following the serum-free 

downstream holding and cryopreservation process for BM-hMSC line M3 (A) and M2 (B). 

Demonstrating the donor variability in the post-thaw BM-hMSC characteristics following 

cryopreservation. Box and whisker plots show n = 9 for each donor   
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8.5 Chapter conclusions   

This Chapter has demonstrated that increased BM-hMSC yield can be obtained in a serum-free 

microcarrier process to above 1·106 cells.mL-1 without having a detrimental impact on the 

product characteristics. Increasing the yield of BM-hMSC expansion processes in this way will 

drive the development of cost-effective manufacturing processes, since reduced bioreactor 

volumes will be required to manufacture commercially relevant batch sizes within a reduced 

timescale. It will also be important to control the level of glucose in the culture medium, to avoid 

requiring increased concentrations to achieve these yields in a fed batch approach. This will 

likely require the operation of perfused bioreactors, to enable online measurement and control 

of the nutrient concentration in the culture medium.  

 

Systematic investigation of the downstream and cryopreservation process following 

microcarrier expansion and harvest of BM-hMSCs has highlighted the need to develop scalable 

end-to-end processes during development. The allowable time that the BM-hMSCs are exposed 

to non-adherent conditions during the downstream process will have a significant impact on the 

potential scale the process can reach, as the product characteristics degrade through these 

downstream unit operations. It will be critical early in process development, therefore, to 

determine the allowable tolerances on the quality of the product and the allowable downstream 

exposure time that does not take the BM-hMSCs outside of this operating window. In 

conjunction with this, reducing the concentration of cryoprotective agents such as DMSO should 

be minimised, not only to avoid patient toxicity, but also because increased concentrations are 

detrimental to the product due to prolonged exposure during the product formulation stage. 

Reducing the DMSO concentration in the final product will allow for increased product 

formulation times, which will increase the number of doses that can be manufactured per batch, 

reducing the overall cost of production per dose.  

 

This Chapter has also highlighted the importance of considering the entire process before 

selection of master bank material for an off-the-shelf BM-hMSC therapy, as significant levels of 

donor variability have been experienced in the downstream and cryopreservation processes. 

Considering that the BM-hMSC donor that was most favourable in terms of growth, identity and 

quality throughout the entire production process, was evaluated due to its poor growth and 

characteristics, scaled-down versions of the entire process should be used to evaluate BM-hMSC 

donors for the product master bank that maintain functional characteristics throughout.    
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9 Conclusions and Future Work 

 

9.1 Conclusions 

 This work has first of all demonstrated the high level of variation in BM-hMSCs growth 

and characteristics from different donors in a monolayer expansion process under FBS-

based culture. This has implications for the development of both patient specific and 

off-the-shelf manufacturing processes and will likely increase the cost of production. 

These increased costs will be largely driven by this increased variation, which will 

increase the risk of product batch failure as well as reducing potential BM-hMSC 

production rates.   

 Serum-free medium has demonstrated the ability to reduce this process variability, as 

well as the potential to reduce the variation in the future supply of process raw 

materials, associated with the use of serum in the manufacturing process. The increased 

yield and convergence of BM-hMSC characteristics throughout this monolayer 

expansion process demonstrates a level of control over the product, which has the 

potential to increase the cost-effectiveness and reduce the risk in the operation of 

serum-free BM-hMSC manufacturing processes.   

 Transfer of this monolayer BM-hMSC expansion process into a scalable microcarrier-

based process has been achieved in serum-based and serum-free medium by the 

development of a fibronectin coating protocol for microcarriers. This is an important 

process transfer step as the development of a scalable microcarrier expansion process 

has the potential to take advantage of increasing economies of scale to cost-effectively 

manufacture BM-hMSCs at the lot-sizes required for commercial production.  

 Furthermore, the increased yield and donor consistency that was experienced for the 

monolayer process in HPL and serum-free medium, has also directly transferred to the 

microcarrier process, indicated that this improved efficiency has the potential to be 

carried through increasing process scales.  

 This work has also demonstrated that the BM-hMSCs harvested from this serum-free 

microcarrier process can be further processed, formulated and cryopreserved 

downstream, providing the first demonstration of successfully integrated unit 

operations for BM-hMSC production on microcarriers.    

 Unnecessarily increasing the impeller agitation speed during the microcarrier expansion 

of BM-hMSCs decreased the growth kinetics but did not have a detrimental impact on 

the BM-hMSC post-harvest characteristics.  
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 Direct aeration of the culture medium via a sparger has also been shown to be 

detrimental to BM-hMSC growth and post-harvest quality characteristics. Sparging of 

the medium during bioreactor culture is likely to be required at the large-scale to supply 

oxygen to the cells and remove carbon dioxide and is currently the preferred method of 

aeration in large-scale bioreactors. It will be important during process scale-up, 

therefore, to ensure that bioreactor parameters such as maximum energy dissipation 

and sparging rates are not increased above levels which might affect the growth and 

quality characteristics of the BM-hMSC product at the commercial scale. Alternative 

technology such as membrane based aeration could also be investigated for supplying 

oxygen to the BM-hMSC expansion process, which might be possible considering that 

the oxygen demand of these cells is far below that experienced by traditional cell 

bioprocesses.      

 The effect of exposing low oxygen bioreactor culture to atmospheric conditions during 

the culture period has highlighted the importance of operating closed and controlled 

processes to avoid large fluctuation of the dissolved oxygen concentration of the 

medium. Operating the microcarrier expansion process for BM-hMSCs in a functionally 

closed and controlled manner, has demonstrated improved growth and post-harvest 

BM-hMSC quality characteristics at 10 and 25 % dissolved oxygen in FBS-based medium. 

 The introduction of serum-free medium into this low dissolved oxygen controlled 

bioreactor process has further increased the yield across two BM-hMSC donors, 

however, with reduced harvest efficiency compared to the FBS-based process, which 

has lower cell numbers at harvest. Considering that this was primarily due to cell losses 

in the cell-microcarrier separation unit operation, it will be imperative to develop 

specific downstream technology to effectively separate the cells from the microcarriers, 

particularly as the number of BM-hMSCs per unit volume is increased during future 

process development.  

 The development of a process control strategy has also significantly increased the yield 

and consistency between BM-hMSC donors with a combined coefficient of variance 

between and within these donors under serum-free conditions of less than 15 %. This is 

in conjunction with a significant increase in the BM-hMSCs produced per volume of 

medium per unit time under serum-free conditions, which will be critical in increasing 

the economies of scale and reducing the subsequent cost of BM-hMSC therapies. 

 The introduction of the process control strategy has significantly reduced the inter- and 

intra-donor variation in FBS-based culture from 79.1 to 37.5 %, which will again be 
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critical in further reducing the development costs of both patient specific and off-the-

shelf BM-hMSC manufacturing processes.     

 This work has demonstrated that increased BM-hMSC yield can be obtained in a serum-

free microcarrier process to above 1·106 cells.mL-1 without having a detrimental impact 

on the product characteristics post-harvest. Increasing the yield of BM-hMSC expansion 

processes in this way is likely to drive the development of cost-effective manufacturing 

processes, as reduced bioreactor volumes will be required to manufacture 

commercially relevant batch sizes within a reduced timescale.  

 It will be important to control the level of glucose in the culture medium, to avoid 

requiring increased concentrations to achieve these yields in a fed batch approach. This 

will likely require the operation of perfused bioreactors, to enable online measurement 

and control of the nutrient concentration, in addition to other critical process 

parameters such as the pH and dissolved oxygen concentration of the culture medium.  

 Systematic investigation of the downstream and cryopreservation process following 

microcarrier expansion and harvest of BM-hMSCs has highlighted the need to develop 

scalable end-to-end processes during development. The allowable time that the BM-

hMSCs are exposed to non-adherent conditions during the downstream process will 

have a significant impact on the potential scale that the process can reach, as the 

product characteristics degrade through these downstream unit operations.  

 It will be critical early in process development to determine the allowable tolerances on 

the quality of the product and the allowable downstream exposure time that does not 

take the BM-hMSCs outside of this operating window. In conjunction with this, the 

concentration of cryoprotective agents such as DMSO should be minimised, not only to 

avoid patient toxicity, but also because increased concentrations are detrimental to the 

product due to prolonged exposure during the product formulation stage.  

 Reducing the DMSO concentration in the final product will allow for increased product 

formulation times, which will increase the number of doses that can be manufactured 

per batch, reducing the overall cost of production per dose.  

 Finally, this work has highlighted the importance of considering the entire process 

before selection of master bank material for an off-the-shelf BM-hMSC therapy, as 

significant levels of donor variability have been experienced in the downstream and 

cryopreservation processes. The BM-hMSC donor that was most favourable in terms of 

growth, identity and quality throughout the entire production process, was initially 

selected due to its poor growth and characteristics in FBS-based medium. It is critical 
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therefore, that scaled-down versions of the entire process are used to evaluate BM-

hMSC donors for the product master bank that maintain functional characteristics 

throughout the entire manufacturing process.     
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9.2 Future work 

This work has demonstrated the increased yield and consistency that can be achieved by the 

systematic development of a process control strategy within a scalable and serum-free 

expansion, harvest, downstream and cryopreservation process for BM-hMSCs. This has 

provided important findings which can inform future development of BM-hMSC manufacturing 

processes, however a number of challenges remain: 

 
 
9.2.1 Development and operation of a functionally closed and end-to-end process 

In order to enable the successful development of commercially relevant and scalable BM-hMSC 

manufacturing processes, future process development should focus on integrating functionally 

closed unit-operations into an entire end-to-end process. The work presented in this thesis has 

demonstrated the importance of controlling the culture environment and considering the entire 

process as a sequential set of unit-operations rather than developing individual process steps in 

isolation. The key points to consider are as follows: 

 Development of scalable downstream technology specifically for microcarrier 

separation and subsequent BM-hMSCs concentration. Much of the current downstream 

technology has been adapted for this but there is an opportunity to generate 

intellectual property around separation technology specific to cells and microcarriers. 

This should ensure that BM-hMSC harvest and downstream at high cell densities can 

also be achieved, as this will continue to increase in order to reduce the manufacturing 

costs per dose, which are currently too high. 

 Part of this bioreactor and downstream development should also look to validate and 

integrate single-use components, as it is widely acknowledged for cell therapies that the 

risk vs. cost of traditional clean-in-place procedures are too high and single-use 

processes will be utilised to reduce the risk of contamination. In fact, an EPSRC-funded 

PhD student will build on the work in this PhD thesis, investigating single-use bioreactors 

for the expansion of BM-hMSCs on microcarriers in collaboration with PALL Life 

Sciences.        

 Given the importance of reduced oxygen concentrations and serum-free conditions on 

the growth and characteristics of BM-hMSCs, the initial isolation of the BM-hMSCs 

should take place under these conditions to provide material for future bioreactor 

experiments that has not been exposed to serum components. Reducing process input 

variation will be integral in driving BM-hMSC consistency throughout the entire process 
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and will act as an initial BM-hMSC selection step for each donor, for cells that adhere 

and proliferate best on fibronectin under serum-free conditions, which has been shown 

to be advantageous here.    

 Integrating the controlled bioreactor expansion process with the downstream in a 

closed manner will ensure that the BM-hMSC environment remains stable throughout. 

Developing functionally closed processes also demonstrates increased scalability, 

ensuring that unit-operations are amenable to automation, with the potential to 

replace traditional manual manipulations that are not cost-effective at the commercial 

scale.     

 During the development of these end-to-end processes, it will also be important to 

consider the regulatory requirements for this BM-hMSC manufacturing technology, to 

ensure that it has the potential to be GMP compliant. This will drastically increase the 

commercial relevance of any developed technology, which will be critical in order to 

successfully exploit any potential intellectual technology arising from this development. 

 
 
9.2.2 Integration of functional and purity assays within the end-to-end process 

Perhaps the biggest challenge facing the successful development of BM-hMSC manufacturing 

processes is the development and integration of functional BM-hMSC assays into the process. 

This is critical to the successful development of manufacturing processes, providing metrics to 

assess the impact of process unit operations on BM-hMSC quality. Setting allowable tolerances 

on these measurements will be important in order to determine downstream process timings 

and the subsequent scale that is achievable during manufacture. The development of these 

functional assays has proved difficult, however, due to the multifaceted and poorly understood 

mechanism of action of BM-hMSCs. Despite this, assays are beginning to appear that look at a 

particular aspect of BM-hMSC function such as protein secretion in response to environmental 

cues, which can be integrated into BM-hMSC characterisation. The key points to consider are as 

follows:        

 These BM-hMSC functional assays are specific to each clinical indication, therefore a 

couple of lead candidate indications can be selected as exemplars during development, 

such as immune modulation and angiogenesis that have been previously shown to be 

important to BM-hMSC function in vivo.  

 These assays can then be used to assess whether there have been any relative changes 

to these functions through the process and if so, at which point in the process. This can 
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then inform the direction of future development, to target particular unit-operations 

and minimise these product changes during manufacture.   

 In addition to measures of BM-hMSC functionality throughout the process, an 

assessment of the plastic particulate content through the microcarrier expansion, 

harvest and separation unit-operations should be made as this is becoming an 

important regulatory consideration for cell-based therapies.  

 The maintenance of acceptable levels of product purity remains a key consideration for 

microcarrier-based expansion processes and downstream technology that can remove 

plastic particulates from the product prior to formulation may be required for future 

regulatory approval.       

 It is also likely that the evolution of cell-based therapy manufacturing processes will 

have to consider the product purity in terms of virus and DNA content as has been seen 

in traditional bioprocesses. Therefore, assessment and integration of this measurement 

technology into the BM-hMSC manufacturing process will be critical for future process 

development.   

 
 
9.2.3 Control of nutrients within a perfused bioreactor process 

The control of nutrients in the microcarrier expansion process will be an important 

consideration in driving further consistency into the process, avoiding bulk fluctuations in the 

concentrations available to the cells, which has been shown to be detrimental. This will require 

the development of a perfusion bioreactor processes, where the constant measurement and 

control of key nutrients such as glucose and glutamine is possible. This will avoid having to adopt 

a fed-batch approach where large quantities of nutrients are added and depleted by the 

increasingly high BM-hMSC densities. The key points to consider are as follows: 

 The design and operation of the bioreactor perfusion loop must ensure that 

microcarriers do not pass through as this will not only cause issues in supernatant 

analysis, but can potentially cause issues as BM-hMSCs attached to microcarriers move 

through the pumping circuit. This can be achieved using an impeller spin filter, or 

initially by adopting the same filtered sample port modification demonstrated here.     

 In conjunction with this, the validation and integration of a biomass probe into the 

bioreactor system would allow for the development of a mathematical model to form 

the basis of an optimisation strategy for this nutrient control system. This is a potential 

way in which sufficient nutrients can be supplied to the system, based on BM-hMSC 



Chapter 9: Conclusions and future work 
 
 

247 | P a g e  
 

growth kinetics and the calculated per cell flux, alleviating the need for off-line 

metabolite analysis as the basis for the control of nutrients and providing a basis for 

process optimisation.      

 This perfused bioreactor system with increased nutrient control can then be assessed 

in terms of its impact on BM-hMSC yield and consistency across multiple BM-hMSC 

donors and potentially other BM-hMSC sources (such as umbilical cord and adipose 

tissue). A comparison can then be made in terms of the number of recovered cells, per 

volume of medium, per unit time of both the perfused and fed-batch processes. 

 
 
9.2.4 Further commercial development with HPL and serum-free medium 

The work presented here has demonstrated the potential of both HPL and SFM-based processes 

for the expansion of BM-hMSCs on microcarriers. There remains, however, potential 

opportunities for further development of these formulations, continuing the current 

collaborative partnerships that have been hugely beneficial to all parties. The key points to 

consider are as follows: 

 The fibronectin coating of the microcarriers directly prior to BM-hMSC expansion would 

be undesirable due to the risk of a coating quality assurance failure impacting the 

subsequent expansion step. In order to decouple the developed fibronectin coating 

protocol of the microcarriers from the subsequent expansion of BM-hMSCs in serum-

free medium, the fibronectin coated microcarriers would have to be stored long-term. 

The development and validation of a low temperature storage method for the 

fibronectin coated microcarriers, without compromising the quality of the coating 

would be a valuable step in this process, decoupling the coating from the expansion.    

 As the field moves forward, the development of defined and custom serum-free 

medium formulations for BM-hMSC production is becoming ever more important. A 

continuation of commercial partnerships, looking at developing defined medium 

formulations and culture protocols specifically for the microcarrier culture and harvest 

of BM-hMSCs would add significant value to the field. This work would specifically look 

to drive medium costs down during manufacture and identify ways in which these 

formulations can be developed to minimised donor variation from a variety of BM-

hMSC isolation sources.    

 There is further scope to investigate the impact of HPL for the controlled expansion, 

downstream processing and cryopreservation of BM-hMSCs. This would build upon the 
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contract research projects established with Cook Regentec (USA) to focus on reduced 

quantities of HPL in the medium (5% rather than 10%) without impacting BM-hMSC 

growth and characterisation for adipose and bone marrow derived BM-hMSCs on 

microcarriers. This would from part of a wider economic assessment of the potential 

scalability of HPL in terms of available supply and batch-to-batch variation, to 

demonstrate that at reduced concentrations, it is a viable alternation to FBS at the large-

scale.  

 In terms of demonstrating the physical scalability of the serum-free and HPL-based 

processes developed here, an increase in scale of the bioreactor system by one order of 

magnitude to the litre-scale based on sound engineering principles would provide an 

invaluable demonstration of the true scalability of the system. This would be in 

conjunction with harvesting the BM-hMSC from the microcarriers in situ and separating 

the entire batch of BM-hMSCs from the microcarriers using scalable downstream 

technology, such as tangential flow filtration or fluidised bed centrifugation. 

Maintaining the relationships with commercial partners will be critical for this moving 

forward, as the cost of running these experiments is prohibitive without these valuable 

collaborative partnerships.  

 Increasing the hMSC yield during the expansion phase will also be important to drive 

future process development. A potential mechanism to achieve this would be to add 

additional microcarriers to the bioreactor during expansion, so that the BM-hMSCs have 

additional surface area to utilise and higher cell densities can be achieved with an 

increased cell expansion ratio.       
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Appendices 

 

Appendix A. Development of a quantitative osteogenesis assay 

For the development of the quantitative osteogenesis assay, a method to measure the amount 

of deposited collagen by BM-hMSCs under osteogenic differentiation must be validated. This is 

important as traditional qualitative methods of demonstrating BM-hMSC differentiation 

potential are not useful for comparing changing conditions during process development. In 

order to compare the effect of different process conditions on the osteogenic potential of BM-

hMSCs, an assay must be developed to facilitate this.    

 
 
Experimental Protocol 

The details of the osteogenic assay protocol can be found in Section 3.4.8. The aim of this 

investigation was to quantify the amount of collagen deposited under osteogenic conditions by 

producing a collagen standard and to determine whether this was more than is typically 

produced in normal culture.  

 

For the collagen standards, acid-soluble collagen Type I at 0, 0.1, 0.2 and 0.4 g.L-1 were 

formulated in sterile filtered deionised water at an n = 5. Each of these was treated with Sircol-

red dye reagent and washed three times with deionised water to dilute unbound dye reagent. 

This solution was then washed with ice-cold acid salt wash reagent to remove traces of dye 

reagent, so that only dye reagent bound to collagen remained. An alkali reagent was then added 

to each of the standards to released bound dye reagent from the collagen and five samples of 

100 µL for each concentration were transferred to a 96 well plate for analysis. This plate was 

then analysed on a plate reader at an absorbance of 555 nm and values normalised to the 

reagent blanks (0 µ.L-1 collagen).  

 

To compare the levels of collagen production under osteogenic differentiation and normal 

culture, two 12-well plates were set up with 38,000 BM-hMSCs per well, both containing six 

wells of DMEM and 10% FBS and six wells containing PRIME-XV® Serum-free Osteogenic 

Medium. The first of these 12-well plates was cultured for three days before being sacrificed 

and analysed as per the protocol in Section 3.4.8, with the other being cultured for six days with 

a complete medium exchange taking place on day three.   
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Results 

The results of the collagen standard can be seen in Figure 11.1 which shows a strong correlation 

of R2 = 0.975 and an equation of y = 0.3869x. Using this correlation, the actual amount of 

collagen deposition can be calculated for future experimental conditions.  

 

 

 

Figure 11.1. Collagen standard to quantify the amount of collagen produced during osteogenic 

culture of BM-hMSCs based on the plate reader absorbance 

 

 

In order to assess whether the BM-hMSCs produce more collagen under osteogenic conditions 

a comparison was made between BM-hMSCs under osteogenic conditions and under normal 

culture conditions. Figure 11.2 shows the level of expression between these conditions with the 

day three level of collagen produced under osteogenic conditions being significantly higher (p < 

0.05) than under normal culture conditions. The level of collagen under osteogenic conditions 

at day six was still higher, although not significantly so in this instance (p > 0.05). This is likely 

caused by the BM-hMSC population under normal culture conditions continuing proliferation 

and increasing the number of BM-hMSCs per well, whereas under osteogenic conditions the 

BM-hMSC proliferation is limited and there are less cells per well at day six. For a direct 
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comparison of the osteogenic potential of BM-hMSCs for different process conditions, however, 

this assay can be used as an aid to process development.  

 

 

 

Figure 11.2. The level of collagen deposition in normal culture and osteogenic culture showing 

the higher level of collagen production under osteogenic conditions   
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Appendix B. Screening of HPL concentration in DMEM 

 
Human platelet lysate (HPL) has been previously demonstrated as a viable alternative to FBS to 

supplement the culture medium for the expansion of BM-hMSCs. Prior to carrying out 

experiments using HPL, a screening study must be undertaken to find the concentration of HPL 

that best reflects the BM-hMSC performance in 10% FBS. This is important as the amount of 

serum used in culture should be minimised, without having a detrimental impact of the growth 

and characteristics of the BM-hMSCs.   

 
 
Experimental Protocol 

In order to make a direct comparison to 10% FBS, BM-hMSC line M2 was selected due to its 

stable growth characteristics in FBS culture. This was compared to 2, 5 and 10% (v/v) HPL in 

DMEM, formulated according to the protocol described in Section 3.2.1. To make this 

comparison, four T-75 flasks were seeded with M2 BM-hMSCs per experimental condition giving 

a total of 16 flasks, which were cultured for three passages according to the protocol described 

in Section 3.2.5. At the end of each passage, the cell number was determined using the protocol 

in Section 3.4.2 and the growth kinetics calculated. In conjunction with this, daily medium 

samples were taken and analysed on the Nova BioProfile FLEX for glucose, lactate and 

ammonium concentrations as described in Section 3.4.6. From the growth kinetics data and the 

relative metabolite concentrations over each passage, the net flux per cell of each metabolite 

was calculated.  

 
 
Results 

The growth kinetics of M2 BM-hMSCs can be seen in Figure 11.3 which shows the increased BM-

hMSC growth kinetics as the concentration of HPL is increased up to 10% (v/v). It is clear also 

that the BM-hMSCs undergo an adaption passage in HPL as the first passage in all concentration 

of HPL is significantly higher (p < 0.05) than the subsequent passages. This is likely due to the 

presence of residual FBS in the culture which supplies additional proteins to support BM-hMSC 

growth that is diluted out through the first passage (Dolley-Sonneville et al. 2013). Following 

this first passage, the number of population doublings stabilises for passages four and five. This 

is also an important finding as it demonstrates that one adaption passage is required prior to 

subsequent experiments involving HPL to allow the growth kinetics of the BM-hMSCs to 

stabilise.      
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Figure 11.3. Population doublings of BM-hMSCs in various concentrations of HPL compared 

with 10% FBS, showing the increased proliferation in the first passage under HPL and the 

increased proliferation at the concentration of HPL in increased. Data shows mean ± SD, n = 4 

 

 

 

 

Figure 11.4. Cumulative population doublings of BM-hMSCs in various concentration of HPL 

compared with 10% FBS over three passages. Showing a similar number of cumulative 

population doublings in 10% HPL and 10% FBS. Data shows mean ± SD, n = 4 
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The number of cumulative population doublings for each condition can be seen in Figure 11.4, 

which shows that the BM-hMSCs cultured in 2% HPL had significantly reduced cumulative 

population doublings (p < 0.01) compared to the other conditions over the three experimental 

passages. Despite the similar number of population doublings at passage three, BM-hMSCs 

cultured in 5% HPL showed a decline in growth kinetics over the subsequent two passages and 

finished with a lower number of cumulative population doublings. In contrast, BM-hMSCs 

cultured in 10% HPL demonstrated a similar number of cumulative population doublings after 

three passages (p > 0.05) compared to BM-hMSCs cultured in 10% FBS. From these data, it can 

be concluded that in terms of BM-hMSC growth kinetics over three passages, 10% HPL is the 

most comparable to 10% FBS.  

 

 

 

Figure 11.5. Phase contrast images showing the morphological changes to M2 BM-hMSCs in 

HPL compared with FBS.  
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The morphology of M2 BM-hMSCs in 2, 5, and 10% HPL compared with 10% FBS can be seen in 

Figure 11.5. The morphology of the BM-hMSCs cultured in HPL shows a marked difference 

compared with FBS, with BM-hMSCs in FBS demonstrating a more spindle-shaped and 

elongated morphology. It is apparent, however, that the concentration of HPL the BM-hMSCs 

are cultured in does not affect their morphology, which is similar for 2, 5 and 10% HPL. Despite 

the differences in morphology compared to FBS, this demonstrates that the concentration of 

HPL used in culture will not affect their morphology, an important characteristics for adherent 

cell expansion.  

   

 

 

Figure 11.6. Glucose consumption rate of BM-hMSCs over three passages in various 

concentrations of HPL and 10% FBS. Data shows mean ± SD, n = 4 

 

 

The net metabolite flux of BM-hMSCs between experimental conditions is an important 

parameter to assess, as it provides a quantitative indication of the effect that varying the 

concentration of HPL in culture has on the metabolic profile of BM-hMSCs. Considering that 
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metabolite concentrations are key process parameters that can be measured online, it will be 

important to ensure they remain stable under different culture conditions.  

 

Figure 11.6 shows the glucose consumption rate of M2 BM-hMSCs over the three experimental 

passages in each condition. The net glucose consumption rate in 2, 5 and 10% HPL remained 

between 10 – 12 pmol.cell-1.day-1 across the three passages, which was reduced compared with 

10% FBS. In contrast, Figure 11.7 shows that the relative lactate production rate of the BM-

hMSCs decreases as the concentration of HPL in culture is reduced. Furthermore, the net 

production rate of lactate in 10% FBS culture of BM-hMSCs is similar to 10% HPL, a further 

indication that 10% HPL supports the expansion of BM-hMSCs in a similar way to 10% FBS.  

 

 

Figure 11.7. Lactate production rate of BM-hMSCs over three passages in various 

concentrations of HPL and 10% FBS. Showing the reduction in lactate production rate as the 

level of HPL decreases. Data shows mean ± SD, n = 4 

 

The relative production rate of ammonium for BM-hMSCs in all conditions can be seen in Figure 

11.8, which in contrast to the net lactate production rate, increases as the concentration of HPL 

is decreased. This is an indication that reducing the concentration of HPL in the culture medium 
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encourages BM-hMSCs to reduce the flux through the aerobic glycolysis pathway and increase 

the utilisation of the glutamine to glutamate pathway, as demonstrated by the increase in 

ammonium production. It can be seen from Figure 11.8, however, that the net production of 

ammonium in 10% HPL is the most similar to 10% FBS, in accordance with the similarity in the 

BM-hMSC growth kinetics over the three passages.  

 

 

Figure 11.8. Ammonium production rate of BM-hMSCs over three passages in various 

concentrations of HPL and 10% FBS. Showing the increase in ammonium production rate as 

the level of HPL decreases. Data shows mean ± SD, n = 4 

 

 

The yield of lactate from glucose can be seen in Figure 11.9, with around 2 mol.mol-1 in 10% 

HPL, demonstrating that glutamine was also metabolised as a carbon source into lactate. Figure 

11.9 also shows that the net flux through the oxidative phosphorylation pathway is increased as 

the concentration of HPL is reduced, although the general trend in the data demonstrates that 

BM-hMSCs predominantly utilise aerobic glycolysis as the main metabolic pathway for energy 

production (Dos Santos et al. 2010).   
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Figure 11.9. Yield of lactate from glucose of BM-hMSCs over three passages in various 

concentrations of HPL and 10% FBS. Showing the decrease in yield of lactate from glucose as 

the level of HPL decreases. Data shows mean ± SD, n = 4 

 

 

This study has assessed the effect of various concentrations of HPL to support the proliferation 

of BM-hMSCs. From these data it is clear that 10% HPL is the most comparable to 10% FBS for 

the support of BM-hMSC proliferation in monolayer culture. Therefore, an HPL concentration 

of 10% will be used for further experiments involving BM-hMSCs with at least one adaption 

passage prior to any experiments taking place.    
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Appendix C. Assessment of PRIME-XV® SFM for BM-hMSC expansion 

 
The development of serum-free BM-hMSC manufacturing processes will be critical for future 

process development as reducing and eventually eliminating the use of FBS from the cell culture 

medium has many key benefits. In addition to lot-to-lot variability, there are further process 

constraints on the use of FBS such as limited supply, spiralling cost, potential for pathogen 

transmission, increased risk of recipient immune reaction and reduced scope for process 

optimization. All of these considerations mean that moving towards a serum-free process would 

be beneficial in achieving scalable and consistent BM-hMSC manufacturing processes. In 

addition, serum-free culture has been shown to be amenable to scalable expansion technology 

such as microcarriers and stirred bioreactors (dos Santos et al. 2011a), producing higher BM-

hMSC yields per unit time than serum-based processes, which will be important for driving down 

the production cost of BM-hMSC therapies.  

 

It is important that prior to using a serum-free medium for BM-hMSC process development, that 

it is assessed for its impact on BM-hMSC expansion to ensure that it provides a favourable 

growth and identity profile. With this in mind an experiment was designed to compare the use 

of PRIME-XV® MSC Expansion SFM to the process baseline of 10% FBS culture for two BM-hMSC 

donors to ensure that any measured effect is not donor specific.   

 
 
Experimental Protocol 

In order to make a direct comparison to 10% FBS, BM-hMSC lines M0 and M2 were selected due 

to their stable growth characteristics in FBS culture. This was compared to PRIME-XV® MSC 

Expansion SFM over three passages. To make this comparison, four T-75 flasks were seeded 

with M0 and M2 BM-hMSCs per experimental condition giving a total of 16 flasks, which were 

cultured for three passages according to the protocol described in Section 3.2.5. At the end of 

each passage, the cell number was determined using the protocol in Section 3.4.2 and the 

growth kinetics calculated. In conjunction with this, daily medium samples were taken and 

analysed on the Nova BioProfile FLEX for glucose, lactate and ammonium concentrations as 

described in Section 3.4.6. From the growth kinetics data and the relative metabolite 

concentrations over each passage, the per cell flux of each metabolite was calculated. At the 

end of the third passage, the cells were assessed for immunophenotype using the flow 

cytometry protocol described in Section 3.4.5.  
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Results 

The number of cumulative population doublings for each condition can be seen in Figure 11.10, 

which shows that both M0 and M2 BM-hMSCs cultured in SFM had between 12 -14 cumulative 

population doublings compared with 8 – 10 cumulative population doublings in FBS over the 

same time period. This represents a significantly higher number of cumulative population 

doublings in SFM (p > 0.01) compared to FBS culture. From these data, it can be concluded that 

PRIME-XV® SFM significantly increases the proliferation potential of BM-hMSCs compared to 

10% FBS. This has the potential to offer advantages during process development as more BM-

hMSCs can be produced per unit time.  

 

 

 

Figure 11.10. Cumulative population doublings of BM-hMSC lines M0 and M2 in 10% FBS and 

PRIME-XV® SFM over three passages. Showing the increased growth kinetics under serum-

free conditions. Data shows mean ± SD, n = 4 

 

 

As mentioned previously, the net metabolite flux of BM-hMSCs between experimental 

conditions is an important parameter to assess, as it provides a quantitative indication of the 

effect that different culture media has on the metabolic profile of BM-hMSCs.  
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Figure 11.11 shows the glucose consumption rate of M0 and M2 BM-hMSCs over the three 

experimental passages in SFM and FBS. The net glucose consumption rate in SFM remained 

between 5 - 7 pmol.cell-1.day-1 across the three passages, which was significantly reduced (p < 

0.01) compared with the 15 - 20 pmol.cell-1.day-1 measured in 10% FBS. Further to this, Figure 

11.12 shows that the relative lactate production rate of the BM-hMSCs in SFM is significantly 

lower (p < 0.01) than BM-hMSCs in FBS culture.  

 

 

 

 

Figure 11.11. Glucose consumption rate of BM-hMSC lines M0 and M2 over three passages in 

10% FBS and PRIME-XV® SFM. Showing the reduced glucose consumption rate in SFM. Data 

shows mean ± SD, n = 4 

 

 

This reduction in the per cell flux of both glucose and lactate demonstrates an increase in the 

metabolic efficiency of BM-hMSC culture in SFM, which has potential advantages with 

increasing process yield, as a reduced concentration of glucose will be required and the 

potential inhibitory effects of lactate build up will be reduced. 
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Figure 11.12. Lactate production rate of BM-hMSC lines M0 and M2 over three passages in 

10% FBS and PRIME-XV® SFM. Showing the reduced lactate production rate in SFM. Data 

shows mean ± SD, n = 4 

 

 

Despite the reduced consumption of glucose and production of lactate over the three passages 

in SFM, Figure 11.13 shows that the per cell flux of ammonium for both BM-hMSC lines in FBS 

and SFM are between 1 – 2 pmol.cell-1.day-1. As before, this is an indication that reducing the 

concentration of serum in the culture medium encourages BM-hMSCs to reduce the flux 

through the aerobic glycolysis pathway and increase the utilisation of the glutamine to 

glutamate pathway, as demonstrated by the measured increase in ammonium production of 

BM-hMSCs in SFM. 

 

The yield of lactate from glucose can be seen in Figure 11.14, with below 1 mol.mol-1 in SFM, 

supporting the previous statement that BM-hMSCs cultures in SFM favour the production of 

energy via oxidative phosphorylation, whereas BM-hMSCs cultured in FBS tend to increase the 

flux through the aerobic glycolysis pathway. This again demonstrates that BM-hMSCs cultured 

in SFM have a more efficient metabolic profile compared to the same BM-hMSCs cultured in 

FBS.   
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Figure 11.13. Ammonium production rate of BM-hMSC lines M0 and M2 over three passages 

in 10% FBS and PRIME-XV® SFM. Showing similar ammonium production rate in both 10% FBS 

and SFM. Data shows mean ± SD, n = 4 

 

 

 

Figure 11.14. Yield of lactate from glucose of BM-hMSC lines M0 and M2 over three passages 

in 10% FBS and PRIME-XV® SFM. Showing the decrease in yield of lactate from glucose in SFM. 

Data shows mean ± SD, n = 4 
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The morphology of M2 BM-hMSCs in SFM compared with 10% FBS can be seen in Figure 11.15. 

The morphology of the BM-hMSCs cultured in SFM demonstrate differences in morphology with 

smaller, more spindle-shaped BM-hMSCs which are also packed more tightly together in 

monolayer culture. This is likely to greatly increase the available number of BM-hMSCs per area 

in culture, which will offer advantages for the manufacture of adherent cells as the yield per 

area will also increase.  

 

 

 

Figure 11.15. Phase contrast images showing morphology of BM-hMSC line M2 in 10% FBS and 

PRIME-XV® SFM over six days of culture.  

 

 

Immunophenotype analysis of M0 and M2 after the three experimental passages can be seen 

in Figure 11.16, which demonstrates the maintenance of CD73+, CD90+, CD105+, CD34- and HLA-

DR- BM-hMSCs in SFM compared with FBS culture. There was an increase in the positive 

expression of CD34 above the 2% positive threshold, which can be attributed to an increase in 

non-specific antibody binding caused by the culture of BM-hMSCs on a fibronectin substrate, as 

the upregulation of CD34 is not biologically possible for BM-hMSCs after selection by plastic 

adherence (Wagner et al. 2005).  
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Figure 11.16. Flow cytometry plots showing expression of CD90+, CD73+, CD105+, CD34- and 

HLA-DR- at the end of passage three in 10% FBS and SFM. In all cases 10,000 events were 

measured. 

   



Appendices 
 
 

297 | P a g e  
 

Appendix D. Fibronectin coating in glass bioreactor vessels 

In order to transfer the microcarrier culture of BM-hMSC from a serum based process to a 

serum-free process, the coating of the plastic microcarrier surface with an attachment protein 

is required to achieve BM-hMSC attachment to the surface. This is because the serum used for 

BM-hMSC culture contains a high level of these attachment proteins that coat the microcarrier 

surface during the microcarrier conditioning phase and promote BM-hMSC attachment to the 

surface and subsequent growth. For the expansion of BM-hMSCs in PRIME-XV® SFM in 

monolayer, fibronectin has successfully been used to coat the surface of the tissue culture flask 

prior to culture and therefore will be used to coat the microcarrier surface in suspension prior 

to BM-hMSC suspension culture. This fibronectin coating of the microcarriers will take place 

immediately before the start of the BM-hMSC culture process to ensure that the coating 

substrate remains active on the surface of the microcarrier prior to BM-hMSC addition. This 

does present a challenge however, as both the coating step and the culture step will take place 

within the same spinner flask vessel to avoid the transfer of material between spinner vessels, 

reducing the potential for loss of material and culture contamination. With the coating of the 

microcarriers with fibronectin taking place in the same spinner flask, it must be confirmed that 

the fibronectin is not able to coat the internal glass surface of the spinner flask, therefore 

allowing BM-hMSCs to attach and grow on a surface other than the microcarriers in suspension. 

With this in mind, an experiment was designed to test whether the BM-hMSCs were able to 

attach to the glass surface of the spinner flask following the fibronectin coating protocol 

developed in Section 6.3.      

 
 
Experimental Protocol 

In order to test whether the fibronectin was able to coat the internal glass surface of the spinner 

flask, four experimental conditions were assessed. The first condition aimed to test the normal 

attachment of BM-hMSCs to tissue culture plastic as a positive control, with the second 

condition testing the relative BM-hMSC attachment in an ultra-low attachment well plate to 

provide a negative experimental control. To assess whether the BM-hMSC were able to attach 

to the spinner flask surface after the fibronectin coating step, the attachment assay was 

performed on a glass vessel treated with Sigmacoat before and after the fibronectin coating 

procedure. For the attachment assay, 10,000 BM-hMSCs per cm2 were seeded into each 

condition at n = 3 with an appropriate volume of culture medium and placed into an incubator 

(see Section 3.2.5) for three hours to allow for BM-hMSC attachment. After this three hour 

period, the culture vessels were removed, washed with PBS and trypsin added to remove BM-
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hMSCs attached to the surface (see Section 3.2.5). The BM-hMSCs in this solution were then 

counted (see Section 3.4.2) and the percentage of BM-hMSC that had attached was calculated 

from the amount initially seeded.      

 
 
Results 

The three hour attachment efficiency of each condition can be seen in Figure 11.17. This 

demonstrates that under normal culture conditions, a high percentage (80 – 90 %) of BM-hMSCs 

are able to attach to the culture surface within this three hour period. In contrast, the 

attachment efficiency of the BM-hMSCs in the ultra-low attachment plate was measured to be 

< 10%, the presence of this low amount of BM-hMSC is likely due to the presence of residual 

cells following the PBS washing step. It is clear from Figure 11.17 that the BM-hMSCs were not 

able to attach to either the spinner flask surface before or after the fibronectin coating step with 

< 30% attachment measured in both conditions. This is significantly lower (p < 0.01) than the 

positive control and the presence of BM-hMSCs in the final solution was likely the result of 

performing the PBS washing step in a spinner flask, which is even more inefficient than the ultra-

low attachment well plate. This is clear evidence that the fibronectin is not able to coat the 

spinner flask and therefore it is possible to perform the fibronectin coating of the microcarriers 

in the same spinner flask that the culture takes place within.   

 

 

Figure 11.17. Comparison of BM-hMSC attachment to tissue culture plastic, low-attachment 

plate, sigma-coated spinner flask and fibronectin coated spinner flask. Demonstrating that 

BM-hMSCs do not attach to the spinner flask surface after fibronectin coating. Data shows 

mean ± SD, n = 3.   
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Appendix E. Controller tuning of the DASGIP DASbox bioreactor platform 

 
The development of a process control strategy will be important to drive increased yield and 

consistency into the production of BM-hMSC in suspension. The goal of this process control 

strategy is to maintain tight control on key process parameters effecting BM-hMSC expansion 

such as dissolved oxygen concentration and the pH of the culture medium. 

 

The DASGIP DASbox bioreactor system has been selected to perform these studies as it can 

maintain the same culture volume as the spinner flasks and has physical characteristics similar 

to bioreactor systems at the litre scale, with the possibility of online monitoring and control of 

these key parameters. The DASbox bioreactor system has been primarily developed for the 

culture of mammalian cells for the production of protein and therefore must be validated for 

the expansion of BM-hMSCs. The key part of this validation is to ensure that the DASbox 

bioreactor system can maintain a tight control of key process parameters for BM-hMSC culture, 

where the consumption of oxygen and production of pH-altering substrates is far lower than 

traditional cell culture processes. With this in mind, an experiment was carried out to tune the 

settings of the pH control loop, which was initially found to be unstable. In contrast, the 

regulation of oxygen in the DASbox system was stable using the default settings and therefore 

these settings were used for all controlled BM-hMSC experiments.         

 
 
Experimental Protocol 

In order to stabilise the pH control system on the DASbox an experiment was set up with the 

system set to control at pH = 7.4 and the culture vessels sterilised, filled with 100 mL of DMEM 

supplemented with 10% FBS and connected to the DASbox bioreactor platform. Following 

calibration of the pH probes, the system was set to control at 100% dissolved oxygen and 37°C 

in order to simulate normal operating conditions. Once stabilised, the control loop parameters 

were adjusted with the software recording and allowed to stabilise to assess the pH range 

obtained under those parameters. This process was repeated until an acceptable control range 

was obtained for the pH in the bioreactor system.  

 
 
Results 

The result of this iterative process can be seen in Figure 11.18. The default settings of the 

DASbox pH controller (point A) created a pH range of 7.42 – 7.67 which is clearly very large, 
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particularly considering the sensitivity of BM-hMSCs to the pH of culture medium (Wuertz et al. 

2009), although these fluctuations are typical within an uncontrolled monolayer process. In the 

first instance, the proportional gain was doubled to 50 in order to increase the magnitude of the 

response of the controller to changes in process disturbances and the reset time was halved to 

increase the response time following a process disturbance. Additionally, the pre-set overlay of 

6% CO2 was applied to prevent the control system from dropping below this value during 

controller fluctuation.  This intervention reduced the pH range by 0.11 (see Table 11.4), however 

this range was still too large for BM-hMSC culture.  

 

 

 

Figure 11.18. Loop tuning of the DASGIP DASbox pH controller for BM-hMSCs showing the 

evolution of the control strategy to obtain a stable process control system.  

 

 

 

The second intervention was to further reduce the reset time of the controller to 300 seconds 

and therefore reduce the lag time of response to process disturbance. In addition to this, the 

auto-reset function was disabled, which is in place to protect the culture process from going 

below the control set-point (pH = 7.4). It was determined that a reduction of the pH to below 

this set-point would not be detrimental to the BM-hMSC culture (Schop et al. 2009b) and 

therefore this layer of protection could be removed as it was the main cause of the fluctuations 

in the culture pH. At this point, it was also decided that the pre-set overlay should be removed 

as this had the potential to cause issues if the pH was reduced enough during expansion that 

the CO2 concentration in the inlet gas was required to be lower than the pre-set value of 6%. 
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Table 11.4. Proportional-integral (PI) controller settings for the pH controller on the DASGIP 

DASbox bioreactor relating to Figure 11.18. Demonstrating the reduced pH range achieved 

after tuning the control settings for BM-hMSC culture on microcarriers.   

 pH set-
point 

Proportional 
gain, Kp 

Reset time, 
Ki (s) 

Deadband 
Auto 
reset 

Pre-set 
overlay 

pH range 

A 7.4 25 3600 0.02 On Off 0.25 

B 7.4 50 1800 0.02 On 6% CO2 0.14 

C 7.4 50 300 0.02 Off Off 0.04 

D 7.4 50 300 0.01 Off Off 0.02 

 

 

 

These changes to the control parameters on the DASbox system greatly reduced the control 

range of the pH to 0.04. It can be seen from Figure 11.18, however, that there was still drift in 

the pH control setting which could be mitigated. To achieve this, the deadband (or neutral zone) 

in the controller was adjusted from 0.02 to 0.01 which acts to decrease the region in which no 

control action occurs. It can be seen from Figure 11.18 that this eliminated the drift in the pH 

and halved the pH control range to 0.02. This was determined to be a satisfactory range for the 

pH controller and represented a reduction in the pH fluctuation of 0.23.  

 




