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ABSTRACT 

 

Mesenchymal stromal cells (MSCs) represent a rare population of multipotent stem 

cells found in many adult tissues. In bone marrow MSCs support haematopoiesis by 

providing marrow stroma. MSCs have recently emerged as an exciting candidate for 

cellular therapy due to their hypoimmunogenic properties and ability to differentiate 

into different tissue types. With the intent of optimizing large-scale expansion of 

MSCs for clinical use, we compared different culturing conditions for their ability to 

support growth and proliferation of bone marrow MSCs (BM-MSCs). We evaluated 

cells cultured in Alpha Modified Eagle Medium (αMEM), Dulbecco’s modified 

Eagle medium (DMEM) in the presence of either 10% fetal bovine serum (10% 

FBS), 10% pooled human platelet lysate (10% pHPL) or commercial serum-free 

formulation (StemPRO® MSC SFM). We concluded that supplementing growth 

medium with pHPL resulted in superior cell yield than fetal bovine serum (FBS) and 

comparable to commercial serum-free formulation. Study II was a phase-I human 

clinical trial, establishing safety of autologous BM-MSC transplantation in nine 

spinal cord injury patients. For this ex vivo expanded MSCs were injected 

intrathecally after premedication. All of our patients tolerated the procedure well and 

no complication was observed during a median follow up of 644 days. Some of the 

patients with sub-acute disease reported subjective improvement in sensory and 

neurological functions. Lastly we carried out a phase-I/II trial of MSCs in allogeneic 

use as a treatment option in treating steroid-resistant graft versus host disease 

(GVHD). GVHD is a life threatening complication of allogeneic stem cell 
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transplantation and only a fraction of patients are cured through steroids. Those who 

fail to respond to steroid have a very poor prognosis. The patients received third 

party BM MSCs as their bone marrow MSCs were failing to cope with the immune-

mediated tissue destruction by donor T cells. A total of 33 MSC infusions were given 

to 10 patients suffering from acute GVHD (n=3), chronic GVHD (n=5) and overlap 

syndrome (n=2). Eight out of ten patients are alive after a median follow up of 11 

months with five having sustained CR. Three patients with partial response received 

further doses to sustain response. One of them died of lung infection while others are 

still alive. One out of the two non-responding patients died after 17 days of MSC 

therapy due to advanced liver GVHD while the other is having stable disease course. 

The overall and disease-free survival was 80% and 50% respectively. The patients 

developed no complication or toxicity related to MSC infusion. Luminex analysis 

revealed a modest drop after MSC infusion in pro-inflammatory cytokines like IFNγ, 

TNFα, IL-1β, IL-2, IL-4, IL-6, IL-17A and IL-17F, whereas serum IL-10 levels were 

slightly raised. Overall a total of 57 preparations of cultured stem cells were made 

which were transplanted via I.V. or I.T. route with no adverse event or serious 

complication to report. Therefore it is concluded that MSCs can be safely given in 

both autologous as well as allogeneic setting as cellular therapy in selected clinical 

situations. This initial data on safety and efficacy calls for taking these clinical trials 

into advanced phase with more detailed account of efficacy measures and addition of 

placebo groups. 
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Chapter 1 

INTRODUCTION 

 

STEM CELLS 

 

Stem cells are group of cells having unique properties unlike all other cell types in the 

body. Stem cells, regardless of their origin, have three properties: they are capable of 

self-renewal over extended period through cell division, they can remain 

unspecialized or undifferentiated inside a differentiated microenvironment, and they 

start differentiating into specialized cells under specific circumstances (Bajada et al., 

2008). Stem cells through their self-renewal ensure provision of a sufficient number 

of undifferentiated cells, which could replace dead and torn off cells in that organ 

throughout adult life of an organism. Although stem cells remain undifferentiated 

inside a differentiated milieu, however they can undergo differentiation in order to 

perform specialized functions. Stem cells can be classified on the basis of their 

differentiation potential or their chronology. Stem cells are commonly divided into 

three classes with respect to their differentiation potential. Totipotent stem cells are 

the ones which can potentially form a complete organism. Pluripotent stem cells 

originate from totipotent cells during early embryonic life and can give rise to most, 

but not all type of cells. Pluripotent stem cells differentiate into multipotent stem cells 

like haematopoietic and mesenchymal stem cells which can be differentiated into 

limited cell types (Rossant and Tam, 2004). In order of chronology, stem cells can be 

classified as embryonic, fetal and adult stem cells. Embryonic stem cells are the most 

primitive of these and can potentially form a whole organism. Fetal stem cells can be 

collected once the fetus is fully grown inside womb or at the time of delivery. These 

cells have a high degree of plasticity and can differentiate into many tissue types. 
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Adult stem cells reside in many organs of an adult organism as a limited population of 

undifferentiated cells which have a capacity of self-renewal and they divide into 

specialized cells of that organ (Hoffman and Carpenter, 2005). 

MESENCHYMAL STEM CELLS 

Multipotent stem cells have been successfully isolated from many adult tissues, out of 

which hematopoietic stem cells (HSCs) are the most extensively studied (Islam, 

1985). HSCs reside in bone marrow (BM) where they divide into precursors of 

erythrocytes, myeloid, lymphoid cells and platelets. Apart from HSCs bone marrow 

also contains non-hematopoietic cells known as “mesenchymal stem cells” (MSCs) or 

“marrow stromal cells” (Caplan, 1991). MSCs are fibroblast-like cells found in bone 

marrow (Beyer Nardi and da Silva Meirelles, 2006), skin (Orciani and Di Primio, 

2013), muscle (Beltrami et al., 2003), connective tissue (Young et al., 1995), adipose 

tissue (Fraser et al., 2006), osseous tissue and many other adult tissues (da Silva 

Meirelles et al., 2006). In BM, MSCs reside in stroma where they produce stromal 

components like collagen, laminin, fibronectin and proteoglycans. Bone marrow 

stroma forms a microenvironment, which supports haematopoiesis by regulating 

cellular proliferation, differentiation and maturation of HSCs (Islam, 1985). In other 

adult tissues MSCs form connective tissue which supports the specialized cells to 

perform different tissue-specific functions (Prockop, 1997). 

 

DISCOVERY 

Mesenchymal stem cells were first identified and characterized in vitro during 1970’s. 

Friedenstein and his colleagues identified a discrete rare population of fibroblast-like 

cells, collected from bone marrow, which adhered to plastic surface of culture plates 
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and formed colonies originating from single cell. They referred to these as osteogenic 

stem cells or bone marrow stromal stem cells (Friedenstein et al., 1976). Although 

these cells had been identified decades ago, but they caught attention after series of 

experiments by Arnold Caplan who demonstrated in vitro characteristics of these 

cells. He also coined the term “mesenchymal stem cell” in 1991 and proposed the key 

aspects of this multi-lineage differentiation into a “mesengenic process” (Caplan, 

1991) [Figure 1]. Eight years later it was shown that these cells possess potential to 

differentiate in vitro into osteocytes, chondroblasts, and adipocytes (Pittenger et al., 

1999a). Since then a lot of interest has been generated in elucidating the biological 

properties of MSCs and their possible therapeutic application in different clinical 

conditions.  

 

ISOLATION AND EXPANSION OF BONE MARROW DERIVED 

MESENCHYMAL STEM CELLS 

 

Currently, bone marrow represents the principal source of MSCs for preclinical and 

clinical studies. MSCs have also been derived from other tissues like, peripheral 

blood, bone tissue, adipose tissue, skin, thymus, spleen, umbilical cord and other sites 

(da Silva Meirelles et al., 2006). BM-derived MSCs are collected by aspirating small 

volume of bone marrow from iliac crest under local anesthesia. MSCs make a very 

small proportion (0.001-0.01%) of all nucleated cells in marrow, which even 

decreases further with growing age (Chan and Lam, 2013). Therefore, methods of 

their enrichment after collection are essentially required.  
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Figure 1: The mesengenic pathway as shown in Caplan, 1991 
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The most widely adopted method involves layering of bone marrow aspirate over 

density gradient solution like Ficoll to separate mononuclear cells (MNCs) from the 

rest of hematopoietic cells. These MNCs are then loaded onto plastic culture devices. 

MSCs present in this heterogeneous population can be purified using their property to 

adhere to plastic surface. The two most widely used mediums for culturing of MSCs 

include Alpha Minimal Essential Medium (αMEM) and Dulbecco’s Modified Eagle’s 

Medium (DMEM) [Ben Azouna et al., 2012]. These mediums have defined amount of 

nutrients, amino acids, salt buffers and glucose. Additional supplements like fetal 

bovine serum (FBS) or fetal calf serum (FCS) are also added in the medium at 

optimal concentration between 10-20% of medium (Bieback, 2013).  

 

During last decade efforts have been made to replace FBS or FCS with use of human 

serum, platelet-rich plasma (PRP) and lately with human platelet lysate (HPL) as 

supplement and as a source of growth factors. Similarly many good manufacturing 

practices (GMP) compliant facilities worldwide prefer using xenogen-free products in 

cellular therapy protocols (Hemeda et al., 2014). In this thesis, we also compared 

immunophenotypic characteristics, growth kinetics and differentiation potential of 

MSCs cultured in alpha MEM and DMEM media supplemented either with HPL or 

FBS, and compared it with characteristics of MSCs cultured in commercial serum free 

formulation (StemPro® MSC SFM XenoFree by Life Technologies). 

CHARACTERIZATION OF MESENCHYMAL STEM CELLS 

During in vitro cultures, MSCs appear as a population which is distinct in 

morphology, immunophenotype and functions from their hematopoietic counterparts. 

In 2006, the International Society for Cellular Therapy (ISCT) proposed minimal 

criteria for defining MSCs in the form of a position statement. According to that more 
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than 95% of MSC population must express CD105, CD73 and CD90 and lack 

expression of makers of hematopoietic lineages like CD45, CD34, CD14 or CD11b, 

CD79alpha or CD19 and HLA-DR. Likewise, MSCs must remain adherent to plastic 

surfaces during their in vitro culturing. In addition, MSCs must be able to differentiate 

into osteogenic, adipogenic and chondrogenic lineages under specific culturing 

conditions (Dominici et al., 2006). 

 

CELL SURFACE MARKERS OF MESENCHYMAL STEM CELLS 

 

Despite extensive efforts being expended during last two decades, scientists are yet 

not fully able to identify a single marker for identification of MSCs. Besides this, 

there is still no panel of antigenic markers available for a hierarchal classification of 

MSCs at different stages of their maturation. This is in sharp contrast with HSCs, for 

which there are set of antigenic markers to pinpoint every stage of their development 

and maturation.  

The first antibody used for identification of colony forming unit-fibroblast (CFU-F) in 

MSC cultures was stromal cell surface marker 1 [STRO-1] (Simmons and Torok-

Storb, 1991). It marks a sub-population of CFU-F which is capable of multilineage 

differentiation, bone formation and hematopoietic microenvironment. Furthermore, 

the MSC progeny derived from STRO-1 positive colonies lack expression of typical 

hematopoietic antigens (CD34, CD45, CD11b and CD14) or endothelial marker 

(CD31). Around the same time, Arnold Caplan’s lab isolated 3 monoclonal antibodies 

named SH2, SH3 and SH4 as specific cell surface markers for positive selection of 

human MSCs (Haynesworth et al., 1992). These were eventually found similar to 

CD105 (endoglin) (Barry et al., 1999) and CD73 (ecto-5’-nucleotidase) (Barry et al., 
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2001), which are now considered as benchmarks for MSC identification. Beside these, 

a number of other possible markers of human MSC identification listed in Table 1.  

MULTILINEAGE DIFFERENTIATION POTENTIAL OF MESENCHYMAL 

STEM CELLS 

 

One of the unique properties of stem cells is their pluripotency. The MSCs derived 

classically from BM show multipotent capacity and can differentiate into all types of 

cells found in skeletal system, including bone cells, chondroblasts and adipocytes. 

This tri-lineage differentiation has been demonstrated in both in vitro experiments and 

in vivo. Under in vivo conditions, MSCs exist as a population of mostly quiescent 

cells, which would differentiate upon receiving cues from local microenvironment. 

While in vitro, the stimulus mostly comes by induction through adding specific 

growth and differentiation factors. Using this technique, MSCs have been successfully 

differentiated into many lineages, other than those of mesodermal origin (Caplan and 

Dennis, 2006; Gimble et al., 2008). 

 

OSTEOGENIC DIFFERENTIATION 

 

The most widely used protocol for MSC differentiation into osteogenic lineage 

involves incubation of single layer of MSCs with ascorbic acid, β-glycerol phosphate, 

and dexamethasone for approximately 2–3 weeks. MSCs differentiate into osteogenic 

precursors which develop into osteoprogenitor cells, which in turn give rise to 

preosteoblasts and lead to formation of functional osteoblasts, and eventually 

osteocytes (Song and Tuan, 2004). Alizarin red and von Kossa dyes are used to 

positively stain bony nodules. During this induction, MSCs acquire an osteogenic 
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Table 1: Markers for isolation of mesenchymal stromal cells 

 

POSITIVE SELECTION NEGATIVE SELECTION 

CD9, CD10, CD13, CD29 

CD44, CD49a, CD49b, CD49c, CD49e 

CD51, CD54, CD58, CD61, CD62L 

CD71, CD73, CD90, CD102, CD104 

CD105, CD106, CD119, CD120a 

CD 120b, CD121, CD123, CD124 

CD126, CD127, CD140a, CD166 

CCR1, CCR4, CCR7, CXCR5, CCR10 

VCAM-1, CD166, AL-CAM, ICAM-1 

STRO-1(CD140b), frizzled-9 (CD349) 

HER-2/erbB2 (CD340) 

W8B2, W3D5, W4A5, W5C4, W5C5 

W7C6, 9A3, 58B1, F9-3C2F1, HEK-3D6 

CD45, CD34, CD14, CD11a, CD19 

CD86, CD80/ CD40, CD15, CD18 

CD25, CD31, CD49d, CD50, CD62E 

CD62P, CD117 
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 morphology by upregulating expression of alkaline phosphatase and accumulation of 

mineralized calcium in extracellular matrix (Pittenger et al., 1999a). 

Along with the phenotypic progression of MSCs, different transcription factors are 

subsequently activated and inactivated. Runt-related transcription factor-2 (Runx2, 

also called Cbfa1) is the master regulator of osteogenesis. Studies have proven it to be 

sufficient to transform mesoderm-type cells into the osteogenic lineage (Marie, 2008). 

Osterix (Osx) also known as specificity protein 7 (Sp7) is another major transcription 

factor that regulates osteogenesis (Li et al., 2013). Activator protein-1 (AP-1), β-

catenin, activating transcription factor-4 (ATF4) and members of Msx/Dlx family are 

transcription factors which mainly play regulatory role in osteoblast differentiation 

and bone formation (Cook and Genever, 2013). 

 

CHONDROGENIC DIFFERENTIATION 

 

For chondrogenic induction, MSCs are cultured in the form of micromass. Briefly, 

MSCs are centrifuged to form a cell pellet which is resuspended in a small volume 

and loaded onto the center of Petri dish or glass slide. Transforming growth factor-β is 

added for chrondrogenic differentiation (Mackay et al., 1998). Multiple layers of cells 

are formed showing matrix-rich morphology and positive staining with toluidine blue. 

This uptake of stain is due to presence of glycosaminoglycans in their extracellular 

matrix. Type II collagen is also produced by these cells (Pittenger et al., 1999a). 

 

In vivo studies reveals that SRY-box containing gene 9 (Sox9) is the master regulator 

of chrondrogenesis, that activates the expression of chondrocyte-specific genes like 

Col2a and Agc1 (Yamashita et al., 2012). Regulation of chondrogenesis, chondrocyte 
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formation and transition to a non-mitotic hypertrophic state by Sox9 is required for 

development of cartilage and endochondral bone (Leung et al., 2011). Functioning of 

Sox9 is regulated by diverse transcriptional co-activators, histone remodeling 

enzymes, mediator complex and other components of transcriptional machinery e.g., 

Med12, Med25, and CBP/p300 (Akiyama and Lefebvre, 2011). 

 

ADIPOGENIC DIFFERENTIATION 

 

For adipogenic differentiation, incubation of MSCs is carried out in medium 

containing dexamethasone, isobutyl methyl xanthine, insulin and indomethacin. The 

lipid vacuoles in adipocytes express Peroxisome proliferation-activated receptor γ 2 

(PPARγ2), lipoprotein lipase (LPL), and fatty acid-binding protein aP2 (Pittenger et 

al., 1999a). These lipid-filled vacuoles can be stained by using Oil red O. In vivo 

studies identified PPARγ2 (a nuclear hormone receptor transcriptional factor) as 

master regulator of adipogenesis (Nuttall et al., 2014). CAAT/enhancer binding 

protein-α (C/EBPα) is another important transcription factor that is involved in 

regulation of adipogenesis (Samuelsson et al., 1991). 

 

DIFFERENTIATION INTO OTHER LINEAGES 

 

Besides the above mentioned lineages, MSCs have also been differentiated 

successfully in a variety cell types like fibroblasts, myoblasts and cardiomyocytes, 

hepatocytes, tenocytes and even neurons. Gimble et al., (2008) reviewed in detail the 

differentiation of MSCs into different lineages along with their biological role and 

potential clinical applications. 
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BIOLOGICAL PROPERTIES OF MSCs 

The fact that MSCs can be easily collected, cultured in vitro, differentiated into 

several different cell types and their immunologic characteristics clearly make them a 

promising candidate for cellular and gene therapy strategies. Few of the biological 

features of MSCs which are significant from clinical perspective are mentioned 

hereunder.  

 

CAPACITY TO MIGRATE AND ENGRAFTMENT 

 

Numerous in vivo studies have shown therapeutic effects of MSCs by their migration 

from blood into the injured or inflamed tissue (Chavakis et al., 2008). The MSC 

migration mechanism can be explained as a sequential event involving many steps. 

After acute injury, specific chemokines, and their receptors or ligands are upregulated 

in the injured tissue. These molecules facilitate MSCs mobilization, their adhesion 

and infiltration into target tissue. They also provide a unique microenvironment 

(niche) which supports their self-renewal and multipotency (Chapel et al., 2003). 

MSCs trans-migration across endothelium is supported by integrins, selectins, and 

chemokine receptors which are expressed on these cells (Brooke et al., 2008). MSCs 

get entrapped in capillaries or small vessels where they directly communicate with 

accessory cells and secrete a range of cytokines and growth factors (Cselenyak et al., 

2010). Experiments designed for site-directed delivery of MSCs have resulted in 

successful engraftment, especially in experimentally induced injury models. This 

strategy has been applied in myocardial infarction disease to recruit MSCs for repair 

of infracted myocardium (Orlic et al., 2001). 
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DIFFERENTIATION CAPACITY 

 

Another salient feature of MSCs is their extensive in vitro differentiation potential 

induced by a variety of growth and differentiation factors. In contrast, in vivo 

differentiation of engrafted MSCs might be regulated by an even complex local tissue 

environment. Different studies have shown differentiation of MSCs into at least three 

types of cells, depending on the demand of host tissue as defined by release of cellular 

signals in local microenvironment: (1) Tissue-specific cells, as per requirement of 

host tissue (Psaltis et al., 2008). (2) Function-oriented cells required by local tissue to 

participate in repair and rejuvenation by providing the required tissue 

microenvironment (Petrie Aronin and Tuan, 2010).  (3) Regulatory cells that take part 

in repair and tissue regeneration by release of immunomodulaotry and trophic 

cytokines (Ankrum and Karp, 2010). 

 

SECRETION OF BIOACTIVE MOLECULES 

 

MSCs perform most of their significant biological roles by secreting biologically 

active molecules like chemokines, cytokines, and growth factors. With extensive 

research on paracrine secretion of bioactive molecules, the clinical interest in use of 

MSCs has been freed from the need of their engraftment or differentiation into target 

tissues (Caplan and Dennis, 2006). These paracrine functions of MSCs include 

chemoattraction, immunomodulation, anti-apoptotic and proliferative abilities. There 

is an ever-increasing list of molecules which mediate paracrine function of MSCs. 
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CLINICAL PROPERTIES OF MESENCHYMAL STEM CELLS 

 

Initially it was thought that the therapeutic repair by MSCs is carried out exclusively 

through replacing the damaged cells. However this notion has been challenged and 

research has proven that in an injured tissue, MSCs act by paracrine secretion of 

bioactive molecules as well as replacing the injured cells with MSC-derived cells 

(Prockop and Olson, 2007).  The body of evidence on safety and efficacy of cellular 

therapy has increased enormously during last decade by virtue of in vitro and in vivo 

studies as well as limited clinical trials. In this context, promising results of research 

in MSCs in preclinical research have led to exploration of their clinical potential in 

many avenues of regenerative medicine, cellular and gene therapy.  

 

TISSUE REPAIR AND REGENERATIVE PROPERTIES OF MSCS 

 

The intrinsic stem cells present in all adult tissues perform repair and regenerative 

work by dividing and producing functional cells. Body’s primary repair and 

regenerative work is done by the mesenchymal stem cells, thereby tissue integrity and 

homeostasis is restored after any mechanical, chemical or disease mediated tissue 

injury. The fate of resident cells at the site of tissue injury is decided by a number of 

soluble mediators that are produced at the site (Eming, et al., 2007). 

 

There are two main mechanisms for repair of injured tissue. Firstly regeneration, 

which involves replacement of damaged cells. Secondly through granulation, in which 

immune cells are recruited along with MSCs differentiation (Diaz-Flores et al., 2012). 

As MSCs are found in different adult tissues as a very rare population, therefore their 

potential clinical use requires expansion in vitro to produce clinically relevant cell 
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doses. Till date, studies reporting on active recruitment of endogenous BM-MSCs are 

rare, while studies reporting on the passive recruitment of culture-expanded BM-

MSCs are plentiful. 

 

Bone marrow-derived MSCs are known to differentiate not only into cells of 

mesodermal lineage but also into cells of the neuronal and glial lineage. The 

therapeutic application of MSCs has been supported by the fact that MSCs display 

significant anti-proliferative, anti-inflammatory and anti-apoptotic features. These 

properties of MSCs have been exploited in the effective treatment of different 

diseases like experimental autoimmune encephalomyelitis (EAE), experimental brain 

ischemia and in animals undergoing brain or spinal cord injury (Uccelli et al., 2011).  

 

Several investigators have reported that MSCs possess immunosuppressive features 

(Bartholomew et al., 2002). These immunosuppressive properties, in combination 

with the restorative functions of BM-MSC reduce the acute inflammatory response to 

injury. BM-MSC transplantation in an experimental spinal cord injury model has been 

shown to enhance neuronal protection and cellular preservation via reduction in 

injury-induced sensitivity to mechanical trauma (Abrams et al., 2009). It is further 

proposed that MSCs as attenuators of immunity, serve as immune-regulators in those 

disorders where chronic activation of immune cells such as reactive astrocytes and 

activated microglia/macrophage have an important role. Therefore, bone marrow-

derived MSCs are an exciting candidate for cellular therapy trials for diseases like 

spinal cord injury and graft versus host disease. 
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MESENCHYMAL STEM CELLS AS TREATMENT OF SPINAL CORD 

INJURY 

 

Spinal cord injury (SCI) is a severe neurological disorder that may result in functional 

deficit and clinical dependency due to paralysis (Rolls et al., 2009). Despite several 

advancements, the currently available treatment strategies, like pharmacological 

intervention, surgical management and rehabilitation techniques provide limited effect 

(Bracken, 2012). Cellular transplantation has recently immerged as a promising 

therapeutic approach to SCI (Park et al., 2005). For this purpose, various cell types 

have been used in preclinical and limited clinical trials including Schwann cells, 

macrophages, olfactory ensheathing cells and adult stem cells, like neural stem cells, 

umbilical cord blood stem cells, mesenchymal stem cells (MSCs) and induced 

pluripotent stem cells (Ogawa et al., 2002; Ramer et al., 2004; Parr et al., 2007; 

Pearse et al., 2007; Park et al., 2012; All et al., 2015). 

Mesenchymal stem cells are attractive candidates for cellular transplantation 

strategies. MSCs are found in many adult and fetal tissues. They can be easily 

obtained from a variety tissue sources, expanded in long term cultures without 

cytogenetic changes, and potentially differentiate into various cell types including 

neural cells, both in vitro and in vivo upon induction. MSC transplantation in 

experimental models of SCI resulted in functional recovery by increasing area of 

tissue sparing, remyelination of spared white matter and enhanced axonal 

regeneration (Alexanian et al., 2008). According to recent understanding MSCs 

accomplish a therapeutic effect primarily by secretion of neurotrophic factors and 

provision of stromal support to augment repair at site of spinal injury (Caplan and 

Dennis, 2006).  
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A very important requirement of cellular transplantation strategies is means of cellular 

delivery that can be both safe and efficient. Direct injection to the site of injury is the 

most commonly used method in SCI animal models, which no doubt is beneficial as it 

determines the exact and complete transfer of cells to the respective site but on the 

other hand it bears risks of further damaging the cord (Schallmoser et al., 2007). 

Minimal invasive techniques include intravascular delivery and intrathecal injection 

(Kumar et al., 2009; Dasari et al., 2014). This way the risk of causing further injury to 

patient is avoided and hence multiple cell doses can be delivered. Intrathecal 

administration may be superior to intravenous injection, as cell engraftment and tissue 

sparing was significantly better after intrathecal delivery (Spees et al., 2004; Saito et 

al., 2008), but this fact needs further investigation for broader acceptance for this 

method. In the study II of this thesis, we carried out autologous transplantation of in 

vitro expanded BM-MSCs for the first time in Pakistan in a cohort of spinal cord 

injury patients. These patients received MSCs via intrathecal injections with no 

adverse event or side effect.  

 

IMMUNOSUPPRESSIVE PROPERTIES OF MESENCHYMAL STEM CELLS 

 

The immunoregulatory properties of MSCs are among the most intriguing aspect of 

their biology (Le Blanc et al., 2003) due to which not only they become 

unrecognizable to the immune system, they can also inhibit various functions of 

immune cells. MSCs affect cells from both innate and adaptive immune system. 

These include T-cells, B-cells, natural killer (NK cells), monocytes/macrophages, 

dendritic cells and neutrophils (Le Blanc and Mougiakakos, 2012). MSCs express 

various factors upon activation by inflammatory stimuli. These soluble factors help in 
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the inhibition of immune cells (Krampera, 2011). However, resting MSCs exhibit a 

supportive and anti-apoptotic effect on different cellular populations like T-cells, B-

cells, NK cells and neutrophils (Cassatella et al., 2011). Moreover, resting MSCs also 

favor the survival and proliferation of activated B cells, which do not produce IFN-γ, 

whereas previous treatment of MSCs with exogenous IFN-γ converts them into a B-

cell inhibitory phenotype (Maby-El Hajjami et al., 2009).  

 

MSC-MEDIATED IMMUNOSUPPRESSION IN VITRO MSCS AND T CELLS 

 

T cells were the first immune-related cell type shown to be affected by MSC. In 

response to alloantigens (Tse et al., 2003), non-specific mitogens (Di Nicola et al., 

2002), CD3 and CD 28 antibodies (Krampera et al., 2003; Nauta et al., 2006) MSCs 

inhibit activation and proliferation of T lymphocytes in vitro (Figure.2). It occurs due 

to inhibition of cell division as shown by the accumulation of activated cells in the 

G0/G1 phase of the cell (Glennie et al., 2005). Additionally, T cells proliferation is 

suppressed by human MSCs due to interaction of both, that leads to production of 

cytokines including IFN-c (Krampera et al., 2006) and IL-1b (Groh et al., 2005) by 

activated immune cells. This causes decreased production of effector Th1 cytokines 

(Aggarwal and Pittenger, 2005a) like IFN- γ and IL-2 and downregulates cytotoxic T 

lymphocyte-mediated cytotoxicity. 

Transforming growth factor β1(TGF- β1) and hepatocyte growth factor  (Di Nicola et 

al., 2002), indoleamine 2,3-dioxygenase  (Meisel et al., 2004) and prostaglandin E2 

(Aggarwal and Pittenger, 2005a) are molecules that cause immunomodulation of T 

cell responses. In vitro studies have shown that human MSC cause production of CD4 

positive T cell subsets called T regulatory cells (Aggarwal and Pittenger, 2005a; 
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Figure 2: Immunomodulation of MSCs. A summary of the range of soluble and 

cell surface proteins that may mediate the effects of human MSCs on 

immune responses. Abbreviations: MSC, mesenchymal stem cell; Th, 

helper T-cell; Tc, cytotoxic T-cell; B, B-cell; Treg, regulatory T-cell; 

Neu, neutrophil; Mo, monocyte; DC, dendritic cell; NK, natural killer 

cell; NO, nitric oxide; IFN-γ ; interferon γ; TNF-α, tumour necrosis 

factor-α ; PGE2, prostaglandin E2; TGF-β 1, transforming growth 

factor-β 1; IL, interleukin; HGF, hepatocyte growth factor; IDO, 

indoleamine 2,3-dioxygenase; HLA-G5, human leukocyte antigen-

G5; NKp30, natural killer cell p-30 related protein; NKp44, natural 

killer p-44 related protein; NKG2D, natural killer group 2, member D. 

(Mok et al., 2013) 
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Maccario et al., 2005). This increased proportion of Tregs shifts the balance from a 

proinflammatory milieu towards an anti-inflammatory or immunomodulatory 

microenvironment. 

 

MSCs AND B CELLS 

 

B cell proliferation is inhibited by MSCs through division arrest anergia. They even 

alter B cell maturation, antibody secretion and their chemotactic properties by 

reducing the expression of the chemokine receptors CXCR4, CXCR5, CCR7 and their 

chemotaxis to CXCL12 and CXCL13 (Corcione et al., 2006). Some parallel studies 

suggest supporting role of MSCs in survival, proliferation and differentiation of B 

cells to antibody secreting cells (Traggiai et al., 2008). The difference in results can 

be different experimental methodologies used in different studies. 

 

Studies have shown that apoptosis is not induced by MSCs in B cells rather G0/G1 

phases of the cell cycle is blocked, like in T cells(Glennie et al., 2005; Corcione et al., 

2006). Additionally MSC also inhibit B cells differentiation into antibody-secreting 

cells, immunoglobulin production and downregulate chemokine receptors expression 

like CXCR4, CXCR5 and CCR7 (Corcione et al., 2006). 

 

MSCs AND NATURAL KILLER CELLS 

 

The main effectors of innate immune system responsible for eliminating virus 

infected and malignant cells are called NK cells (Moretta et al., 1994).  NK cells 

develop close interactions with MSCs in BM where they originate. Studies have 

shown MSCs ability to inhibit IL-2 or IL-15 mediated NK cells proliferation as well 
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as their IFN-γ secretion (Sotiropoulou et al., 2006a). Differences in experimental 

conditions are the most likely cause of the controversy that prevails in the effects of 

MSC on NK cell mediated cytotoxicity. NK cells target lysing ability has also been 

shown to be rendered impaired by MSCs in some initial data (Krampera et al., 2006). 

Recent studies have rejected this concept by showing that NK mediated lysis is not 

inhibited when freshly isolated NK cells were tested on HLA class I-negative or 

positive allogeneic targets in the presence of MSC (Sotiropoulou et al., 2006b). 

Different studies have shown that NK cells activated by IL-2 produced significantly 

lower levels of IL-15 induced cytokines (IFN-c, IL-10, TNF-a) following culture with 

MSC (Poggi et al., 2005; Sotiropoulou et al., 2006a; Spaggiari et al., 2006). 

 

MSCs AND DENDRITIC CELLS 

 

The antigen presenting dendritic cells (DCs) are also influenced by MSCs. In vitro 

differentiation of human blood monocytes, cord blood and CD34 positive 

hematopoietic progenitor cells into DCs is rendered impaired by MSCs. The ability of 

DCs to stimulate T-cell proliferation is also suppressed (Zhao et al., 2010).  

 

MSC-MEDIATED IMMUNOSUPPRESSION IN VIVO 

 

Bartholomew and colleagues showed that MSCs administered intravenously result in 

immunosuppression in vivo whose magnitude is similar to that of potent 

immunosuppressive used in clinics (Bartholomew et al., 2002). Analyzing different 

studies on MSC interactions with immune cells show that the outcome is primarily 

based on the microenvironment. 
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CLINICAL STUDIES 

 

Activation of T cells is inhibited by MSCs with help of CD3 and CD28 antibodies 

(Krampera et al., 2003). T cell proliferation is inhibited in presence of MSCs as 

induced by alloantigens (Le Blanc et al., 2003) and mitogens (Di Nicola et al., 2002). 

MSCs suppress CTLs proliferation thus inhibiting their cytotoxic effects (Potian et 

al., 2003), without facing any immunogenicity. Similar effects have been observed 

with cells that were autologous or allogeneic to the responder cells (Le Blanc et al., 

2003; Maccario et al., 2005). Co-culturing of MSCs with lymphocytes show 

inhibitory effects (Djouad et al., 2003) which are otherwise not shown by 

supernatants from human and mouse MSCs cultures (Augello et al., 2005). This 

shows that the suppressive factors are not individually secreted by MSCs, but the 

affect is based on interaction of both cell types. Di Nicola et al., (2002) suggested that 

mediators for suppression in a mixed lymphocyte reaction include molecules like 

TGF-β and hepatocyte growth factor (HGF). Proliferative response of T cells can be 

restored by neutralizing antibodies against TGF-β and HGF (Di Nicola et al., 2002).  

 

Other studies rejected this point (Le Blanc et al., 2004a) by suggesting that stimulus 

based mechanisms take place. Prostaglandin E2 (PGE2) production from MSCs is 

enhanced in co-culture with PBMCs. Inhibition of PGE2 synthesis reduces 

suppression and cytokine production of T cells by MSCs (Tse et al., 2003). Another 

enzyme indoleamine 2, 3-dioxygenase (IDO) also plays a role in the suppression of T-

cell proliferation by MSCs (Meisel et al., 2004). MSCs show IDO activity when 

stimulated by IFN-γ, due to which essential tryptophan is degraded resulting in 

kynurenine breakdown products, causing reduced lymphocyte proliferation. While 

one recent study indicated that conversion of tryptophan to kynurenine by MSCs 
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induce T cells apoptosis (Plumas et al., 2005). MSC-induced T-cell anergia is also a 

potent cause of immune suppression. MSCs lack surface expression of co-stimulatory 

molecules, like CD80 (B7-1) and CD86 (B7-2). The unresponsiveness of T cells in 

the presence of MSCs has been shown to be transient that can be restored after 

removal of MSCs (Krampera et al., 2003). Other studies have shown in murine 

models that T-cell tolerance was induced (Zappia et al., 2005). Different experimental 

conditions or the origin of the MSCs may be the cause of differences in the results of 

these studies. 

 

MESENCHYMAL STEM CELLS IN TREATMENT OF GVHD 

 

Allogeneic haematopoietic stem cell transplant has become first choice of treatment 

for many malignant and non malignant haematological disorders (Goldman et al., 

1982). Although great progress has been made to prevent and minimize transplant-

associated complications, yet graft versus host disease (GVHD) remains a significant 

complication affecting the outcome in these patients. It is a severe inflammatory 

condition that arises when recipient tissues are attacked by immune mediated donor T 

cells during transplantation (Ringden and Nilsson, 1985). Acute GVHD 

predominately affects the skin, upper and lower GI tract, liver, sometimes eye and 

oral mucosa are also affected (Przepiorka et al., 1995). 

 

The pathophysiology of GVHD shows that it has different phases. In first phase i.e., 

afferent phase, damage to host tissue occurs (Ball et al., 2008). In second phase i.e., 

induction and expansion phase, recipient/donor APC and inflammatory cytokines 

trigger and activate donor T cells (Bader et al., 2004). Activated T cells produce IL-2 

and IFN-γ (Mosmann et al., 2005). IL-2 amplifies allogeneic immune response (Via 
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and Finkelman, 1993), which activates more T cells and natural killer cell responses, 

triggering macrophages to release TNF-α and further inflammation damages skin and 

gut. The third phase i.e., effector phase, is characterized by cytotoxic damage against 

host cells by activated donor T-cell-mediated through Fas–Fas ligand interaction 

(Schmaltz et al., 2001), perforin–granzyme (Wasem et al., 2001) and TNF-α 

(Remberger et al., 2003). The latter affects the pathophysiology by modulating 

production of cytokine including IL-1, IL-6, IL-10, IL-12 and TNF-α. This 

dysregulation is responsible for the clinical manifestations of acute GVHD (Couriel et 

al., 2004; Zeiser et al., 2004).  

 

The cells involved in GVHD pathophysiology include CD4 positive T cells that 

maintain CD8 positive T cells expansion to mediate GVHD (Kalams and Walker, 

1998), APCs; these have role in the initiation phase of acute GVHD (Holler et al., 

2006) and natural killer (NK) cells; in effector phase cause tissue damage releasing 

inflammatory cytokines and nitric oxide. Natural killer cells mediate cell death by two 

important pathways: Fas–Fas-ligand-mediated apoptosis and perforin–granzyme-B-

mediated cytolysis (Via et al., 1996). 

 

One of the major predictors of GVHD is HLA difference between donor and recipient 

(Beatty et al., 1985). Other affecting factors include patient and donor age, gender 

mismatch between donor and recipient (Weisdorf et al., 1991), minor 

histocomapatibility antigen (mHA) expression difference in otherwise identical HSCT 

(Goulmy et al., 1996),  (Kollman et al., 2001), intensity of conditioning and GVHD 

prophylaxis (Przepiorka et al., 1999), source and dose of stem cells. PBSCs have been 

reported to pose a greater risk than bone marrow (Cutler et al., 2001).  
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Steroids are the first line therapy for acute GVHD patients and are standard treatment 

for grade II–IV acute GVHD (Thomas et al., 1975). Steroids are also responsible for 

cardiovascular, neurological, immunological and metabolic adverse effects (Martin et 

al., 1990). Acute GVHD is considered as steroid-refractory if persists after 5-7 days 

treatment with steroids (Deeg, 2007). Various agents that are being investigated from 

last two decades as second line therapy include low-dose methotrexate (MTX), 

mycophenolate mofetil (MMF), extracorporeal photopheresis (ECP), interleukin 2 

receptor targeting, antibody therapy against CD3, CD7, CD25, CD52, CD147, IL-1, 

and TNF-α (i.e., basiliximab, daclizumab, denileukin, diftitox and alemtuzumab), 

horse ATG, etanercept, infliximab, and sirolimus and recently infusions of 

mesenchymal stem cells(Przepiorka et al., 2000; de Lavallade et al., 2006; Martin et 

al., 2012). 

 

Mesenchymal stromal cells (MSCs) have recently emerged as a promising candidate 

for cellular therapy in many autoimmune diseases including acute and chronic GVHD 

(Ringden and Le Blanc, 2011). MSCs exert their immunomodulatory effect on cells of 

immune system by inducing T cell anergia and apoptosis, altering cytokine secretion 

by effector T cells, upregulation of regulatory T cells (Tregs), inhibition of B cells 

differentiation into plasma cells, suppression of NK cells and dendritic cells, as 

reviewed in (Amorin et al., 2014). In addition, MSCs also secrete many bioactive 

molecules and pro-angiogenic factors (Parekkadan et al., 2007). Bone marrow MSCs 

retain normal phenotypic and immunomodulatory properties in GVHD patients and 

can be used in autologous settings for treating GVHD (Copland et al., 2015).  

 

But in situations like myeloablative chemotherapy preceding allo-HSCT, a significant 

destruction of indigenous MSC pool occurs and thus achieving a sufficient number of 
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MSCs with potent replicative and immunoregulatory potential becomes challenging. 

Allogeneic use of MSCs in various post-allo-HSCT complications like GVHD is 

supported by a low expression of major histocompatibility complex (MHC) class II 

and absence of co-stimulatory molecules like CD40 and CD40 ligand (Machado Cde 

et al., 2013).   

Rationale for clinical studies 

There is a relative paucity of data on clinical use of bone marrow mesenchymal stem 

cells in patients suffering with spinal cord injury. Moreover most of the clinical trials 

published so far have adopted the traditional protocol employing ex-vivo expansion of 

MSCs in fetal bovine serum (FBS), which has its own limitations like transfer of 

xenogenic proteins into CSF which may lead to undesired side effects including 

meningitis. Autologous human serum was used in a few studies, but it lacks optimum 

amount of key growth factors like FGF-2, TGF-beta and importantly PDGF.  We 

therefore, decided to establish in-vitro expansion of MSCs in the presence of pooled 

human platelet lysate (pHPL) and their safe delivery, for the first time, into 

cerebrospinal fluid through intrathecal route in patients suffering with spinal cord 

injury (study II).  

 

Although there is adequate data available on clinical efficacy of MSCs in alleviating 

GVHD symptoms, especially in acute GVHD, but many of these studies have a low 

power and are poorly controlled. Similarly there is limited scientific literature with no 

consensus regarding optimal choice of treatment in case of steroid-resistant chronic 

GVHD. Various clinical trials have adopted different approaches to treat refractory 

cGVHD, as reviewed by Nishimori and colleagues (Nishimori, Maeda, & Tanimoto, 

2013). The 2012 guidelines of British Committee for Standards in Haematology 
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(BCSH) suggest insufficient evidence to recommend MSCs as therapeutic option in 

chronic GVHD (Dignan et al., 2012), largely because of lack of focus on this domain. 

Since then, MSCs have been actively investigated in chronic disease setting. Our third 

study was a therapeutic exploratory trial poised to investigate safety and clinical 

efficacy of allogeneic BM-MSCs to patients suffering with steroid-refractory GVHD 

(study III). A historical control group of matching age, gender and disease status was 

also included later to compare the clinical outcome in cellular therapy arm to those 

receiving other treatment regimens trialed to provide some therapeutic benefit in 

patients failing to respond to standard of care treatment i.e. steroids.  

AIMS AND OBJECTIVES 

 

Mesenchymal stromal cells have recently emerged as an exciting treatment modality 

in the field of regenerative medicine and cellular therapy. Although many clinical 

trials on use of MSCs have been registered in developed world for a variety of clinical 

indications, but so far no such trial has been carried out in Pakistan using ex-vivo 

expanded MSCs. Therefore, following objectives were set with the aim to introduce 

and optimize this exciting treatment modality in so-called incurable diseases.  

 

1. To compare effect of different culture conditions on morphology, growth 

and differentiation characteristics of bone marrow MSCs  

2. To establish safety of  pHPL- expanded BM-MSCs  transplantation in 

spinal cord injury patients 

3. To evaluate safety and efficacy of allogeneic MSC therapy as a 

therapeutic choice in steroid refractory GVHD 
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Chapter 2 

MATERIALS AND METHODS 

 

The research work presented in this thesis comprised of one study focused on 

comparison of MSC growth kinetics using different medium formulations (study I) 

and two clinical studies. Study II was a phase-I human clinical trial under the title of 

“Autologous transplantation of bone marrow MSCs in patients of spinal cord injury”. 

Study III was a phase-I/II trial titled, “Allogeneic bone marrow MSC transplantation 

in patients with steroid-refractory GVHD” (study III). Study I and study III were 

carried out at Armed Forces Bone Marrow Transplant Centre (AFBMTC) whereas 

study II was jointly conducted at AFBMTC and Armed Forces Institute of 

Rehabilitation Medicine (AFIRM). All studies were approved by institutional review 

boards and hospital ethical committees of participating hospitals under guidelines of 

Pakistan Medical Research Council (PMRC) and complied with Helsinki declaration 

on medical research involving human subjects. The patients and donors were made 

aware of the study objectives and informed written consents were taken before 

collection of samples and clinical data. Protocols of both clinical trials were approved 

by Human Organ Transplant Authority (HOTA), a national statutory body having the 

mandate to oversee stem cell research and transplantation taking place in Pakistan. 

Both clinical trials were also registered at www.clinicaltrials.gov and were assigned 

trial registration numbers NCT02482194 for study II and NCT02824653 for study III 

respectively. 

 

 



 

 

28 
 

COMPARISON OF MESENCHYMAL STEM CELLS GROWTH KINETICS 

USING DIFFERENT MEDIUM COMPOSITIONS (STUDY I) 

Study design 

It was an experimental study aiming at comparing phenotypic and functional 

characteristics of BM-MSCs grown under different culturing conditions. The 

assessment was made for immunophenotype, colonogenicity, growth and 

differentiation potential of MSCs grown in Alpha Minimum Essential Medium 

(αMEM) and Dulbeco’s Modified Eagle’s Medium (DMEM) supplemented with 

either fetal bovine serum (FBS) or pooled human platelet lysate (pHPL), using a 

commercial, serum-free defined medium (StemPro® MSC SFM from GIBCO, Life 

Technologies, USA) as reference. 

 

Bone Marrow Aspiration 

 

A small fraction of bone marrow collected from healthy donors for allogeneic sibling 

transplants was used for the study with informed consent taken from the donor. Bone 

marrow aspiration was carried out under local anesthesia using strict aseptic 

techniques. The total nucleated cells were counted by automated haemocytometer and 

further processing was carried out in stem cell culture laboratory. 

 

Preparation of Pooled Human Platelet Lysate (All studies) 

 

The procedure for preparation of pooled human platelet lysate was an adaptation of 

protocol by Schallmoser et al. (2007). In brief, platelet lysate was prepared by lysis of 

platelets obtained from platelet-rich-plasma (PRP) bags. For this 450ml AB positive 

group blood collected in triple bags was first centrifuged to separate the red cell 
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concentrate (RCC) and plasma by centrifugation at 110g at 4oC. The plasma was 

collected in second bag through plasma extractor and further centrifuged at 2000g to 

settle PRP at the bottom while the platelets poor plasma was collected in the third bag. 

A pool of 8-10 PRP bags was made and aliquoted in 50ml centrifuge tubes. The PRP 

was passed through series of freeze-thaw cycles to achieve complete lysis of platelets 

and subsequently filtered through 0.22µm filter before storing at -80oC until use. 

 

Mesenchymal Stem Cell Culture Expansion using Different Media Formulations 

 

The procedure for ex-vivo cultivation of bone marrow MSCs have been a topic of 

extensive research and many groups have successfully isolated and expanded BM-

MSCs using a variety of culture mediums and supplements and under different culture 

conditions (Beyer Nardi & da Silva Meirelles, 2006; Inamdar & Inamdar, 2013; 

Mohammadi et al., 2016). We used a volume of 15ml bone marrow and diluted 1:1 

with phosphate buffer saline (PBS) (GIBCO/Life Technologies, Green Island, NY, 

USA) and layered slowly over 15ml Ficoll Histopaque® 1077 solution (Sigma 

Aldrich, St Louis, MO, USA). The mixture was centrifuged at 450g for 30 minutes 

without breaks. After centrifugation mononuclear cells (MNCs) were collected from 

the Ficoll-plasma interface and seeded in T25 culture flasks (Corning, NY, USA) at a 

density of 105cells/cm2. 

 

Following media formulations were used for expansion of cultures: Minimum 

essential medium alpha (αMEM) with 10% fetal bovine serum (FBS) (M1); 

Dulbeco’s modified Eagle’s medium (DMEM) with 10% FBS (M2); medium 

containing αMEM with 10% pooled human platelet lysate (pHPL) [M3]; medium 

containing DMEM with 10% pHPL (M4); and StemPRO® MSC SFM XenoFree 
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supplemented with CELLstartTM substrate (M5). All media and FBS were purchased 

from GIBCO/Life Technologies. 

 

The cells were incubated for 2-3 days at 37oC in 5% CO2 under humidified 

environment. Subsequently washing was done with PBS to remove non-adherent cells 

and fresh medium was added. MSCs appeared after 8-10 days in culture. During this 

period medium was replaced twice every week until cells reached 60-80% confluence. 

MSCs were detached by incubation with 0.25% TryPLETM Select solution (GIBCO) 

for 5 minutes and after enzyme inactivation and washing with PBS, sub-cultured at 

density of 1x103cells/cm2. 

 

Fibroblast Colony Forming Unit (CFU-F) Assay (All studies) 

 

The fibroblastoid colony forming assay is carried out to assess cultured MSC’s 

capability and efficiency of self-renewal. Rather MSCs were first identified in the 

bone marrow as fibroblastoid cells of non-haematopoietic origin having the ability to 

form colonies upon cultivation (Friedenstein, Gorskaja, & Kulagina, 1976). Since 

then the protocol for CFU assay has not changes much and it relies on counting of 

colonies originating from single cell over certain period. We seeded bone marrow 

mononuclear cells (MNCs) in duplicate T75 flasks at density 105cells/cm2. The cells 

were cultured in different mediums at 37oC and 5% CO2 with medium change twice 

weekly. On 14th day, the medium was removed from each culture dish and cells were 

fixed and stained with 0.5% crystal violet in 100% methanol. Colonies containing ≥50 

cells seen under inverted microscope were counted as CFU-F. The colony forming 

efficiency was calculated by using CFU-F count as fraction of originally seeded cells.  

Colony forming efficiency = (CFU-F count per million MNCs seeded) x 100 
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Growth Kinetics (All studies) 

 

The growth kinetics were assessed by calculating growth index of cells (cells seeded 

at passage x/cells harvested at passage x) at each passage and number of population 

doublings. Growth index was calculated for P0, P1, P2, P3 and P4 respectively. For 

population doubling experiments, cells from P1 and P2 were used. Population 

doubling time was defined as T/n, where T represents the days in culture and n shows 

number of population doublings. Following formula was used for calculation of n. 

n = log10 (Nh) – log10 (Ni)/log10 (2) 

In the above equation, Nh is number of cells at P2 harvesting, and Ni is cells plated 

initially at P1. 

 

Cryopreservation and revival of MSCs (All studies) 

 

Cryopreservation is a crucial step in cell culture and is performed to ensure cell 

viability over extended period outside culturing conditions. Aliquots from early 

passage MSCs in mid-log phase were harvested and cryopreserved in special medium 

at ultra low temperature for long term storage. This cryopreservation medium 

comprised of 45% basic culture medium (DMEM-low glucose & Glutamax®), 45% 

human serum albumin and 10% dimethyl sulfoxide (DMSO) added as cryoprotectant. 

The final concentration of MSCs in cryopreservation medium was 1-2x106cells/ml. 

The cells were added in cryogenic vials pre-labelled with patient’s unique identifier, 

passage number, date and other relevant information. These vials were then placed in 

cryo-freezing container designed to provide a temperature drop of 1oC per minute 

(Thermo Fisher Scientific, USA). The container was then stored in cryogenic freezer 
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for overnight and then cryo-frozen vials were shifted to vapour phase of liquid 

nitrogen. 

 

In contrast to cryopreservation, thawing was carried out quickly by removing the cold 

medium in the vial and replacing it with fresh pre-warmed medium of equal 

osmolarity compared to cryopreservation medium. After thawing the cells were 

counted and percentage viability calculated by exclusion of trypan blue stain. These 

cells were then added to the 75cm2 culture flask containing growth medium as 

described elsewhere. 

 

Immunophenotyping of MSCs Using Flowcytometry (All studies) 

Human MSCs were harvested using TryPLETM Select solution and subsequently two 

washings were given with PBS and resuspended in appropriate volume of FACS 

buffer (PBS containing 0.2% bovine serum albumin) to yield 1x105cells/tube in 100µl 

volume. Mouse anti-human monoclonal antibodies against CD34, CD45, CD73, 

CD90 and CD105 were used for immunophenotypic characterizing human MSCs. For 

flowcytometric staining, these antibodies were labeled with fluoro-isothiocyanate 

(FITC), phycoerythrin (PE), allo-phycocyanin (APC) and tandom dye peridinin-

chlorophyll protein-Cy 5.5 (PerCP-Cy5.5) respectively. CD34-PE (clone 581), CD45-

FITC (clone H-130), CD73-PE (clone AD2), CD90-FITC (clone 5E10) and CD105-

PerCP Cy5.5 (clone 266) were used to label cells. Mouse isotype controls 

immunoglobulin IgG1-FITC, IgG1-PE and IgG1-APC were used for measuring 

background noise resulting from non-specific binding, whereas 7 Amino-actinomycin 

D (7AAD) stain (BD PharmingenTM) was done to exclude non-viable cells from 
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flowcytometric assay. All antibodies, isotype controls and viability dye were 

purchased from BD Bioscience (San Jose, CA, USA). 

 

The staining procedure was an adaptation of a protocol from Martins and colleagues 

(Martins et al., 2009). Briefly, we added 1x105 cells/100µl FACS stain buffer in four 

FACS tubes and labeled as A, B, C and D. In tube “A” we added 20 µl of isotype 

controls, in tube “B” 5 µl of 7AAD stain, in tube “C” 20 µl of CD34-PE/CD45-FITC 

cocktail, whereas in tube “D” 20 µl CD73-PE, 5 µl CD90-FITC and 5 µl CD105-

PerCP Cy5.5 was added respectively. The tubes were then incubated at 40C for 20 

minutes. Cells were washed by adding 2ml FACS buffer and centrifuged at 400g for 5 

minutes. After centrifugation unbound antibodies were removed by decanting 

supernatant and resuspended in 100 µl FACS stain buffer. Finally a total of 50,000 

cells were acquired by BD FACSCaliburTM cytometer and analyzed on FACS 

CellQuest software (BD Bioscience) for expression of gated markers. 

 

Trilineage Differentiation Assay (All Studies) 

 

Osteogenic Differentiation 

 

Induction of cultured MSCs into different lineages was achieved by using commercial 

kits from GIBCO (Life Technologies, Grand Island, NY, USA) using manufacturer’s 

instructions. For osteogenic differentiation StemPro®osteogenisis differentiation kit 

was used on cells from 4th passage. Cells were harvested using trypsin and washed 

with PBS. After centrifugation, MSCs were seeded at 5x103cells/cm2 in 12 well 

culture plate (Corning, USA). Pre-warmed growth medium was added and cells were 

incubated for 3 days at 37oC and 5% CO2. After three days the medium was replaced 
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with complete osteogenesis medium (made by reconstituting contents of StemPro® 

Osteogenesis kit) and MSCs were further incubated for 21 days with medium change 

twice weekly. After 21 days of induction, osteogenesis was assessed using Alizarin 

Red S staining. The medium was removed from wells and cells washed with PBS. 

After removing PBS, cells were covered with 4% formaldehyde solution for 30 

minutes to fix cells. The wells were then washed twice using distilled water, to 

remove traces of formaldehyde. Staining was done with 2 % Alizarin Red S solution 

for 2-4 minutes. Finally the wells were rinsed thrice with distilled water to remove 

excess stain and improve optical clarity before the cells were visualized under light 

microscope.  

 

Chondrogenic Differentiation 

 

For chondrogenic induction, micromass culture was generated by seeding 5µl of cell 

suspension in a multiwall plate. The culture was incubated for two hours in high 

humidity, after which pre-warmed StemPro® chondrogenesis differentiating media 

was added to culture vessels and incubated at 37oC with 5% CO2 for at least two 

weeks with medium change every 3rd day. After 14 days the chondrogenic pellet was 

processed for Alcian Blue staining. 

 

Adipogenic Differentiation 

 

Mesenchymal stem cells from 4th passage were seeded 1x104/cm2 in a 12 well plate 

and fed with growth medium for 3-4 days or until became confluent. After reaching 

confluence, medium was replaced with StemPro® adipogenesis differentiating media 

and incubated for 3 weeks at 37oC in 5% CO2, changing medium twice in a week. 



 

 

35 
 

Medium was removed on day 21. After removal of media, cells were fixed with 4 % 

formaldehyde. The adipogenic staining was performed using Oil Red O stain. 

 

AUTOLOGOUS TRANSPLANTATION OF BONE MARROW 

MESENCHYMAL STEM CELLS IN PATIENTS OF SPINAL CORD INJURY 

(STUDY II) 

 

Study Design and Duration (Study II) 

 

It was a non-randomized, single group interventional pilot study with aim to establish 

safety of intrathecal delivery of autologous mesenchymal stem calls in spinal cord 

injury (SCI) patients. As the trial was aimed primarily at establishing safety, hence 

randomly assigned control subjects were not included for comparison as allowed in 

guidelines for conduction of clinical trials for spinal cord injury by the International 

Campaign for Cures for Spinal Cord Injury Paralysis (ICCP) (Lammertse et al., 

2007). The safety of the procedure was determined by absence of any adverse event 

during first 30 days or deterioration of ASIA score from baseline at any point during 

trial. The study was conducted from June 2013 till June 2015.  

 

Patients (Study II) 

 

The study population comprised of patients having a stable disease with sub-acute or 

chronic SCI at thoracic level and American Spinal Injury Association (ASIA) 

Impairment Scale “A”. The patients were divided into two groups: chronic (more than 

6 months, group 1) and sub-acute SCI (up to 6 months, group 2), according to time 

elapsed since injury. An initial stabilization and decompression was carried out by 

surgery. After healing of wounds, the patients were offered option of autologous stem 
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cell transplantation and after obtaining informed consent (annexure A Patient’s 

informed consent) they were referred to AFBMTC where bone marrow harvest was 

carried out under strict aseptic conditions. Approximately 50ml volume of bone 

marrow was harvested from the patient’s iliac crest and sent to stem cell research lab 

for processing. 

 

CGMP COMPLIANT MSC EXPANSION PROTOCOL FOR CLINICAL 

APPLICATIONS (STUDY II & III) 

 

Bone marrow aspirate was diluted with equal volume of Phosphate Buffered Saline 

(PBS) [GIBCO, USA] and slowly layered over Ficoll density gradient solution (MP 

Biomedicals, Santa Ana, CA, USA) without disturbing the Ficoll layer. The 

suspension was then centrifuged for 30 minutes at 450g. Mononuclear cells (MNCs) 

were collected from the plasma-Ficoll interface and seeded in 175cm2 flasks at a 

density of 105cells/cm2. The growth medium comprised of Dulbecco’s Modified 

Eagle’s Medium (DMEM) with low glucose and Glutamax® (GIBCO), supplemented 

with 10% pooled human platelet lysate, heparin 2U/ml (B. Braun, Indonesia), 

100U/ml Penicillin, 0.1mg/ml Streptomycin and Amphotericin B 0.25µg/ml (Sigma 

Aldrich, St Louis, MO, USA). The methodology for preparing batch of pooled platelet 

lysate was described earlier in study I. The details of culture conditions and passaging 

have also been described in previous headings. During optimization of this protocol 

we confirmed the previous notion that pooled platelet lysate to be superior over 

apheresed platelet lysate and fetal bovine serum (Hemeda, Giebel, & Wagner, 2014). 

Clinically relevant doses were achieved after 4 weeks of culturing and passaging. 
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Microbiological Testing of Cellular Product (Study II & III) 

 

For sterility testing of final product, culture medium supernatant was collected before 

final cell harvesting and 20ml each was transferred to aerobic (BD BACTECTM plus 

Aerobic-F) and anaerobic (BD BACTECTM plus Anaerobic-F) culture bottles and 

incubated in BACTEC 9050 incubation system. 

 

Intrathecal Injection of In Vitro Expanded Autologous MSCs (Study II) 

 

When clinically relevant cell counts were achieved, MSCs in culture were trypsinized 

and washed twice with D-PBS. After centrifugation, the cell pellet was resuspended in 

~5ml of 0.9% saline solution and counting cells on automated cytometer. 

Mesenchymal stem cell dose was calculated by multiplying the cell count with 

volume and dividing with patient’s weight in kilograms. In the meantime, patients 

were pre-medicated with single shot of antibiotic and anaphylactic prophylaxis. MSC 

dose was administered slowly by experienced hematologist through lumber puncture 

under aseptic conditions. Each patient received 2-3 courses of cultured MSCs.  

 

Patients Follow Up (Study II) 

 

All patients remained admitted in hospital until completion of one month of cellular 

therapy for close monitoring and management of any undesired medical situation. A 

structured Performa was designed (Annexure-B Patient medical history and follow up 

preformed) for documenting medical history, MSC dose preparation details and 

documentation of any incidence of serious side effects or adverse event through 
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patient’s interview and medical examination by two independent neurologists. The 

adverse event reporting forms were completed at day 30 post MSC transplantation. 

The primary outcome measure of this phase-I pilot study was to observe the adverse 

events, side effects or toxicities, if any. A follow up MRI was carried out after one 

year to observe any structural change at the zone of injury and to rule out formation of 

any tumor-like mass at site of injection or along the cord. 

 

Statistical Analysis (Study II) 

 

Statistical analyses included calculation of means, medians and ranges which were 

performed using SPSS version 17.0 (Statistical Product and Service Solutions, SPSS 

Inc., Chicago. IL, USA). 

 

ALLOGENEIC BONE MARROW MESENCHYMAL STEM CELL THERAPY 

IN PATIENTS WITH STEROID-REFRACTORY GVHD (STUDY III) 

 

Study design and duration (study III) 

 

The objective of this open label, phase I/II , case-control  interventional study was to 

observe the safety and efficacy of intravenous infusion of bone marrow MSCs 

cultured from a third party donor for treatment of steroid-refractory GVHD after 

allogeneic bone marrow transplant. A historical control group of matching age, gender 

and disease status was also included to compare the clinical outcome in cellular 

therapy arm to those receiving other treatment regimens trialed to provide some 

therapeutic benefit in patients failing to respond to standard of care treatment i.e. 

steroids. The study is still going on and here we report clinical findings of first ten 

consecutive patients recruited into the trial from January 2015 till February 2016.  
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Patients (Study III) 

 

The study population comprised of patients diagnosed with acute or chronic GVHD 

after having undergone allogeneic HSCT at AFBMTC, Rawalpindi. The diagnosis of 

acute GVHD was made in the light of the 1994 consensus conference on acute GVHD 

grading (Przepiorka et al., 1995), whereas chronic GVHD was categorized as per 

National Institute of Health (NIH) Consensus Development Project on criteria for 

clinical trials in cGVHD (Jagasia et al., 2015). The patients who failed to respond to 

first line of immunosuppressive drugs for 3 consecutive days or those with disease 

symptoms aggravating despite treatment were considered as steroid refractory. MSC 

therapy was offered to patients who did not respond to at least two 

immunosuppressive drugs. All patients were included into the trial after obtaining 

informed written consent (Annexure C informed consent-GVHD patient) and received 

intravenous infusions of in vitro expanded MSCs from third party donor for treatment 

of their steroid-refractory GVHD. 

 

Controls (Study III) 

A control group was included in the study for comparison. It included those patients 

with steroid-refractory GVHD who did not receive stem cell therapy, due to any 

reason, and were given other experimental drugs as second and third line treatment. 

Many of these patients received experimental treatment before start of the project (i.e. 

historical controls), while a few were admitted during the same period as MSC group. 

This group was controlled to match with patients arm in terms of age, gender and 

disease status and compared for treatment outcome and overall survival. 
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Donors (Study III) 

 

The source of allogeneic MSCs was bone marrows donated by healthy donors for 

their siblings undergoing stem cell transplantation. Small volume of bone marrow left 

over after dose calculation was used for culturing of MSCs. All donors signed 

informed written consent for use of left over bone marrow for research purpose after 

precise calculation of stem cell dose (Annex D informed consent-Donor). These 

donors were extensively tested for various blood-borne and systemic diseases before 

bone marrow donation.  

 

Infusion of Third-Party MSCs in Chronic GVHD Patients (Study III) 

 

The isolation, culturing, passaging and functional assays of bone marrow MSCs have 

been described earlier. Early passage MSCs were harvested from fresh cultures using 

0.25%TryPLE Select solution (Gibco), followed by washing twice with PBS and once 

with physiological saline (0.9% w/v). Finally the cell pellet was resuspended in 100 

ml of saline solution and infused intravenously over 30 minutes. Each patient received 

MSCs from a single donor origin. Patient demographics, disease details and MSC 

dose preparation and infusion details were recorded in a purposefully designed 

proforma (Annexure E Medical history questionnaire and protocol). 

 

Patients Follow Up and Outcome Measures (Study III) 

 

The primary outcome measure was to evaluate GVHD response after MSC infusions 

and also to document any adverse event or complication resulting from the treatment. 

All patients were initially followed for at least 4 weeks to document any incidence of 

adverse event or complication as primary outcome measure of safety. Likewise 
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restaging of acute GVHD was carried out on day 28 post therapy, whereas treatment 

response was measured after 3 months in case of chronic GVHD. Secondary outcome 

measures included overall and disease free survival, recurrence of GVHD and 

incidence of relapse of hematological malignancy after cellular therapy.  

Blood Collection and Processing (Study III) 

 

Collection of blood samples was done before infusing first MSC dose and a follow up 

sample was collected at the time of initial response measurement to investigate effect 

of MSC therapy on circulating cytokine levels in GVHD patients. A total of 3ml 

venous blood was collected through standard venepuncture technique. Blood was left 

to clot for one hour in the lab and then centrifuged at 350g for 10 minutes to separate 

clear serum. Serum was aliquoted and stored at -80oC till testing.   

 

Luminex Assay for Cytokine Profile 

 

Serum cytokine profiling was done on Bio-Plex® 200 system (Bio-Rad Life Science 

Research, Hercules, CA, USA) using multiplex immune-bead-based Luminex® 

screening assay. A commercial panel of 11 analytes including cytokines, growth 

factors and hormones was purchased from R&D Systems, Inc (Minneapolis, MN, 

USA) and assay was performed following manufacturer’s instructions. The panel 

comprised of interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), 

interleukin 1 beta (IL-1β), IL-2, IL-4, IL-6, IL-10, IL-17A, IL-17F; granulocyte-

colony stimulating factor (G-CSF) and thrombopoietin (TPO). These cytokines are 

secreted by different T helper cell subsets (Th1, Th2, Th17 and Tregs) and their 

systemic levels can serve as a surrogate marker of response to therapy. The assay 

sensitivity for different analytes ranged from 0.4 to 176pg/ml. 
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Statistical Analysis (Study III) 

 

The statistical analysis included frequency distribution, calculation of means, medians 

and ranges for numerical variables. A paired sample t-test was performed to compare 

mean cytokine levels before and after MSC therapy. Kaplan Meier survival analysis 

was done for overall and disease free survival. The statistical program for the social 

sciences (SPSS) version 17.0 (SPSS Inc., Chicago, IL, USA) was used for all tests 

except cytokine analysis. Graphs of cytokines were analyzed using GraphPad Prism 

version 7.01 for Windows (GraphPad Software Inc., La Jolla, CA, USA). 
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Chapter 3 

RESULTS 

 

COMPARISON OF MESENCHYMAL STEM CELLS GROWTH KINETICS 

USING DIFFERENT MEDIUM COMPOSITIONS (STUDY I) 

 

The amount of mononuclear cells (MNCs) isolated from bone marrow aspirates 

ranged from 8.9x105cells/ml to 2.5x107/ml. After isolation MNCs were loaded onto 

T25 culture flasks at a concentration of 1x105MNCs/cm2 and supplemented with 

different growth mediums: αMEM with 10% FBS (M1); medium containing DMEM 

with 10% FBS (M2); medium containing αMEM with 10% pooled HPL (M3); 

medium containing DMEM with 10% pooled HPL (M4); and StemPRO® MSC SFM 

XenoFree supplemented with CELLstartTM substrate (M5). Growth characteristics of 

cultured bone marrow MSCs showed similarities as well as a few subtle differences in 

their morphological, physiological and immunological features with respect to 

different media formulations used for their propagation.  

 

Morphological Features of MSC during In Vitro Culturing 

The morphological features of MSCs under various culturing environments are 

presented in Figure 3. MSCs cultured in the presence of FBS appeared as more 

flattened, elongated fibroblast cells which grew as a uniform spread-out monolayer 

(Figure 3A &B).  In comparison cells grown in the presence of pHPL or SFM tend to 

be smaller in size, more spindle-shaped with denser cell bodies and grew as distinct 

concentric bundles of cells with circular areas of no growth (Figure 3C, D & E). 



 

 

44 
 

 

 

 

 

 

 

 

Figure 3 Morphological features of MSCs cultured in different media 

compositions. (A) Minimum essential medium alpha (αMEM) with 10% 

MSC-qualified fetal bovine serum (FBS); (B) Dulbeco’s modified Eagle’s 

medium (DMEM) with 10%FBS; (C) αMEM supplemented with 10% 

pooled human platelet lysate (pHPL); (D) DMEM with 10%pHPL; (E) 

Commercial serum-free medium StemPRO® SFM with added 

CELLstartTM supplement (magnification 10X).  
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CFU-F Assay 

There was no significant difference between number of colonies obtained at P0 per 

million MNCs seeded among different media compositions (Figure 4). The use of 

commercial media StemPRO® MSC SFM (M5) consistently resulted in high yield of 

CFU-F with less standard deviation compared to media formulations containing 

additives of human or bovine origin (M1 to M4). This is partly due to variable amount 

of proteins, minerals and growth factors in a particular lot of FBS or pHPL. However, 

MSC colonies grown in HPL media were larger in size with more number of cells 

(Figure 5) which were packed densely to each other compared to loosely connected 

colonies found in FBS supplemented media (mean colony size 178 cells in pHPL-

supplemented media compared to 135 cells in FBS containing formulations). It 

appears that addition of HPL has an influence on increasing cell density in each CFU-

F rather than increasing the number of colonies. 

 

Population Doubling Time 

The in vitro proliferation capacity was also determined for human MSCs cultured in 

different media and their growth curves were compared.  The average population 

doubling time (PDT) of MSCs varied significantly among different media 

formulations during culture (F=5.364, p=0.002) [Figure 6]. Generally cultures grown 

in pHPL-supplemented DMEM proliferated faster than FBS media. The mean 

PDT±SEM was found to be highest for αMEM+10% FBS (M1) [27.5±0.5 hours] 

compared to αMEM+10% pHPL (M3) [25. 9±0.4 hours). Likewise cell duplication 

rate was lower in DMEM+10% FBS (M2) [27.2±1.2 hours] compared to 

DMEM+10% HPL (25.4±0.5 hours) which was comparable to the commercial media 

(25.3±0.7 hours) [M5]. 
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Figure 4  Number of MSC colonies obtained after P0 per 106 mononuclear cells 

loaded. (A)  αMEM + 10% MSC-qualified FBS; (B) DMEM + 10% FBS; 

(C) αMEM + 10% pHPL; (D) DMEM + 10%pHPL; (E) Commercial 

serum-free medium StemPRO® SFM with added CELLstartTM 

supplement.  All values are represented as mean±SD. 
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Figure 5 Cell densities in colony forming unit-fibroblast (CFU-Fs) cultured in 

different media formulations. There are lesser cells seen in a CFU-F in  

DMEM + 10% FBS (A), compared with DMEM + 10% pHPL(B) and 

commercial serum free media (C) [magnification 20X for A and10X for 

B&C] 

 

(C) StemPRO® MSC SFM (B) DMEM+10%pHPL (A) DMEM+10%FBS 
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Figure 6   Population doubling time for different media  (M1 to M5). Cells cultured 

in FBS containing media compositions (M1 and M2) had higher PDT, 

compared to those grown in pHPL containing media (M3, M4) and 

commercial media (M5) (F=5.364, p=0.002).. The difference was 

calculated through ANOVA test 
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Immunophenotype of MSCs 

 

Figure 7 shows a typical MSC immunophenotype. Early passage (P3) cells cultured in 

different media formulations were harvested and evaluated for expression of MSC-

specific markers using flowcytometry. More than 90% of the cells were gated to be 

negative for 7AAD viability stain (Figure 7A). MSCs were found to be predominantly 

negative for markers of haematopoietic lineage like CD34, CD45 (Figure 7B) while 

being typically positive for CD73, CD90 and CD105 (Figure 7C &D). Most of the 

gated cells were tested positive for these markers. MSCs grown in all five media 

formulations (M1, M2, M3, M4 and M5) expressed similar cell surface antigens as 

shown in Table 2.  

Trilineage Differentiation 

Cells from fourth passage were tested for their potential to differentiate into 

osteogenic, adipogenic and chrondrogenic lineages. MSCs harvested from both pHPL 

and FBS-containing DMEM media were successfully differentiated into all three 

lineages upon induction (Figure 8). Interestingly, cultures originating from HPL-

containing media (M4) showed extensive osteogenic mineralization and were strongly 

positive with Alizarin Red S stain (Figure 8H) compared to DMEM+10% FBS (M3) 

[Figure 8G]. Adipogenic differentiation was evident from accumulation of oil droplets 

in the cytoplasm which was effectively stained with oil red O stain (Figure 8A, B, and 

C). Chondrogenic differentiation was carried out with induction of micromass culture 

for 14 days, followed by Alcian Blue staining of pellet (Figure 8D, E, F). Cells 

cultured in commercial media also exhibited differentiation into all three tissue 

lineages (Figure 8C, F, I). 
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Table 2  Expression of cell surface antigens on MSCs cultured in different media 

formulations (M1, M2, M3, M4 and M5). MSCs grown in all media 

expressed signature markers for MSC and were negative for 

haematopoietic lineage markers 

 

  

 M1 M2 M3 M4 M5 

CD34 - - - - - 

CD45 - - - - - 

CD73 + + + + + 

CD90 + + + + + 

CD105 + + + + + 
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Figure 7 A typical representation of bone marrow MSC immunophenotype. [A] First 

all live cells were gated as 7AAD negative population. [B] These cells were further 

gated to be predominantly negative for markers of haematopoietic lineage (CD34 and 

CD45). [C, D] Cells which were of non-haematopoietic origin were then gated for 

expression of markers for MSCs i.e. CD73, CD90 and CD105. 
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Figure 8  Differentiation of MSCs into osteogenic, chrondrogenic, and adipogenic 

lineages 
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AUTOLOGOUS TRANSPLANTATION OF BONE MARROW 

MESENCHYMAL STROMAL CELLS IN PATIENTS OF SPINAL CORD 

INJURY (STUDY II) 

Subjects 

During this pilot study, nine male patients underwent autologous transplantation of 

bone marrow-derived cultured MSCs. All patients had complete spinal injury of 

thoracic segment (between T3 and T12) and ASIA impairment score A. Group 1 

included 6 patients having chronic spinal cord injury with median time from injury 33 

months (range 10-55). Remaining three patients suffered from sub-acute injury and 

constituted group 2. Detailed patient demographics and disease characteristics are 

shown in Table 3.  

MSC characterization 

MSCs were successfully cultured from all patients. These cultures underwent an 

initial lag phase after which cells started growing exponentially, achieving 60-80 % 

confluence in about two weeks. Cells were further passaged to achieve clinically 

relevant cell yield (~1 million cells per kg of patient’s weight) in median 32 days 

(range 28-42 days). Culture expansion for subsequent doses was achieved at a faster 

pace, because this time cells were harvested from log phase for passaging. Cultured 

MSCs exhibited expression of positive immunophenotypic markers (CD73, CD90 and 

CD105) in >97 % of gated viable cell population whereas <3 % of these cells were 

found positive for negative markers CD34 and CD45. All patients received two or 

three doses of culture-expanded MSCs from second and third passage, through 

intrathecal injections with median dose of 1.2x106 cells/Kg body weight (Table 3). 

 



 

 

54 
 

Safety 

 

Till the time of write up, none of the patients had suffered any serious adverse event 

like inflammation of spinal cord, CSF infection, or meningitis. One patient 

experienced head ache after intrathecal injection, which settled on subsequent day. 

Two of the patients also reported non-specific tingling sensation but no serious side 

effect or complication was observed. No changes in hyperintense signal or formation 

of any ectopic tissue was observed in the follow up MRI in any of our patients.  

 

Median follow up in group 1 (chronic SCI) was 720 days (range 630-826 days) and 

366 days (range 269-367 days) in group 2 (sub acute SCI) respectively. All but one 

patient had completed one year follow up till writing of this manuscript (table 3). 

Although preliminary results showed some therapeutic effect in few of our patients, 

but no such claims could be asserted in the absence of a placebo group and hence 

removed. Nevertheless the encouraging data of this pilot study warrants further 

investigation in a phase-II placebo-controlled clinical trial with incorporation of 

additional measures of efficacy and induction of more sub-acute patients.  
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Table 3 Patients and Disease characteristics (Study II) 

Patient 

ID 

Age Type of 

injury 

Cause of injury Injury 

level 

Disease 

duration 

(months) 

ASIA 

scale 

MSC dose in 

Million 

cells/Kg 

(median) 

No. of 

doses given 

Follow up 

duration 

(days) 

1 36 Chronic Fell from tree T-8 10 A 1.1 3 826 

2 38 Chronic Gunshot injury T-3 27 A 1.30 3 806 

3 35 Chronic Gunshot injury T-6 47 A 1.19 2 759 

4 26 Chronic Fell from cliff T-8 47 A 1.00 2 681 

5 31 Chronic Gunshot injury T-12 55 A 0.9 3 630 

6 30 Chronic Road accident T-12 12 A 1.06 2 644 

7 24 Subacute Road accident T-3 5 A 1.39 3 366 

8 29 Subacute Fell from stairs T-5 3 A 2.57 3 367 

9 35 Subacute Fell from tree T-12 2 A 1.39 3 269 
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ALLOGENEIC BONE MARROW MESENCHYMAL STROMAL CELL 

THERAPY IN PATIENTS WITH STEROID-REFRACTORY GVHD  

(STUDY III) 

 

Patients and disease characteristics 

 

Between January 2015 and November 2016, a total of ten patients suffering with 

steroid-refractory acute GVHD (n=3), chronic GVHD (n=5) and overlap syndrome 

(n=2) received allogeneic bone marrow MSCs derived from third party volunteer 

donors. This group was labeled as group A and shown in table 4a. Median age of 

patients in this group was 12years (range 1.5 – 48 years) with 6 males and 4 females. 

Eight patients received stem cells from their HLA-matched sibling donors, while two 

patients (UPN 4113 and UPN 3260) had undergone haplo-identical bone marrow 

transplant from their parents. Detail of patients and disease demographics, 

conditioning regimens, HSCT details and GVHD prophylaxis are shown in table 4a. 

For comparison purpose, group B was introduced which comprised of those steroid-

refractory GVHD patients who received treatments other than MSCs for alleviation of 

GVHD symptoms. Large number of these patients was historical controls while a few 

of them were treated during same period to group A. Total number in this group was 

12 with 7 males and 5 females (table 4b).   

 

GVHD was diagnosed through clinical evidence and supported with laboratory and 

histological findings. Table 5a and 5b provide details of GVHD onset, grading, organ 

involvement and treatment regimens used to control GVHD before MSC infusion. At 

diagnosis five patients in group A suffered from acute GVHD of grade I (n=1), II 

(n=2) and III (n=2) respectively, while other five suffered from limited chronic 
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GVHD involving one or more tissues. In two patients GVHD had progressed from an 

acute phase into chronic disease before start of MSC therapy (overlap syndrome). All 

patients had GVHD refractory to 2-4 immunosuppressive regimens, prior to MSC 

infusion. The median time between transplant and onset of GVHD was 23 days (range 

10-90 days) in case of acute GVHD, 72 days (range 19-126 days) in overlap 

syndrome and 487 days (range 184-1294 days) in chronic GVHD patients. The 

median time duration from diagnosis of GVHD till receiving first MSC infusion was 

20 days (range 12-26 days) in acute GVHD patients, 154 days (range 46-262 days) in 

patients with overlapping disease and 1763 days (range 221-3339 days) in chronic 

GVHD patients.  

 

Details of GVHD onset, staging, treatment sequence, and outcome in patients 

receiving treatment other than MSCs (group B) is shown in table 5b. At the onset they 

were suffering from acute GVHD grade II (n=6) or grade III (n=6). These patients did 

not respond despite use of high dose steroid therapy and were labeled as steroid-

refractory. Second line treatments included anti-thymocyte globulin (ATG) [n=6], 

mycophenolate mofetil (MMF) [n=2], tacrolimus-a potent calcineurin inhibitor (n=1), 

anti-interleukin 2 receptor antibodies (n=1), ciclosprin (n=1) and prednisolone (n=1). 

Two patients had also received a third-line treatment after failing to respond to the 

first and second line therapy. All but one patient had experienced aggravation of 

symptoms after failure to 2nd-line therapy and died within a median duration of 52 

days (range 17-131days) of GVHD onset. The treatment related mortality (TRM) was 

observed in 11 out of 12 patients, while one patient died of sepsis following 

prolonged gut GVHD. This clearly suggests a superior overall and disease-free 
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survival in patients receiving MSC therapy in comparison to other experimental 

reatments, particularly in patients with steroid-resistant severe acute GVHD.  

MSC infusion 

Table 6 shows the treatment course and clinical outcome of MSC therapy. A total of 

33 MSC doses were given to 10 patients, with median dose of 3.5 million cells/Kg 

(range 0.81-7.8 million). Among them, one patient received 6 doses, three patients 

were given 4 doses, four patients got 3 doses, and one patient had 2 doses while 

another one was treated with single dose of MSCs. All patients tolerated the MSC 

infusions well and none had suffered any side effects or adverse event after allogeneic 

infusion of MSCs.  

Initial response to therapy 

Nine out of ten patients were alive at the time of initial response measurement (day 28 

for acute and day 90 for chronic GVHD) [table 6]. One patient (UPN 3119) was 

suffering from severe chronic hepatic GVHD and died early after MSC therapy (day 

+17) due to hepatic encephalopathy and hepatic failure. Out of remaining nine 

patients, eight had shown initial response to MSC therapy with 5 patients achieving 

complete remission during the prescribed period. Three patients with good initial 

response received repeat MSC doses to sustain response. One patient with no 

response to MSC therapy remained alive with stable disease course during initial 

response period.  
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Table 4a Patients’ characteristics in MSC therapy group (Group A) 

 

Patient UPN Sex Age 

(years) 

Diagnosis Conditioning Stem Cell 

Source 

MNC 

dose 

(108/Kg) 

GVHD 

Prophylaxis 

1 548 Male 18 FA Flu150/Cy20/ATG11.25/Mesna PBSC 5.3 

CSA+Methyl 

Pred+MTX 

2 896 Male 2 BTM Bu16/Cy160/Thiotepa10 PBSC 5 CSA+ Pred 

3 

 3119 Male 22 

Relapsed 

ALL Bu16/Cy200/Mesna BMH 2.97 CSA + MTX 

4 442 Male 48 VSAA Cy200/ALG/Mesna PBSC+BMH 3.4 

CSA + MTX 

+Pred 

5 2936 Female 5 BTM Flu150/BU16/Cy160 with Thiotepa BMH 5.2 CSA + MTX 

6 3730 Male 1.5 BTM BU14/Cy200/ATG7.5 BMH 4.23 CSA + MTX 

7 1039 Female 33 CML BU16/Cy120 PBSC 5.6 

CSA + MTX 

+Pred 

8 4113 Female 2 VSAA 

Flu180/Cy100/ATG10 with Thiotepa, 

with Post Transplant Cy100 BMH 11.9 CSA + MTX 

9 748 Male 6 BTM 

Long protocol with 

BU14/Cy160/Flu100 PBSC 5 CSA + MTX 

10 3260 Female 18 AML 

BU16/Cy100 with Post Transplant 

Cy100  PBSC 4.2 CSA+MMF 

 

FA: fanconi anemia; BTM: beta thalassemia major; MDS RCMD: myelodysplastic syndrome refractory cytopenia with multilineage dysplasia; 

ALL: acute lymphoblastic leukemia; VSAA: very severe aplastic anemia; CML: chronic myeloid leukemia; Flu: fludarabine; Cy: 

cyclophosphamide, ATG: Anti-thymocyte globulin;  BU: Busulfan; ALG: anti-lymphocyte globulin; PBSC: peripheral blood stem cells; BM: 

bone marrow; GVHD: graft-versus-host disease; CSA: ciclosporin A; Pred: prednisolone; MTX: methotrexate 
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Table 4b Patient characteristics in group receiving alternative treatments (group B) 

 

 

UPN Sex Age 

(years) 

Diagnosis Conditioning Stem Cell 

Source 

MNC dose 

(108/Kg) 

GVHD 

Prophylaxis 

1987 Male 40 VSAA Flu120/Cy120/ATG20 PBSC+BMH 5 CSA+MMF 

2350 Male 9.5 BTM Bu16/160Cy/Thiotepa 10 PBSC+BMH 4.36 CSA+MTX 

2655 Female 3 BTM 

Flu 150/BU IV/Cy 160/Thiotepa  

(Long Protocol) BMH 5 CSA+MTX 

2974 Female 10 BTM Flu150/Bu IV/Cy160 BMH 3.36 CSA + MTX 

752 Male 4.5 BTM BU14/CY200 BMH 4.12 CSA+MP 

3943 Female 7.5 MPS Flu120/Bu38/Thymoglobin7.5 BMH 5.26 CSA+MMF 

829 Female 2 BTM BU14/CY200 PBSC 5.4 CSA+MTX+MP 

74 Male 23 

MDS 

RCMD BU12.8/CY200 (Standard protocol) BMH 4.75 CSA + MTX 

2526 Female 4 BTM Flu150/Bu16/Cy160/ Thiotepa BMH 4.5 CSA + MTX 

2556 Male 26 

MDS  

AML BU16/CY200 PBSC+BMH 3.5 CSA+MTX 

3242 Male 23 AML BU16/CY120/Thymoglobin 7.5 BMH 2.5 CSA+MTX 

2518 Male 35 AML-M2 BU16/CY200/Mesna BMH 3.37 CSA+MTX 

BTM: beta thalassemia major; MDS RCMD: myelodysplastic syndrome refractory cytopenia with multilineage dysplasia; AML: acute myeloid 

leukemia; VSAA: very severe aplastic anemia; MPS: Myeloproliferative syndrome; Flu: fludarabine; Cy: cyclophosphamide, ATG: Anti-

thymocyte globulin; BU: Busulfan; ALG: anti-lymphocyte globulin; PBSC: peripheral blood stem cells; BM: bone marrow; GVHD: graft-

versus-host disease; CSA: ciclosporin A; MP: methyl prednisolone; MTX: methotrexate 
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Overall response to therapy 

All five patients achieving CR during initial response period had sustained response 

during median follow up of 11 months. Three of them are already off 

immunosuppression while one is on tapering dose of ciclosporin. Another one is 

currently on blood component support after graft failure (table 6). Those who partially 

responded to MSCs during initial evaluation were offered second course of therapy. A 

total of five doses were given to 3 patients exhibiting partial response. One of them 

(UPN 1039) died of lung infection at home after 80days of last MSC infusion while 

the other two are still on treatment. One of them (UPN 748) has shown further 

improvement in skin and eye GVHD after first dose of 2nd course of MSCs, though 

without complete resolution. The other patient (UPN 896) had his skin GVHD flared 

up 9 months after the first MSC course and developed chronic extensive GVHD 

leading to systemic sclerosis. He was offered trials of Rituximab and Glivec, followed 

by 3 doses of MSCs but failed to respond to either of them. GVHD of epithelial and 

mucosal tissue showed better sustained response to MSC therapy, compared to organs 

with slow tissue turnover rate (Figure 9). None of our patients developed any 

secondary malignancy after MSC therapy. The overall survival rate remains 80% and 

disease free survival is 50% after a median follow up of 324 days (range 17-755 

days).  

Cytokine Profiles 

Summarized results of all cytokine profiles are shown in figure 10. A comparison of 

serum cytokine levels was made before and after MSC infusion. A modest drop was 

observed in levels of pro-inflammatory cytokines like IFNγ, TNFα, IL-1β, IL-2, IL-4, 

IL-6, IL-17A and IL-17F after MSC infusion (Figure 10A,B,C,D,E,F,H,I) . 
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Conversely an elevation in serum IL-10 levels was witnessed after MSC therapy 

(Figure 10G). The markers of growth and proliferation were also found to be 

increased in patients showing response to MSC treatment (Figure 10J,K).  
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Table 5a Disease Characteristics in MSC therapy group (Group A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UPN,unique 

patient number;   

* 1st line therapy; 

** 2nd line therapy 

*** 3rd line therapy   

**** 4th line 

therapy 

 

 

UPN GVHD 

type 

Onset of 

GVHD 

(day) 

Organ 

involvement 

and global 

grade at 

presentation 

Drugs used to treat GVHD 

before MSC 

Days 

since 

onset of 

GVHD 

GVHD stage (grading) at the 

time of MSC infusion 

548 Chronic 285 

Oral cavity 

(limited) 

CsA + Pred* Rituximab**  

ATG*** 

MMF **** 1763 

Oral cavity, Eyes 

(Moderate chronic GVHD) 

896 Chronic 487 

Face and Lips 

(limited) CsA + Pred* 295 

Skin, Oral cavity, Eyes 

(Moderate chronic GVHD) 

3119 

Acute on 

chronic 126 

Oral 

cavity,Liver 

III 

CsA + Pred*  

ATG** Tacrolimus+MMF*** 46 

Liver, Oral cavity 

(Severe chronic GVHD) 

442 Chronic 515 

Oral cavity 

(limited) 

CsA+ Pred+MMF* 

hydrocortisone** 3339 

Oral cavity, Skin, Eyes (Moderate 

Chronic GVHD) 

2936 Acute 90 

Gut 

I 

CsA + MP* 

Pred** 20 

Skin I, Gut II 

(Grade II acute GVHD) 

3730 Acute 10 

Skin, Gut 

II 

CsA + MP* 

 MMF+ Pred +CsA** 26 

Skin III/IV, Gut I 

(Grade III acute GVHD) 

1039 Chronic 184 

Oral cavity, 

Lungs 

(limited) 

ATG *  

 MMF + MP** 

CsA + MP*** 2319 

Skin, Oral cavity, Lungs, Eyes 

(Chronic extensive GVHD) 

4113 Acute 23 

Skin, Gut 

III CSA + MP + MMF* 12 

Gut II 

(Grade III Acute GVHD) 

748 Chronic 1294 

Skin, Eyes, Oral 

cavity 

(limited) 

Tacrolimus+Dexa *  

 CsA+Pred** 221 

Skin, Oral cavity, Eyes 

(Moderate Chronic GVHD) 

3260 

Acute on 

chronic 19 

Skin, Gut 

II 

MP* 

MP+ MMF+ Everolimus** 

Pred + MMF*** 262 

Skin 

(Moderate Chronic GVHD) 
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Table 5b Disease characteristics and treatment outcome in Group-B 

UPN GVHD 

type 

Onset of 

GVHD 

(day) 

Organ 

involvement 

and global 

grade at 

presentation 

Drugs used to treat 

GVHD in order of 

treatment 

Response 

to 

treatment 

Status Follow 

up 

GVHD stage (grading) at the time 

of Death 

1987 
Acute 38 

Gut 

III 

CsA + MP*  

ATG** 

NR to 

both Dead 98 Acute Gut GVHD stage 3, Grade IV 

2350 
Acute 24 

Gut 

III 

MP + MMF* 

ATG+CSA** 

NR* 

PR** Dead 131 

Acute Gut GVHD Refractory to 

Steroids, died of septic shock 

2655 Acute 28 

Gut 

III 

MP + CSA+MMF*  

ATG**  

NR to 

both Dead 26 

Acute Gut 4, Skin 3 GVHD  

(Grade IV) 

2974 
Acute 15 

Gut 

II 

MP+CsA+MMF* 

ATG** 

NR* 

PR** Dead 27 

Acute Gut GVHD stage 4 

(Grade IV) 

752 
Acute 7 

Liver 

II 

MP* 

CSA** 

NR to 

both Dead 24 Acute Hepatic GVHD, Grade IV 

3943 
Acute 11 

Skin 

III 

MP+CSA+MMF* 

Tacro+Pred+MP** 

PR* 

NR** Dead 51 Acute Hepatic GVHD, Grade IV 

829 
Acute 10 

Skin, Gut 

III 

MP *  

 IL-2R antibody** 

NR* 

PR** Dead 68 

Acute Refractory GVHD, responded 

to IL2R Ab, recurred as Grade IV 

74 Acute 51 

Gut 

II 

MP+ CSA* 

Tacrolimus+MMF** 

NR to 

both Dead 73 

Got intraperitoneal bleeding, 

developed Grade IV Hepatic GVHD 

2526 
Acute 14 

Skin 

II 

MP +CSA* 

MP+ATG+MMF** NR to all Dead 38 Died of Acute Gut GVHD Grade IV 

2556 Acute 28 

Gut 

II 

MP* 

ATG** 

NR to 

both Dead 56 Acute Gut GVHD stage IV, Grade 4 

3242 
Acute on 

Chronic 80 

Gut, Skin 

II 

MP+CSA* 

MP+MMF** 

PR* 

PR** Dead 54 

Acute Gut GVHD  which flared up 

into Grade 3 after transient response 

2518 
Acute 14 

Gut, Liver 

III 

MP* 

ATG** NR* Dead 17 Acute Gut and Liver GVHD, Grade 4 
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Table 6  Treatment Details and Outcome in Group A 

UPN MSCs in 

order a 

treatment 

choice 

Number 

of MSC 

infusions 

Median MSC 

dose 

(10
6
 cells/Kg) 

Initial 

Response to 

MSC 

therapy 

Duration of response Follow up 

(days) 

Current medication GVHD status at last follow up 

548 5 3 4.2 CR 

Sustained response till 

last follow up 755 

Off immunosuppression, 

occasionally uses tears 

naturalis 

No active GVHD, except 

chronic dryness of eyes 

896 2 3+3 4.6 PR 

Skin GVHD remained 

controlled for at least 

9 months 698 

Given 2nd course of 3 MSC 
doses, trials of Rituximab & 

Glivec (NR). Currently on 

physical rehab protocol 

Developed Ch Extensive skin 

GVHD (scleroderma) after 1 

year of MSC therapy 

3119 4 3 2.9 NR No response 17 
Died before initial response 

evaluation 
Died on Day+17 of MOF due to 

severe Acute Liver GVHD 

442 3 4 4.05 CR 
Sustained response till 

last follow up 503 

Off immunosuppression, 

occasionally uses tears 
naturalis 

No active GVHD, except 
chronic dryness of eyes 

2936 3 2 4.48 CR 

Sustained response till 

last follow up 467 

Off immunosuppression, 

vaccination is underway No active GVHD 

3730 3 3 6.8 CR 
Sustained response till 

last follow up 410 
on RCC support after graft 

rejection 
No active GVHD, Post-

transplant AIHA, graft rejection 

1039 4 3+1 1.6 PR 

Both skin and oral 

GVHD improved 

though not burnt out 239 

Received 1st dose of 2nd MSC 

course on day+145 post 

initial therapy 

Died at home on day +80 after 

last MSC infusion  

(Lung infection) 

4113 2 1 1.6 CR 

Sustained effect till 

last follow up 203 

GVHD controlled. Currently 

on tapering dose of CsA No active GVHD 

748 3 3+1 2.2 PR 

Skin GVHD much 
controlled, Eye & oral 

symptoms persist 

 

147 

Received 1st dose of 2nd MSC 

course on day+127 post 
initial therapy along with oral 

steroids cover 

Skin and Eye GVHD improved 

oral symptoms persist 

3260 4 3 1.67 NR Skin GVHD Persists 90 

On oral steroid  cover  

(poor compliance) 

Skin GVHD persisting without 

aggravation 

CR: complete remission; PR: partial remission; NR: no remission; MOF: multiorgan failure; CMV: cytomegalovirus; AIHA: autoimmune haemolytic anaemia 
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(A)                                                                (B) 

 

 
      (C)                                                                (D) 

 

 
         (E)                                                              (F) 

 

Figure 10 (A-F)   Comparison of soluble biomarkers in serum before and after MSC 

therapy. A modest drop was observed in levels of proinflammatory 

cytokines like IFNγ, TNFα, IL-1β, IL-2, IL-4, and IL-6.  

 

 

 

        

    (Continued) 



 

 

68 
 

 
      (G)                                                           (H) 

 

 
(I)                                                                (J) 

 
       (K) 

 

 

Figure 10(G-K)  (continued) Comparison of soluble biomarkers in serum before and 

after MSC therapy. Serum levels of pro-inflammatory cytokines (IL-

17A and IL-17F), and growth factors (Thrombopoietin and G-CSF) 

dropped after MSC infusion while the anti-inflammatory IL-10 was 

increased modestly after MSC therapy.  

 

 

 



 

 

69 
 

 

 

 

Chapter 4 

 

DISCUSSION 

 

 

This thesis describes various biological properties of human bone marrow-derived 

mesenchymal stem cells during their in vitro culturing and differentiation. First, we 

showed a comparison of MSCs growth kinetics under different culture conditions, 

explaining the differences in their morphological features, colonogenicity and in vitro 

differentiation potential. Then we presented preliminary reports of two clinical trials 

using culture-expanded human BM-MSCs in clinical application for treatment of spinal 

cord injury and GVHD respectively.  

 

Bone marrow MSCs are fibroblast-like adherent cells found in the bone marrow cavity, 

where they make matrix or stroma that performs many functions (Caplan, 1991). The 

most important of these functions is to provide support to hematopoietic compartment 

producing blood cells. These BM-MSCs reside in the marrow as a distinct population of 

self-renewing, multipotent progenitor cells, which upon stimulation, could differentiate 

into cells of many lineages. In various in vitro induction experiments conducted so far, 

MSCs have been successfully differentiated into cells of all three germinal layers 

(Pittenger et al., 1999b). This ability of trans-differentiation has huge implications in 

the field of tissue engineering and regenerative medicine. 

 

BM-MSCs represent a rare population of cells, comprising of 0.001-0.01 % of the total 

nucleated cells and this number keeps on decreasing with growing age (Caplan and 
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Dennis, 2006). Therefore, in vitro culture is required for clinical scale production. 

Historically, MSCs have been cultured in medium supplemented with fetal bovine 

serum (FBS) or fetal calf serum (FCS) but there is a growing concern over transmission 

of xenogenic infections and transfer of xeno-antigens in clinical preparations made 

under such culture conditions (Ben Azouna et al., 2012). There is an estimated 7 to 

30mg of bovine protein transferred during culture of 108 MSCs (Spees et al., 2004). The 

situation is further compounded by repeated injections for delivering multiple doses. 

Therefore supplements of animal origin have been replaced with human derivatives in 

different clinical-scale expansion protocols. Human AB serum, platelet-rich plasma and 

human platelets lysate collected from platelet pheresis or from pooled platelets donation 

have also been used for this purpose (Mohammadi et al., 2016).  

 

In study I of the thesis morphological and functional characteristics of BM-MSCs were 

compared under different culturing conditions. The assessment was made for  

expression of immunophenotypic markers, colonogenicity, growth and differentiation 

potential of MSCs grown in αMEM and DMEM supplemented with either fetal bovine 

serum (FBS) or pooled human platelet lysate (HPL), or using a commercial, serum-free 

defined medium (StemPro® MSC SFM) as reference. 

 

Use of HPL to supplement MSC cultures was first demonstrated by Doucet and 

colleagues (Doucet et al., 2005). Since then pooled HPL has been used as a replacement 

for FBS in various clinical studies (Bieback, 2013). Platelet lysate contains growth 

factors like platelet development growth factor (PGDF), transforming growth factor β 

(TGF-β), basic fibroblast growth factor (bFGF) and others (Hemeda et al., 2014). These 
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growth factors enhance proliferation rate and differentiation potential of MSCs under 

different in vitro culturing conditions. 

 

During this research we observed subtle differences in the morphological appearance of 

MSCs during their growth in different culturing conditions. Cells grown in mediums 

containing FBS were more flattened and starlet shaped compared to spindle-like 

appearance in HPL containing mediums. The central cell bodies were also found to be 

denser in HPL containing media. This observation was consistent with other groups 

who had compared the effect of FBS or HPL on morphological features of cultured 

MSCs (Griffiths et al., 2013; Jonsdottir-Buch et al., 2013). They measured the forward 

scatter and side scatter in flow histograms as an index of cell size and granularity, in 

addition to microscopy. The morphological characteristics of MSCs, as reported by 

previous groups, were validated through our work.  

 

Another interesting observation was difference in growth kinetics of MSCs under 

different culturing conditions. Cells proliferated at rapid pace to form large concentric 

colonies in the presence of HPL, compared to relatively linear expansion of cells in 

FBS supplemented medium. In HPL containing medium the average number of cells in 

each colony was higher with smaller cell size as compared to FBS medium. 

Consequently addition of HPL resulted in greater yield at the end of each passage. 

Similar findings were observed in a recent research carried out at University François 

Rabelais, France (Ben Azouna et al., 2012). Later on another group from New Jersey, 

USA noted a proliferation rate with HPL which was higher than that with FBS or 

human serum but equivalent to that with a commercial, chemically defined medium 

StemPRO® MSC SFM from Life Technologies (Inamdar and Inamdar, 2013). 
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Therefore, the evidence for a relatively faster growth of MSCs in medium 

supplemented with HPL was further strengthened by our group.  

MSCs were successfully differentiated into osteogenic, chrondrogenic and adipogenic 

lineages in all media formulations (M1-M5). This tri-lineage differentiation is one of 

the hallmarks of their identification (Beyer Nardi and da Silva Meirelles, 2006; 

Dominici et al., 2006; Gimble et al., 2008), and various groups have described it in 

detail on the basis of histological stains (Beyer Nardi and da Silva Meirelles, 2006), 

expression of biomarkers in spent media as well as gene expression studies (Jonsdottir-

Buch et al., 2013).  

 

In our experience, MSCs induced into osteogenic lineage showed more mineralization 

in presence of HPL compared to FBS, as evident from denser uptake of Alizarin Red S 

stain. Buch et al., (2013) had extensively studied the effect of HPL on osteogenic 

differentiation in vitro. They observed a 2.6 fold increase in expression of alkaline 

phosphatase (ALP) from day 7 to 14 in osteogenically induced cultures with fresh HPL 

compared to 1.4 fold increase in FBS containing medium. They further analyzed 

expression of Runt-related transcriptional factor-2 (RUNX-2) as an early marker of 

osteogenic differentiation, Secreted Phospho-Protein 1 (SPP1) as late marker and ALP 

as a steady marker. They noted that the expression of RUNX-2 decreased over the 

course of differentiation, yet these levels were significantly higher in MSCs grown with 

HPL compared to those grown in FBS (Jonsdottir-Buch et al., 2013). We second the 

observation and witnessed more mineralization in MSCs grown in HPL-medium. 

 

For most of the clinical applications, MSCs are cryopreserved at ultra low temperature 

before thawing and preparation of final dose. In order to assess the effect of 
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cryopreservation on cell viability, we compared pre- and post-cryopreservation cell 

count using 0.4% Trypan blue viability stain. There was a drop of 10-20% in cell 

viability post-cryopreservation. No significant difference was observed in the context of 

media supplement used. Other groups have also reported a variable degree of loss of 

viability during the processes of cryopreservation and revival. 

The results of preclinical research helped us choose a suitable medium with appropriate 

additive (pooled HPL in this case) which was free of xenogenic products for human 

clinical applications. In the subsequent studies these observations were further 

strengthened when we were able to achieve clinical scale expansion of BM-MSCs in 

two of our clinical trial series. 

The advent of protocols for large scale production of MSCs has facilitated designing 

clinical trials aimed at assessing their safety and efficacy in many diseases. So far, no 

toxicity was found from MSC transplantation, nor any malignant transformation was 

reported in the transplanted cells. These cells have been delivered safely by a variety of 

routes, ranging from on-site injection to systemic delivery into the blood (Wei et al., 

2013). The on-site injection method ensures delivery of large number of cells at the site 

of action. Systemic delivery, on the other hand, eliminates the risks associated with 

loading multiple doses to the injured tissue.  

 

In many studies conducted so far, systemic delivery has resulted in homing of infused 

MSCs at the site of damage (Paul et al., 2009). This is largely achieved through 

secretion of stress signals from the local tissue, both in paracrine manner and into the 

blood stream. In our experience, we delivered MSCs safely via intrathecal injection in 

our SCI cohort and given in the form of system infusions in GVHD patients group. No 
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adverse event or dose-related toxicity issues have so far been reported in both patient 

groups after delivering a total of 57 doses. 

 

During our research, we carried out good manufacturing practices (GMP) compliant 

clinical expansion of MSCs in medium containing pooled human platelet lysate for 

clinical applications. Mesenchymal stem cells have been a promising candidate for 

cellular therapy in many neurological disorders including spinal cord injury. In study II, 

we demonstrated the safety and feasibility of in vitro expansion of MSCs and their 

autologous transplantation into SCI patients. The study was a single group, open-label, 

non-randomized, phase-I clinical trial. All Patients enrolled in this study had suffered 

complete traumatic spinal cord injury and had undergone initial stabilization and 

decompression surgery. These patients were also taking rehabilitation program as it has 

been documented to complement the therapeutic and tropic effect of transplanted stem 

cells (Edgerton et al., 2006). The primary outcome variable in this pilot study was 

safety of MSCs injection via intrathecal route in SCI patients. All patients tolerated the 

procedure well with no adverse events to report during median follow up of 644 days. 

Likewise, no abnormal mass was seen along the spinal canal in the follow up MRI. 

However, one patient complained of severe headache, which was managed 

conservatively and settled on subsequent day. Head ache is the most common side 

effect of the intrathecal injection (Ahmed et al., 2006).  

 

Despite the promise shown by early improvement in sub acute SCI patients, the study is 

not devoid of some shortcomings. Firstly there was a lack of placebo group for 

comparing chances of spontaneous recovery. Secondly, the patients are still under 

routine observation for evaluation of any long term complication. Thirdly, the study 
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group was small and should be extended with inclusion of more subjects. We have 

applied for approval of a phase-II trial in order to extend the mandate on safety and 

efficacy with enlistment of more patients. 

 

Another interesting property of MSCs is their low immunogenicity and immune 

tolerance. MSCs lack expression of major histocompatibility complex II (MHC II) and 

other stimulatory molecules (Machado et al., 2013). Therefore they can avoid 

recognition by immune cells and are easily tolerated. This property of MSCs makes 

them an exciting candidate for transplantation in allogeneic settings. This fact has been 

validated by presence of MSCs for extended periods, in recipients following allogeneic 

transplantation (Liu et al., 2014). When co-transplanted with allogeneic hematopoietic 

stem cells (HSCs), MSCs support an early and sustained engraftment with low rejection 

rate and decreased GVHD incidence (Baron and Gothot, 2006). It is thought that MSCs 

exert their beneficial effect by suppression of both innate and adaptive immune cells. 

 

The immunosuppressive properties of MSCs have been validated in many experimental 

and clinical studies (P De Miguel et al., 2012). The mainstay of this 

immunosuppression is induction of a hypo-responsiveness of host immune system, 

independent of MHC barrier. This mechanism is controlled by cell-to-cell interaction 

and autocrine or paracrine secretion of specific growth factors and cytokines like 

vascular endothelial growth factor (VEGF), transforming growth factor beta 1 (TGFβ1), 

granulocyte colony stimulatory factors (G-CSF), leukemia inhibitory factor (LIF), stem 

cell factor 1 (SCF-1), interleukins (IL-1, IL-6, IL-7, IL-8, IL-11, IL-14, and IL-15), 

prostaglandin E2 (PGE2), indolamine 2,3 dioxygenase (IDO) and others. The 
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expression of these factors in MSCs is modulated by their interaction with other 

immune cells. 

 

The biology of immunosuppression by MSCs is complex and thought to involve 

multiple pathways. Although immunoregulatory effect of MSCs on T-cells has been by 

far the most widely studied, their interaction with other immune cells (like monocytes, 

dendritic cells, NK cells and B-cells) have also been elucidated by in vitro studies. 

Aggarwal and Pittenger (2005) studied the immunoregulatory effect of MSCs by co-

culturing them with different purified sub-populations of immune cells (Aggarwal and 

Pittenger, 2005b). Their results showed altered cytokine secretion profiles of different 

lymphocyte subsets and induction of anti-inflammatory or immune-tolerant phenotypes. 

In similar experiments allo-stimulated T cells were suppressed by MSCs in a dose-

dependent manner.  

 

Mesenchymal stromal cells are amongst the most promising candidates for regenerative 

medicine and cellular therapy for autoimmune diseases. Several groups have 

demonstrated successful isolation of MSCs from a variety of tissues and optimized their 

culturing under different growth conditions for clinical applications. The first seminal 

case report on clinical use of third-party haplo-identical MSCs for treatment of severe 

acute GVHD came out in 2004 (Le Blanc et al., 2004b). Since then many clinical trials 

with similar objectives have been registered on different clinical trial registries and 

results for some of these trial have also been published (Ringden et al., 2006);((Le 

Blanc et al., 2008); (Kebriaei et al., 2009); (Weng et al., 2010; Prasad et al., 2011), 

(Prasad et al., 2011; Ringden and Le Blanc, 2011). 
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In study-III of this thesis we shared our experience of treating steroid-refractory GVHD 

with allogeneic MSC infusion. All infusions were tolerated well by patients with no 

complications reported till writing of this manuscript. Initial response to MSC therapy 

in our cohort was CR=50%, PR=30% and NR=20%. These results are similar to those 

reported by other groups (Le Blanc et al., 2008; Kebriaei et al., 2009; Ball et al., 2013). 

Three out of five patients achieving CR are completely off immunosuppression while 

one is on tapering CsA dose and the other is on blood components support after delayed 

graft rejection. All three patients with partial response to MSCs during initial period 

received second course of MSC doses. One of them has shown further improvements in 

GVHD symptoms, while the other two did not respond to these additional doses. One of 

them had developed scleroderma after 9 months of MSC therapy and currently on 

rehabilitation protocol. The other one died at home after 80 days of her last MSC 

infusion due to lung infection, probably associated with her chronic lung GVHD. 

In case of acute steroid-refractory GVHD, an early decision to employ MSC infusion 

helps rescuing patients from entering advanced stage GVHD and yields better outcome. 

Ball et al.(2013) showed a higher response rate and lower 6 year TRM among patients 

receiving MSCs between 5-12 days of initiation of GHVD treatment compared to those 

who received the dose between 13-85 days (Ball et al., 2013). Likewise, a delayed 

infusion of MSCs after 6 to 7 weeks of GVHD diagnosis was attributed with therapeutic 

failure and poor response (Prasad et al., 2011). In our cohort, three patients had acute 

GVHD and they received their first MSC dose at median of 20 days after onset of 

GVHD (range 12-26 days). An early response was observed in them and all three have 

sustained CR after a median follow up of 410 days (range 203-467). Prasad and 

colleagues also reported an estimated probability of 2 year survival among patients 

achieving CR as (68%) compared to (0%) in non-CR group (Prasad et al., 2011).   
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There is a relative paucity of data on efficacy of mesenchymal stem cells in chronic 

GVHD. The first patient who received MSCs for chronic extensive GVHD showed a 

transient response and ultimately died of Epstein-Barr virus lymphoma (Ringden et al., 

2006). A second report by Zhou et al. comprised of 4 patients with sclerodermatous 

chronic skin GVHD and they showed improvement in symptoms of all patients with an 

RS score (>70%) observed during median follow up of 14 months [range 4.6-23 

months] (Zhou et al., 2010). In the same year Weng et al. brought forth results of MSC 

clinical trial in 19 chronic GVHD patients with an initial response observed in 14 out of 

19 patients. Four of them achieved complete remission while 10 exhibited partial 

response. The median follow up in these patients was 697 days [range 81-1294 days] 

(Weng et al., 2010). In our cohort, 4 out of 5 patients with chronic GVHD responded to 

MSC therapy. Two of them have sustained CR till last follow up, while another two 

responded initially but later developed GVHD-related complications. One of them died 

due to lung infection while other one is having sclerodermatous skin. The non-

responder patient is a recipient of haplo-identical transplant, who is living with stable 

skin GVHD after MSC therapy. Median duration of follow up in these chronic GVHD 

patients was 503 days (range 147-755 days).   

 

Historically younger patients are known to respond well to MSC therapy in steroid-

refractory GVHD. In 2011 Ringden and Katrina Le Blanc reported 68% response in 

children, compared to 43% in adults for MSC therapy in acute GVHD. Three years later 

another multicentre study demonstrated better response to MSC therapy in younger 

patients compared to adults (Introna et al., 2014). A recent meta-analysis showed better 

trend of CR among children, than adults [OR 2.41, P=0.05] (Chen et al., 2015). 
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Likewise in our study pediatric patients responded more frequently to MSC treatment 

(CR=60%+PR=40%) compared to adults (CR=40%+PR=20%). Both patients who died 

during study period were adults aged 22 and 33years respectively.  

CONCLUSION AND FUTURE PERSPECTIVES 

Mesenchymal stromal cell therapy is a relatively new treatment modality which has 

created excitement in the field of regenerative medicine. Through a series of preclinical 

and limited human clinical trials, MSCs offered a promise for treatment of many 

degenerative disorders and autoimmune diseases. MSCs are relatively rare in adult 

tissues therefore need expansion through in vitro culturing. During recent years much 

emphasis has been placed on studying the biological properties of MSCs and protocols 

for their isolation, expansion, validation and transplantation have been optimized. 

Simultaneously efforts have been made on minimizing the burden of xenogenic 

antigens and proteins through addition of human-origin products or use of commercial 

serum-free defined media formulations.  

Through our experience of working with MSCs, we conclude that MSCs can be 

separated from small volume of bone marrow and expanded in the presence of human 

supplements like pooled platelet lysate. These cells when kept in culture remain 

undifferentiated and express signature cell surface markers. After obtaining a clinically 

relevant cell dose MSCs can be safely transplanted through intrathecal or intravenous 

route, both in autologous and allogeneic setting with any serious side effects. We 

conducted first-ever clinical trial in Pakistan on safety of cultured MSCs in patients 

with spinal cord injury. In the safety/efficacy trial on GVHD patients 80% of the 

patients suffering with steroid-resistant GVHD responded to MSC therapy, out of which 
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50% remained asymptomatic and three were already off immunosuppression, while one 

was on tapering dose.  

The future perspectives of MSC therapy include phase-II/III trials comparing their 

efficacy with standard of care treatment and also using them in combination to other 

cells like haematopoietic stem cells and drugs. Similarly different innovative strategies 

are being developed to use MSCs as drug vehicle in cancer therapy, exploiting their 

tropism towards sites of inflammation. Efforts on the clinical front are also in full swing 

as the number of clinical trials using MSCs is building up with each passing year. Many 

commercial companies have started providing MSCs as an off-the-shelf treatment for 

different clinical indications. We are optimistic that medical community in Pakistan will 

also benefit adequately from the immense therapeutic potential of stem cells.  

 

 


