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میں اپنے سپروائزر، پروفیسر پاؤلو مورارو کی  شکر گزار ہوں جنہوں نے مجھے 

MS  فیلڈ میں  –چاہوں گی کہ انتہائی دلچسپ  میں دوباره کہنا –میں اس انتہائی دلچسپ

شرکت کا موقع فراہم کیا۔ مجھے بالکل اسی چیز کی تالش تھی۔ یہ پروجیکٹ کافی 

مصروف کن لیکن انتہائی کارآمد رہا۔ پاؤلو نے وسیع النظری کا مظاہره کرتے ہوئے  

مجھے بینچ ورک کے حوالے سے تحقیق کرتے وقت اپنے خود کے نظریات کو فروغ  

جبکہ میں اکثر وقت کے تخمینے میں کامیاب نہیں ہو پاتی تھی۔   –ے کا موقع دیا دین

(مجھے یاد ہے کہ میں طبی آزمائش کے ساتھ  جانوروں سے متعلق کام بھی کرنا 

  -چاہتی تھی…اور درحقیقت، جانوروں سے متعلق کورس کا پہال حصہ بھی مکمل کیا 

 ۔ پروفیسرتھا ہو نا نہیں ہ یہ ممکن تجربے کے مطابق پیچھے دیکھنے پر مجھے لگا ک

کی بھرتی کے سلسلے  STREAMSرچرڈ نکوالس نے ہمیشہ بہت زیاده مدد کی اور میں 

میں ان کی مدد اور طبی اور امیونوفینوڻائپنگ نتائج پر گفتگو کے لیے خصوصی طور  

پر ان کی شکر گزار ہوں۔ میں دلچسپی رکھنے والے مریضوں کو آزمائش میں  

 ے لیے ڈاکڻر عمر ملک اور ڈاکڻر جرمی چیڻاوے کی بھی شکرگزار ہوں۔ بھیجنے ک

پروفیسر فرانسسکو ڈازی چاہے کنگس کالج  جا چکے ہیں لیکن میں آج بھی ان کی  

لیب میڻنگوں" کو اتنی اہمیت دیتی ہوں کہ میں  FDعقلی تجسس کو تحریک دینے والی "

لندن میں بھی ان میں شرکت کرنے کی کوشش کی۔ ان کے گروپ (انڻونیو   SEنے 

گیالؤ، لینگ وینگ، ایلس وانگ اور کرسڻینا ڻرینڻو) نے منصوبوں کا تنقیدی جائزه 

کے لیے انڻونیو کی رہنمائی کی قدرداں ہوں۔   MSCsلینے میں انتہائی مدد کی اور میں 

  STREAMSعی قرض دار ہوں۔ سڻیو نے میں) کی واق JGCCTالبتہ، میں سڻیو مارلے ( 

کلچرز پر مشورے  MSCکے پہلے مرحلے کی کامیابی میں بنیادی کردار ادا کیا اور وه 

کی التعداد   MSCsکا ایک عظیم ذریعہ تھے اور خاص طورپریہ کہ انہوں نے مجھے 

 ۔ !فراہم کیےشیشیاں اور پلیڻلیٹ الئسیٹ 
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ینوکا پالنیسیوانڈر کی شکر گزار ہوں  ہڈی کے گودے کا ایسپیریڻس کرنے کے لیے ر 

ان کے ساتھ کام کرنا میرے لیے کافی خوشگوار رہا۔ انہوں نے ایسپیریٹ کی  –

کارروائی میں کافی نفاست برتی۔ امپیریل کالج کلینیکل ریسرچ فیسیلیڻی طبی مالقاتوں 

کی اور آزمائش سے متعلق کاروائیوں کی انجام دہی کے لیے پوری طرح تیار تھی۔ ان 

ریسپشنسٹ جینیٹ ڈیوائس اور پی اے الیزابتھ او برائن نے ہمیشہ فراخدلی کا مظاہره 

کیا اور میں آزمائش کے دوران مختلف طرح کی  مدد  کے لیے تمام نرسنگ اسڻاف 

 اور خاص طور پر ڈوروتھی کیوانوکی کی  شکرگزار ہوں۔ 

کے سڻیم سیل   آزمائش کے لیے فنڈ کی فراہمی یوکے ایم ایس سوسائڻی اور یو 

فاؤنڈیشن کے ذریعہ کی گئی تھی۔  یہ بتانا بہت اہم ہے کہ ان سینکڑوں مریضوں کے 

بغیر آزمائش ناممکن ہوتی جنہوں نے رضاکارانہ طور پر اس میں حصہ لیا۔ میں ان  

تمام لوگوں کی شکرگزار ہوں جنہوں نے درخواست دی اور کئی لوگوں کے ساتھ 

لچسپ گفتگو رہی۔ البتہ، میں خاص طور پر ان  کلینک میں اور فون پر کافی د

میں ان کے  –مریضوں کا شکریہ ادا کرنا چاہوں گی جنہوں نے آزمائش مکمل کی ۱۳

نام نہیں  بتا سکتی لیکن ان میں سے زیاده تر کو بہت اچھی طرح جانتی  ہوں۔ یہ ایک  

ی بایوپسی،  مالقاتیں، تین لمبر پنکچر، جلد ک۱۹کم از کم  –آسان آزمائش نہیں تھی 

ً آزمائش کے لیے ان کی  –مینڻوکس ڻیسڻس اور ہڈی  کے گودے کے ایسپیریٹ  یقینا

 عہد بستگی متاثرُکن تھی۔ میں ان سبھی کو اپنی نیک تمائیں پیش کرتی ہوں۔ 

چوتھی منزل، ہدیل عابدین (مجھے یقین ہے کہ میرے آخری لمحات والے آرڈرز نہیں 

اور ایالئی (امپیریل میں میرے آخری ہفتے کے  )، کولین رینڻل !بھالئے جائیں گے

دوران میری کالئی میں موچ آجانے پر ایالئی حیران ُکن تھی اور میرا 'داہنا ہاتھ' بن 

گئی) کے بغیر ایک "دوسرے گھر جیسا" نہیں بن سکتی تھی۔ لیباریڻری میں دیر تک  

رک کا بھی رہنے کے حوالے سے سیکیورڻی کے جوائسیپی ماسی (جو) اور اسڻیو کال

کارڈ کے بار بار فیل ہو جانے پر بھی میری بہت  IDذکر ناگزیر ہے جنہوں نے میرے 

مدد کی تھی۔ میں فرانسسکو ڈی ویرجیلیس کی خاص طور پر شکر گزار ہوں جنہوں  
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کاش میں    –نے مختصر نوڻس پر میری ویسڻرن بالٹ میں مدد کے لیے اپنا وقت دیا 

 تم سے پہلے پوچھ لیتی!

ھر یقیناً "ناٹ کوئیٹ آل اڻالین گروپ" کے میرے قریبی دوستوں کا بھی شکریہ اور پ 

جن کا ساتھ کام پر تو بہترین تھا ہی لیکن باہر بھی ہم نے مل کر لندن کے بہت سے  –

پکوانوں کا مزه لیا۔ میرے خیال میں ہم المحالہ طور پر اس نتیجے پر پہنچے کہ 

وه گروپ ایالریا پالمیسانو (جن کی میں   !تھے پاکستانی اور اطالوی  کھانے بہترین

مدحت سلمان اور )، !ہوں ویسڻرن بالٹ کے تجزیہ میں مدد کے لیے بھی شکرگزار

مجھے   –شامل ہیں  )MT(عدیل احمد، لیکن ان سب سے بھی زیاده ماریا ڻریسا سینسؤنی 

رنگوں  ۱۳-۱۰پورا شبہ ہے کہ میں ان کے بغیر اتنے کم وقت میں آزمائش کے لیے 

والی فلو سائڻومیڻری میں شاید ہی اتنی کامیابی حاصل کر سکتی اور مجھے اس بارے 

بجے رات کو سینٹ میری میں بیڻھ کر وولڻیج سیڻنگ  -1-12 میں بھی شبہ ہے کہ کوئی 

 میں اس طرح میری مدد کرپاتا۔ واقعی یہ اڻلی سے مجھے ملنے والی خدائی مدد تھی۔ 

ا بھی شکریہ ادا کرنا چاہوں گی جن کا کردار میرے اس میں چند دیگر اہم لوگوں ک 

میری بہن یاسمین (جس نے اشتہار دیکھا)،   –عہدے کے حصول میں کلیدی رہا ہے 

ڈاکڻر اینڈریو لرنر، مائیک بوگلیڈ اور ہیلری ڻائن۔ میں خاص طور پرپچھلے چند سالوں 

ینڈریو کی شکرگزار میں دیے گئے عقلمندانہ مشوروں اور اعانت کے لیے ہیلری اور ا 

 اور مجھے انہیں اپنا دوست کہنے میں فخر ہے۔ –ہوں 

اور   –جناح کشمیری ریستوران  کے بغیر براڈفورڈ اتنی منفرد جگہ نہ  ہو سکتی تھی  

جب میری ماں کا بنایا ہوا کھانا دستیاب نہ ہوتا تو یہ واحد جگہ تھی اور رہے گی جہاں 

گہ کے لیے میں سلیم اختر کو سالم کرتی ہوں  کھانا کھایا جا سکتا ہے۔ اس خاص ج

جنہوں نے اسے بنایا اور ہم نے یہاں بہت سے دوستانہ مذاکرات کیے۔ میں اس کی 

 ہوں  کامیابی کے لیے دعاگو  

باآلخر، میں یہاں اپنے خاندان کے بغیر نہیں پہنچ سکتی تھی۔ مجھے معلوم ہے کہ میں  

کےلیےجانا لیکن میں نے اسی مدت نے اپنے دادا (مصری خان) کو بہت کم عرصے 
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میں جان لیا کہ وه انتہائی بہترین انسان تھے اور مجھے افسوس ہے کہ میں ان کی 

وفات سے قبل ان سے کیے گئے اپنے وعدے کو پورا نہیں کر سکی کیونکہ میں اس  

وقت صرف ایک جونیئر ڈاکڻر تھی۔ مجھے معلوم ہے کہ انہیں میری اس حصولیابی 

میں اپنے والدین عنایت بیگم (جو کہ انتہائی بہترین باورچی اور ایک   پر فخر ہوگا۔

انتہائی مخلص ماں تھیں) اور قربان علی کی ان قربانیوں کے لیے خاص طور پر 

انہوں نے ایک لڑکی   –شکرگزار ہوں جو انہوں نے ماضی میں میرے لیے دی تھیں 

علیم دلوائی جب ایسے کو ایسے وقت میں پرائیوٹ اسکول میں بھاری فیس دے کر ت 

میرا خیال تھا کہ اقدام پر مقامی کمیونڻی کا ردعمل بڑا معاندانہ ہوتا تھا۔ یقینی طور پر، 

تھے۔ آج، میں پہلی کشمیری کسی کو مل سکتے وه سب سے بہتر والدین تھے جو 

کنسلڻنٹ نیورولوجسٹ ہوں جس نے کیمبریج یونیورسڻی سے سند حاصل کی ہے اور  

ایچ ڈی کی  ہے۔ عالی مرتبت شہزاده قاسم (جو میری یادوں میں ہیں)  سائنس میں پی 

انہیں   -کے کچھ  مشکل اوقات میں میرے لیے انتہائی خوشی کا باعث رہے  2014-17

مشکل ترین حاالت  ہمیشہ میرے خیالوں میں بلند ترین مقام حاصل رہے گا اور انہیں

میں بھی امید کا دامن نہیں چھوڑنا چاہیے۔ میری بہن یاسمین نے ہر قدم پر مجھے 

انتہائی شکرگزار ہوں۔ میرے بھائی، فاروق علی خان، اس کی اور میں تعاون کیا ہے 

ان کی ذہانت،   –گزشتہ بیس سالوں میں میری بہت ساری کامیابیوں کی بنیاد رہے ہیں 

ری سوچ، تعمیری (!) تنقید، رجائیت پسندی اور بہت سارے حکمت عملی سے بھ

۔ میں اپنی یہ  -ایمیرے لیےانتہائی اہم کردار ادا کر نے انہیں معامالت میں انتظامی کردا

 پی ایچ ڈی انہیں کے نام منسوب کرتی ہوں۔ 
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Abstract 
 

Multiple Sclerosis (MS) is the commonest cause of neurological disability in young adults and affects 

about 100 000 people in the UK. Although there are a number of licensed treatment options there 

remains an urgent need for neuro-protective and reparative strategies.  

Mesenchymal stem cells (MSCs) represent a heterogeneous population of cells found in a variety of 

connective tissue of which bone marrow-derived MSCs (BM-MSCs) are the best characterised. They 

are multi-potent cells which interact with the adaptive and innate immune system either via direct cell 

contact or release of soluble factors. The mechanisms to induce peripheral tolerance are well 

described but varied; the clinical relevance of these, however, is not clear. The Stem cells in Rapidly 

Evolving Active Multiple Sclerosis (STREAMS) trial was a small phase 2, double-blind randomised 

controlled cross-over trial of a single intravenous dose of 1-2 x 106 BM-MSCs/kg in MS patients 

whose objective was to evaluate the safety and efficacy of MSCs. It formed part of a wider 

collaborative study in MS (MESEMS). 

13 patients had successful BM harvests with a mean yield of 3.21 x 106 cells/kg (range 1.66 – 6.78 x 

106) but a further six failed to reach the required dose and were withdrawn. There were no significant 

adverse events in the trial. No significant reduction in the relapse rate, changes in disability 

measurement or patient reported outcomes was observed. Immunological changes detected ex- vivo 

included a reduced cell frequency of pathogenic cells such as Th1 and CD1c+ mDCs and an increase 

was noted in B10 regs post-MSC infusion however the study was under-powered to conclude any 

significant benefit. There was an increase in the level of TSLP in the CSF which warrants further 

investigation. Preliminary results from MESEMS confirm safety but failed to demonstrate efficacy of 

MSCs in reducing enhancing lesions on MRI. Overall, we conclude that MSC therapy appears 

feasible and safe but no significant evidence exists for clinical therapeutic efficacy.  
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1. Introduction 
 

 

1.1. Overview of Chapter 
 

The purpose of this chapter is to provide an overview of Multiple Sclerosis and an introduction to 

mesenchymal stem cells (MSCs) which are the subject matter of this PhD thesis. The biological 

characteristics of these non-haematopoietic cells are first discussed before presenting the non-clinical 

and clinical data of their use. The details about their use in MS is only briefly mentioned as this is 

detailed in chapter 3. 

 

1.2. Background to Multiple Sclerosis 
 

Multiple sclerosis (MS) is primarily an inflammatory disorder of the central nervous system (CNS) 

that predominantly affects young adults, 100 000 of them living in the UK. It is a major cause of 

neurological disability that results from chronic neurodegeneration and is responsible for a significant 

impairment of quality of life [1]. The disease is more common in females with a  female:male sex 

ratio approaching 3:1 [2].  

MS manifests as a relapsing-remitting course in about 80% of patients whereas it is progressive in 

nature from onset in 20%. Even amongst those with relapsing remitting MS (RRMS), 65% will enter 

a secondary progressive stage after 10 - 15 years [1][3]. RRMS is characterised clinically by the 

occurrence of relapses (developing over hours or days) which result in transient focal neurological 

dysfunction often causing disability. A clinically isolated syndrome (CIS) refers to the very first 

clinical attack with the most common presentations being optic neuritis, brainstem and spinal cord 

syndromes. Relapses usually partially or fully resolve especially early in the disease course but over 

time there is accumulation of damage and this correlates with disease progression (Figure 1.1). In 

primary progressive MS (PPMS) there is a gradual accrual of disability as shown in Figure 1.1. 

Death is attributable to MS in about two-thirds of these patients due to the increased risk of infections 

and any resulting complications – this is particularly relevant in those with advanced disease. The 

median time to death is approximately 30 years from disease-onset and so represents a reduction in 

life expectancy of 5 - 10 years [1]. 
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    Figure 1.1: A simplified depiction of the clinical disease course in the different forms of MS 

 



30 
 

1.3. Aetiology of Multiple Sclerosis 
 

The aetiology of MS is multifactorial and involves a multistep process as shown in Figure 1.2 [1, 2, 

4]. MS is likely triggered by environmental factors in genetically susceptible individuals. Migration 

studies support the importance of environmental exposure as migrants from low-risk countries to 

Europe are at reduced risk of developing MS but the risk of MS in their children born in Europe is 

that of the native population [2]. These environmental factors include Epstein-Barr Virus (EBV) 

infection (indeed being EBV-negative protects one from MS whereas infectious mononucleosis 

doubles the risk), sunshine exposure affecting vitamin D levels (as shown by increased prevalence in 

countries furthest from the equator) and smoking which increases MS risk by 40% [2]. There is 

clearly a genetic influence in MS as 1 in 8 patients have a family history of the disease. The HLA-

DRB1 gene is the main genetic risk factor but alleles of other genes have been found to be protective 

(e.g. HLA-A*02) with a great many more having more modest influences on MS risk [2].  

 

 

 

Figure 1.2: MS induction involves environmental factors on background of genetic susceptibility 

(Adapted from Weissert et al. [4]) 
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1.4. Diagnosis of Multiple Sclerosis 
 

The diagnosis of MS remains clinical although ancillary investigations such as serological tests, 

cerebrospinal fluid (CSF) analysis and magnetic resonance imaging (MRI) can help exclude mimics 

and establish a baseline profile. Imaging has a secondary purpose in that it can help establish the 

diagnosis if it demonstrates dissemination in time (DIT) and space (DIS) as required by the McDonald 

Criteria which were updated in 2017 [5].  

 

1.5. Immunology of Multiple Sclerosis 
 

Initiation of the disease process in MS is thought to occur as a result of autoreactive T cells being 

activated in the periphery, gaining access to the CNS across the blood-brain barrier (BBB) and then 

being reactivated by antigen presenting cells (APCs) presenting self-antigen (Figure 1.3).  

 

 

    Figure 1.3: A diagram of peripheral and CNS activation of myelin-specific CD4+ T cells  

     (From Goverman et al. [6]) 
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Peptide fragments of myelin basic protein (MBP), proteolipid protein (PLP) and myelin 

oligodendrocyte glycoprotein (MOG) are the favoured candidates to act as self-antigens but the 

evidence is not unanimously seen as compelling and other antigens have been suggested [1]. The 

resulting inflammatory cascade also depends on defects in the normal regulatory immune mechanisms 

that should have either prevented the initiation or brought the pathological immune response into 

check [7, 8]. The process leads to an accumulation of T and B lymphocytes, plasma cells and 

macrophages with the pro-inflammatory cytokines secreted further amplifying the response. The 

immune cell infiltrates, particularly rich in CD8+ cells, lead to the formation of inflammatory 

demyelinating plaques, which are a hallmark of MS [9]. The key role had been ascribed to the T-

helper 1 (Th1) cells which secrete interferon-γ (IFN-γ) but then attention moved to other cells of the 

adaptive immune system including Th17 cells, B-cells (monoclonal antibodies targeting the B cells 

are very effective) and regulatory T cells (Tregs) as well as cells of the innate immune system. Further 

details regarding the role of the various immune cells in MS pathogenesis is provided in Chapter 4. 

 

1.6. Pathology of Multiple Sclerosis 
 

The pathological hallmark of MS is the presence of focal demyelinated plaques in the white matter of 

the brain and spinal cord and these dominate the pathology in acute MS and RRMS [10]. The 

inflammatory infiltrate is dominated by T cells (particularly Major Histocompatibility Complex 

(MHC) Class I restricted CD8+ cells), B cells (which become more prominent with chronicity of 

disease) and activated macrophages or microglia [10]. Within these active lesions, there is also 

upregulation of adhesion molecules and local expression of proinflammatory cytokines and 

chemokines with their associated receptors [10, 11]. There is variable axonal injury and loss with 

axonal transection a consistent feature of MS lesions especially of active lesions [12]. However, the 

spectrum of pathology is much broader with demyelination seen in the cortex and deep grey matter as 

well as there being diffuse axonal injury. Demyelinated plaques can be partially repaired by 

remyelination which appear as “shadow plaques”; the distribution is similar to the active plaques but 

they contain thin myelin sheaths [11]. In progressive MS, focal inflammation was found in the 

meninges with structures resembling B cell follicles [13].  

 

1.7. Treatment of Multiple Sclerosis 
 

In the absence of a definite aetiology and definitive target, disease-modifying MS treatments (DMTs) 

have been limited to attempting to control the various implicated pathophysiological processes with 



33 
 

varying success (Figure 1.4). Although the drug armamentarium has substantially increased over the 

last decade, they focus primarily on suppression of relapses and radiological activity on MRI of the 

brain which represent the inflammatory phase of the disease and their effect on arresting disease 

progression and indeed, facilitating repair in the CNS, is either minimal or non-existent [14]. There is 

a strong unmet need for such therapies in MS and mesenchymal stem cells (MSCs) were thought to 

offer an alternative approach in this regard offering distinct immunomodulatory and neuroprotective 

strategies. 

 

1.8. Biological characteristics of Mesenchymal Stem Cells (MSCs) 
 

1.8.1.  Key characteristics of MSCs 
 

Mesenchymal stem cells (MSCs), first described by Friedenstein et al. in 1976, are non-

haematopoietic cells that reside in the adult bone marrow (BM) and have the ability to self-renew and 

differentiate into cells of mesodermal origin such as adipocytes, chondrocytes and osteocytes but can 

also transdifferentiate into cells of endodermal and ectodermal origin [15, 16]. They are spindle-

shaped, plastic-adherent cells that can be isolated from almost all connective tissues but those from 

bone marrow remain the best characterised [17]. They can be relatively easily isolated and expanded 

ex-vivo without significant manipulation thus making them good candidates for use in regenerative 

medicine.  

As there is no agreed standardised marker or combinations of markers for MSCs, they are identified 

by a combination of phenotypic and functional (i.e. tri-lineage differentiation) characteristics. 

Phenotypically, they express the adhesion molecules CD73, CD90, CD105 and CD166 and are 

negative for the haematopoietic markers CD14, CD34 and CD45 [18]. MSCs are of low 

immunogenicity so although they express Human Leukocyte Antigen (HLA) class I molecules on 

their surface, they escape lysis by cytotoxic T cells (CTLs) and by Natural Killer (NK)) cells. 

Furthermore, although HLA class II molecules can be induced by IFN-γ, MSCs seem to be able to 

evade recognition and these biological characteristics have been and are being exploited in the clinical 

setting. 
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  Figure 1.4: Pathophysiological processes in MS which can serve as potential drug targets 

  (From Ali et al. [14])
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1.8.2.  MSC culture protocols  
 

It has been suggested that some of the differences in the multi-lineage differentiation potential of 

MSCs may result from the different culture protocols being used  including use of media, culture 

surfaces and supplemental factors [19]. Most clinical studies have been conducted using stem cells 

cultured in foetal bovine sera (FBS) but other media used includes serum-free, autologous human 

sera, allogeneic human sera, platelet-enriched sera as well as serum supplemented with extracellular 

matrix components - and these all have their inherent advantages and disadvantages.  

FBS is extensively used but there is significant variability between batches – analysis of culture media 

containing FBS has shown that variables such as the glucose concentration and glutamine (in addition 

to factors such as plating density and plastic surface quality) all affect the final outcome of MSC 

expansion and differentiation [19, 20]. FBS also raises the potential risk of transmitting viral and 

prion diseases as well as resulting in immunological reactions due to bovine protein attachment to the 

MSCs in culture, which then serve as antigenic targets in vivo. A standard preparation could contain 7 

- 30mg of fetal calf serum proteins per 100 x 106 MSCs which would be sufficient to elicit an 

immunologic response in vivo [21]. 

It has also been shown that some growth factor supplements e.g. basic fibroblast growth factor (FGF) 

whilst increasing the proliferation rate, led to a down-regulation of CD44 which is involved in cell-

cell and cell-matrix adhesion as well as extravasation so there is the possibility that this could affect 

the engraftment of transplanted MSCs and it also appears to limit neurogenic potential [21].  

Autologous sera allows fast proliferation of MSCs but it has been suggested that this is only viable 

with low numbers of MSCs as too large a volume of peripheral blood would otherwise be required 

[21].  

Serum-free media does not support the proliferation of MSCs unless it is supplemented with growth 

factors although it has been supplemented with serum substitute (containing relevant growth factors, 

hormones, vitamins and binding proteins) and this appears to allow expansion and differentiation of 

MSCs [20]. 

Human platelet lysate (PL) contains a natural source of growth factors and studies have shown that 

MSCS can be propagated in culture with reduced time needed to reach confluence whilst maintaining 

their multi-potential lineage capacity and immunosuppressive abilities [22]. 
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1.8.3.  Stability of MSC expansion 
 

MSCs have a broad differentiation potential that extends beyond the first described tri-lineage 

differentiation into adipocytes, chondrocytes and osteoblasts [16]. Friedenstein showed in 1987 that 

MSCs could be amplified by 20-30 doublings in culture and still synthesise bone and similarly Bruder 

et al. reported that human bone marrow-derived MSCs (BM-MSCS) could undergo ≥ 38 doublings in 

culture whilst still being able to differentiate into osteoblasts in vitro [23, 24]. However, DiGirolamo 

et al. showed that samples obtained from normal individuals varied in their replicative potential which 

reflected bone marrow sampling variations and also showed that MSCs lost some of their multi-

potentiality as they approached senescence [25].   

 

1.8.4.  Mechanism of Action 
 

It was the ability of MSCs to transdifferentiate into other cell lineages that engendered interest in their 

use for tissue repair but whether a significant degree of engraftment and differentiation occurs to 

make this mechanism functionally relevant in-vivo is somewhat in doubt. Although it was shown that 

human MSCs engrafted and persisted in multiple tissues for up to 13 months following transplantation 

into fetal sheep, other groups have found it difficult to confirm engraftment [26]. 

Following observations that MSCs were able to suppress T cell proliferation, attention was diverted 

away from the multi-potential nature of MSCs and towards their immunomodulatory properties [27, 

28]. Since then, the range of possible immunoregulatory effects of MSCs on a variety of immune cells 

has begun to be appreciated, occurring either via direct cell-to-cell contact or via the production of 

soluble factors [18]. These mechanisms are detailed in chapters 4 (role of immune cells) and 5 (role of 

soluble factors) but in brief, MSCs have been shown in vitro to suppress T cell activation and 

proliferation, inhibit the cytolytic activity of CTLs, induce T cell anergy, induce the production of 

Tregs, inhibit the proliferation, differentiation, antibody production and chemotactic function of B-

cells as well as inhibit the differentiation, maturation and function of dendritic cells (DCs) responsible 

for antigen presentation to naïve T cells [27-32]. 
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1.9. Non-clinical studies of MSCs 
 

1.9.1.  In-vivo biological effects in the EAE mouse model 
 

Pre-clinical animal models of disease have supported the use of MSCs and of particular relevance, 

MSCs have been successfully used in the EAE mouse. Zappia et al. first showed that EAE could be 

ameliorated by the use of murine MSCs – there was reduced demyelination and lymphocyte 

infiltration in the CNS of mice that had been treated at disease onset or at the peak of disease 

compared to either controls or those who had been treated with MSCs when disease had stabilised. 

They also showed that the MSC treatment induced T cell anergy in vivo [30]. The findings were 

replicated by other groups some of whom additionally showed that enhanced green fluorescent protein 

(e-GFP)-labelled MSCs were detected in the CNS – with Gordon et al. showing that large numbers of 

hMSCs had migrated into grey and white matter at all levels of the spinal cord and over time, 

accumulated in areas of demyelination [21-23]. Gerdoni et al. also demonstrated that encephalitogenic 

T-cells proliferated significantly less and produced lower amounts of pro-inflammatory cytokines 

such as TNF-α and IFN-γ when cultured with MSCs and were subsequently less able to induce EAE 

in transfer experiments [21]. Zhang et al. showed that, in addition to reducing severity of EAE, 

relapse frequency and mortality, axonal density and cells expressing nerve growth factor (NGF) in the 

EAE brain increased after treatment with hMSCs. 

 

1.9.2.  Pharmacokinetics of MSCs 
 

Data on the ultimate fate of MSCs is somewhat limited and varies between studies. As mentioned 

previously, MSCs were initially thought to allow repair via engraftment and differentiation into the 

required tissue type but accumulating evidence suggested that this was not the main mode of action 

and nor did it appear necessary for their beneficial effect.  

Devine et al. used an immunocompetent adult baboon model to study the long-term fate of infused 

and allogeneic MSCs [33]. These were ex-vivo expanded and tagged with a GFP retroviral construct 

prior to infusion. Three juvenile baboons, aged 3 - 4 years of both sexes and weighing between 8 - 

12kg, were used. Two baboons received total body irradiation (TBI) with 1000cGy and 

haematopoietic support and the third received no such conditioning. One baboon received autologous 

MSCs at a dose of 30.3 x 106 MSCs/kg and was necropsied at 21 months, another autologous MSCs 

at a dose of 17.4 x 106/kg and examined at 19.5 months and the third received allogeneic MSCs at a 
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dose of 18.5 x 106/kg and had tissues procured at 9 months. On average, 16 distinct tissues were 

recovered from each trial subject and were evaluated for the presence of the GFP transgene by PCR.  

The results showed that there was widespread non-haematopoietic tissue distribution between 9 - 21 

months later. The gastrointestinal tissues had the highest concentration of engrafted cells per 

microgram of DNA in each recipient but MSCs were also found in kidney, skin, lung, thymus and 

liver and there was similar distribution in both autologous and allogeneic recipients regardless of the 

conditioning regimen used.  

The study suggested that MSCs could distribute to a wide variety of tissues following systemic 

administration and participate in cell turnover and replacement within the engrafted organ – and it was 

possible that the migration could be influenced somewhat by local tissue injury. Their previous study 

had failed to detect the GFP trangene in several non-haematopoietic tissues early (5 - 6 weeks) 

following MSC infusion [34]. A number of reasons were postulated such as the later PCR assay being 

more sensitive but there was also the possibility that the proliferation of GFP-transduced cells over 

time following engraftment allowed their detection or alternatively that redistribution only occurred 

several weeks to months following infusion after initial storage in another tissue reservoir. 

 

1.9.3.  Safety of MSCs 
 

Although there are theoretical risks that MSC proliferation in vitro risks the acquisition of cytogenetic 

abnormalities, this only occurs after long-term passage in culture and the concern that MSCs could 

transform into tumorigenic cells has not materialised.  

The risk of malignant transformation is higher with embryonic cells and induced pluripotent stem 

cells as these are immortal in culture and can be expanded without limit whereas the risk with adult 

tissues is far less [35]. It was shown that human BM-MSCs did not undergo transformation in long-

term culture under appropriate conditions and they did not express telomerase or exhibit telomere 

shortening [36]. There had however been three reports that had described escape from senescence and 

generation of malignant cells as the MSCs were expanded in culture but subsequently data from these 

two laboratories showed that human MSCs emerged from senescence at a frequency of much less than 

109 and one laboratory then showed that their transformation of human MSCs had been due to 

contamination of their cultures with a small number of malignant cells. In clinical practice, cells are 

harvested well before the cultures reach senescence [35]. Thus, there is a general consensus that BM- 

MSCs can be safely cultured in vitro with no risk of malignant transformation.  
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MSCs, as previously mentioned, can also be derived from adipose tissue and Ra et al. tested the 

toxicity and tumorigenicity of human adipose tissue-derived mesenchymal stem cells (hAd-MSCs) 

[37]. These culture-expanded hAdMSCs showed the expected appearance, immunophenotype and 

differentiation capacity of MSCs. Karyotypes were performed of hAdMSCs from three different 

donors following culture and harvest at passages 4, 7, 10 and 12 and this did not reveal any significant 

genotypic differences. They then tested the toxicity of these hADMSCs by injecting three different 

doses (low dose 5 x 106 hAdMSCs/kg, medium dose 3.5 x 107 hAdMSCs/kg and high dose 2.5 x 108 

hAdMSCs/kg with saline as the control) intravenously into immunodeficient mice (20 female and 20 

male mice in each of the four groups) which were then observed over 13 weeks. They found that even 

with the highest dose of hAdMSCs, the SCID mice were viable and experienced no side-effects.  

They also performed a tumorigenicity test using 100 6 week-old Balb/c-nu nude mice (50 female and 

50 male) and these were divided into five groups (each with 10 male and 10 female mice) – low dose 

2 x 106 hAdMSCs/kg, medium dose 2 x 107 hAdMSCs/kg, high dose 2 x 108 hAdMSCs/kg, a negative 

control for tumour formation using MRC-5 cells, (a human fetal lung cell line) and a positive control 

using A375 cells, (a human malignant melanoma cell line). The hAdMSCs were injected 

subcutaneously and the animals were observed for 26 weeks - even with the highest cell dose of 2 x 

108 MSCs/kg, there was no evidence of tumour development (all the positive control group mice 

developed tumours as expected) [37].  

 

1.10. Clinical studies of MSCs 
 

MSCs had generated interest as a therapeutic modality for MS and other autoimmune conditions but 

they had already been used for a number of medical conditions with some success.  

 

1.10.1. Clinical experience of MSCs in MS and other neurological conditions  
 

A small number of pilot studies had been performed showing benefit of MSCs in MS – these are 

detailed in chapter 3 but this early clinical experience in MS and other neurological conditions such as 

stroke and ALS is shown in Table 1.1. 
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Table 1.1: Studies of MSCs in neurological disease (Adapted from Uccelli et al. [38]) 
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1.10.2. Clinical experience using MSCs in Graft-versus-Host disease (GvHD)  
 

Pre-clinical experiments had shown that MSC infusions could be highly efficacious in GvHD but 

ineffective if administered before the onset of the disease or after permanent tissue damage had 

occurred, thus indicating that an acute inflammatory microenvironment was crucial to promote the 

therapeutic properties of MSCs [39]. The initial clinical experience with GvHD supported such a 

notion because MSCs had no effect on the chronic form of the disease. 

A multicentre, prospective phase II study enrolled 55 patients (25 children and 30 adults) with severe 

(grades II - IV), steroid-resistant, acute GvHD [40]. 48 patients had developed GvHD after 

haemopoietic stem cell transplantation (HSCT) and seven after donor lymphocyte infusion. All 

patients had been treated with prednisolone at ≥2mg/kg for at least seven days (unless they were 

deemed to have progressed by more than one grade within 72 hours) and 60% had failed ≥2 lines of 

immunosuppressive therapy before receiving MSCs. The MSCs in this trial were derived from either 

HLA-identical stem-cell donors, haploidentical family donors or unrelated HLA-mismatched donors 

and then expanded ex-vivo. Median dose of MSCs given was 1.4 x 106 cells/kg (range 0.4 – 9 x106). 

27 patients received one dose of MSCs, 22 had two infusions, four had three and one patient each had 

four and five infusions respectively. Thirty patients had a complete response (defined as loss of all 

symptoms of acute GvHD) and nine patients had a partial response (defined as an improvement by at 

least one grade). At median follow-up of 16 months (range 1.5 - 64 months), 21 patients had survived 

– with the probability of survival being 52% in complete responders vs. 16% in patients with no or 

only partial response. Of the survivors who had had a complete response, six developed chronic 

GvHD which was mild in four cases. Eight patients in the complete responders group had 

discontinued all immunosuppressive drugs at last follow-up. This compared favourably to the very 

poor outcome in patients who do not respond to corticosteroids - with only 10% survival at 2 years. 

This positive outcome replicated the group’s earlier pilot findings – in which MSCs were infused at a 

median dose of 1.0 x 106/kg (range 0.7 – 9) into eight patients with steroid-refractory grades III - IV 

GvHD and one patient who had extensive chronic GvHD [41]. Six patients were treated with one 

infusion but three patients required two. During this trial, 16 other patients who had developed acute 

gastrointestinal, biopsy-proven and therapy-resistant GvHD (grades II – IV) were not treated with 

MSCs and thus served as controls. Acute GvHD disappeared completely in 6/8 patients treated with 

MSCs – four had shown a prompt and complete response, one had a slow response and the other 

developed CMV gastroenteritis. The patient with the chronic GvHD did not respond. 
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1.10.3. Clinical experience of MSCs in systemic lupus erythematosus (SLE)  
 

The initial clinical experience in systemic lupus erythematosus (SLE) supported the exploitation of 

MSCs in autoimmune diseases but highlighted the necessity of choosing the appropriate type of MSC. 

One study investigated the effect of autologous MSCs in two patients with SLE. Despite an increase 

in regulatory T- cells, no beneficial effect on disease activity was observed [42]. A few months later, 

two studies were published by another group utilising allogeneic bone marrow MSCs  or MSCs 

obtained from umbilical cord and in both these cases, the MSCs produced an improvement in clinical 

and laboratory parameters thus suggesting that, at least in some forms of SLE, MSC function could be 

impaired by the underlying disease [43]. 

 

1.10.4. STREAMS and MESEMS 
 

Given the encouraging data from the clinical studies, a double-blind randomised control trial of MSCs 

was planned in MS. This is detailed in chapter 3. 
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1.11. Aims 
 

The overall aim of this PhD thesis was to further the understanding of mesenchymal stem mechanism 

of action and utility of this – currently exploratory – cellular treatment for Multiple Sclerosis. 

 

 

It was hypothesised that MSCs would be a safe and feasible treatment for MS patients and be able to 

impact on disease activity. 

 

There had only been a small number of unblinded trials of MSCs in MS patients prior to 

commencement of STREAMS (and MESEMS) and variable routes of administration had been used. 

There was therefore a need for a double-blind randomised controlled trial to confirm the supposed 

safety of intravenously-administered MSCs and obtain detailed clinical parameters that would allow 

conclusions to be drawn about the validity of MSCs as a treatment paradigm in MS. 

The first aim of this thesis was therefore to: 

1. Adequately recruit for a phase 2 trial of MSCs in MS patients to allow assessment of the 

safety and efficacy of MSC therapy. 

Safety was denoted by the frequency of Suspected Unexpected Serious Adverse Reactions (SUSARs), 

Serious Adverse Events (SAEs) and adverse events (AEs) in the treated groups vs the control group. 

Efficacy would be assessed by both changes in clinical outcome measures and patient reported 

measures. Clinical outcome measures included the Kurtze Expanded Disability Status Scale (EDSS) 

score (a measure of disability accrual), relapse rates and the effect on function which would be 

determined by the Timed 25-foot Walk (T25-FW), 9-Hole Peg Test (9-HPT) and the Paced Auditory 

Serial Addition Test (PASAT). The patient reported outcomes included MSIS-29 and SF-36. The 

success of culture and expansion of MSCs from MS patients in the trial would provide information on 

the feasibility of setting up a viable autologous MSC infra-structure in a large MS centre. 

 

 

There has been a vast amount of information on the possible mechanisms of MSC action but the 

studies have been largely confined to in-vitro and animal work which may not be relevant to the 

mechanism in humans (and specifically those with MS) and especially as the validity of experimental 
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models used (including the widely used EAE model) can be questioned. There is therefore a need for 

ex-vivo data for MSCs (in MS). MSCs have a possible range of actions and it is widely believed that 

that the immunomodulatory role may be particularly relevant. 

It was therefore hypothesised that the intravenous administration of MSCs would lead to a shift from 

a pro-inflammatory to an anti-inflammatory milieu in both the brain and CSF. 

The second aim of this thesis was: 

2. To determine the effect of intravenous MSC administration on the adaptive and innate 

immune compartments in terms of enumerating changes, functionality of effector cells (by 

production of IFN-γ) (discussed in Chapter 4) and changes in the cytokines/chemokines (i.e. 

soluble factors) in both the CSF and serum (discussed in Chapter 5). 

 

 

Axonal pathology is important in the pathogenesis of MS and central to disability accrual in MS 

patients. As studies had reported improvements in clinical outcomes including EDSS after MSC 

treatment and as CSF neurofilament light (NFL) was indicative of neuronal injury, a third aim of the 

thesis was to: 

3. Determine if there was any reduction in the CSF NFL levels post-MSC treatment  

 

 

The clinical outcomes in MS patients after MSC treatment have varied and as most studies have used 

the autologous MSCs, it was hypothesised that heterogeneity between MSC samples might explain 

the variable response to MSC treatment. In addition, it was hypothesised that there might be other 

differences in MS patients currently unexplored that might further explain the difference in response 

and shed further light on the MSC mechanism of action.  

The fourth and last aim of this thesis was therefore to: 

4. Determine differences between the MSC samples obtained from the MS patients with regards 

to the secreted factors and their function. In addition, differences within MS patients with 

regards to their susceptibility to MSCs (suppression of proliferative capacity) and within the 

monocyte population (a source of IL-10) would be explored. 
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2. Materials and Methods 
 

 

2.1. Introduction 
 

In this chapter, the materials and methods used during the course of this investigation into the use of 

MSCs for MS are outlined. 

However, the procedures commonly used for the clinical assessments are detailed for clarity in 

Chapter 3. The materials and methods used for the processing of tissue samples such as CSF and 

peripheral blood are detailed here as are methods for PBMC separation and cryopreservation. 

Immunophenotyping methods including for surface and intracellular staining are then described along 

with the preparation of any relevant media and buffers. The final section concerns itself with the 

methodology pertaining to the cell culture experiments.  

 

2.2. Clinical Methodology in STREAMS 
 

The details regarding the regulatory approvals required for the trial, patient recruitment, clinical 

procedures such as the lumbar puncture (LP), bone marrow aspirate, venepuncture, skin biopsy and 

Mantoux tests are all detailed in chapter 3. The clinical assessments including EDSS, components of 

the Multiple Sclerosis Functional Composite (MSFC) and the patient reported outcomes are also 

confined to chapter 3. The MSC manufacturing process followed by the John Goldman Centre for 

Cellular Therapy (JGCCT) at Hammersmith Hospital is detailed in chapter 3. 

 

2.3. Processing of tissue samples 
 

2.3.1.  Cerebrospinal fluid (CSF) 
 

The CSF samples were transported to the clinical laboratories at Hammersmith Hospital and the 20ml 

sample processed (usually within 30 - 120 minutes). This research sample would be used to analyse 

CSF for changes in cytokines and biomarkers of neuronal damage (Chapter 5) and stored for further 

research work. In brief, the CSF was transferred equally to two falcon tubes and centrifuged at 
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1400rpm for 10 minutes. The CSF supernatant was all carefully removed - except for 1ml - and 

without disturbing the cell pellet. Aliquots of 0.5ml and 1ml were placed in labelled (research code, 

date of birth, date of LP, Study Week as well as contents) microtubes and immediately stored in the -

800C freezer.  

The CSF cell pellet was immediately resuspended and 10µL was used in 1:1 dilution with Trypan 

Blue to count cells using the haemocytometer. The remaining sample (1ml) was again centrifuged at 

1400rpm for 10 minutes. 850µL of the supernatant was then carefully discarded before adding in 

300µl RNAlater® (Invitrogen RNAlater Stabilization Solution, Catalogue number AM7020), mixed 

well and transferred into a RNAase-free Eppendorf (labelled with research code, date of birth, date, 

Study Week and cell number/concentration) and transferred to the -800C freezer. 

 

2.3.2.  Plasma samples 
 

On obtaining the peripheral blood samples, the tubes were centrifuged at 1400 rpm for 10 minutes. 

50% of the plasma was removed from the EDTA Vacutainers® (BD) and transferred to 2ml 

microtubes (VWR) and stored in the -800C freezer until required.  

 

2.4. Isolation of Peripheral Blood Mononuclear Cells (PBMCs) 
 

Following removal of 50% of the plasma (if required as for the trial blood samples), the remaining 

blood sample was transferred to 50ml Falcon tubes – approximately 10mls per Falcon tube. The blood 

was then diluted with PBS in a 1:3 ratio and gently mixed by inverting the tubes. The same number of 

Falcon tubes were now prepared but containing 15mls each of Ficoll-Histopaque-1077® (Sigma). The 

diluted blood was gradually overlaid onto the Ficoll taking care to avoid mixing into the Ficoll. The 

Falcon tubes were carefully transferred to the centrifuge and spun at 1750rpm for 30 minutes at room 

temperature (RT). The PBMCs were then aspirated using 3ml Pasteur pipettes (Greiner Bio-one) into 

fresh Falcon tubes and washed by adding sterile PBS to make up to a volume of 50mls. The tubes 

were centrifuged at 1200rpm for 10 minutes at RT and the supernatant decanted. The pellet was re-

suspended in each Falcon tube and 10ml of PBS was added to one tube and then this 10ml was 

transferred into each subsequent tube (of the same patient) to allow pooling of that patient’s cell 

suspension into ultimately one Falcon tube. Sterile PBS was added to again make up the volume to 

50mls and the cell suspension was now spun at 1100 rpm for 10 minutes and supernatant discarded. 

The cell pellet was re-suspended in 10mls PBS and cells counted using Trypan Blue (Sigma). 
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2.4.1.  Using a counting chamber  

 

A haemocytometer counting chamber was used to determine cell concentration of cell suspensions 

and by using Trypan Blue (Sigma) it was possible to determine viable vs non-viable cells. The 

counting chamber was prepared by cleaning it and the coverslip with 70% ethanol and allowing them 

to dry. It was ensured that a uniform suspension of cells was obtained by pipetting up and down the 

tube 5 - 7 times. A 1:2 dilution was typically prepared of the cell suspension in Trypan Blue (typically 

10µl of each). The coverslip was placed over the counting surface and the suspension introduced into 

the V-shaped well – the suspension fills the space using capillary action and the slide is viewed under 

a microscope. Cells within the four 1mm2 squares were counted. 

 

2.4.2.  Cryopreservation of PBMCs 

 

Excess PBMCs could be cryopreserved for future use. After cell counting, the sample was kept on ice 

and a mixture of FBS/10% DMSO was added aiming for 10 x 106 cells/cryovial. The vials were 

transferred to the ‘Mr Frosty’ and placed in the -800C freezer. They were transferred to the liquid 

nitrogen tank within one week and samples logged on the database (Biosamples™). 

 

2.5. Flow cytometric analysis 
 

Panels were designed to enumerate the required cell populations in an efficient way and all panels 

used were optimised for antibody concentration. Fluorescence minus controls (FMOs) were used to 

check gating boundaries to ensure minimal non-specific binding. The panels used for the trial were 

validated in three healthy controls (prior to start of the trial) to ensure they could consistently 

demonstrate the immune cell populations that were to be monitored longitudinally. 

Table 2.1 shows the fluorochromes used for the designated panels in the trial. 

Table 2.2 shows the cell markers used to identify the different immune cell populations. 
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 Table 2.1: Panels used to identify cell populations in STREAMS  
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        Table 2.2: Cell markers used to identify the immune cells analysed in STREAMS 
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2.5.1.  Preparation of buffers and working solutions for flow cytometric analysis 
 

Preparation of staining buffer  

To Dulbecco’s phosphate buffered saline (PBS, Sigma), 0.5% fetal bovine serum (FBS, Sigma) and 

2mM EDTA (Gibco) was added. Staining buffer (SB) was prepared fresh on each use. 

 

Preparation of cell culture media 

To Roswell Park Memorial Institute (RPMI)-1640 (Sigma), 2mM L-glutamine (Sigma) and 10% FBS 

solution was added. The RPMI + glutamine was prepared as stock in advance, stored at 40C and used 

within one month of preparation. The FBS was added at the time of use. 

 

Brefeldin A 

The protein transport inhibitor, Brefeldin A (1000X, Ebioscience) stock concentration was 3mg/ml. A 

1:1000 dilution was used in culture media (final working concentration was therefore 3.0µg/ml). 

 

Permeabilisation buffer 

A 1X working solution of permeabilisation buffer (Ebioscience) was made by diluting the 10X stock 

solution with distilled water. The solution was made fresh each time it was used. 

 

FoxP3 Fixation/Permeabilisation buffer 

Fresh FoxP3 fixation/permeabilisation working solution was prepared at time of use by diluting 1 part 

FoxP3 fixation/permeabilisation concentrate (Ebioscience) with 3 parts Foxp3 fixation and 

permeabilization buffer (Ebioscience). 

 

Preparation of One Comp compensation beads (Ebioscience) 

To prepare single colour compensation controls used during the acquisition (for voltage settings on 

the flow cytometer), One Comp beads were used. The beads were mixed by vortexing and 1 drop of 

beads was added to each tube. 1 µl of the mAb (used to stain the cells) was added for each 
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fluorochrome used and the tube mixed. It was incubated for 30 minutes in the dark at 40C, then 2ml of 

SB were added and the tubes were centrifuged at 400-600g for 5 minutes. The supernatant was 

decanted and 200µl of SB was added to each tube again. The tube was mixed briefly before use.  

 

2.5.2.  Surface staining 
 

For staining of cells surface markers, the required number of PBMCs (depending on the experiment) 

were transferred to a 96-well plate which was then spun at 1500rpm at 40C for 5 minutes to pellet the 

cells and the supernatant discarded. The required (surface) antibody mixture containing the 

appropriate volume of antibodies (prepared fresh) was vortexed to ensure it was well mixed and added 

to the cell pellet(s). The plate was incubated in the dark at 40C for 30 minutes and then washed twice 

with SB (centrifuge at 1500rpm for 5 minutes at 40C). After the second wash with SB, and for pellets 

requiring only surface staining, 100µl of Fluorofix®buffer (Biolegend) was added and plate left in the 

dark for 10 minutes. The cells were washed again twice as before and resuspended in 500µl of 

staining buffer for acquisition on the flow cytometer.  

 

2.5.3.  FoxP3 staining 
 

In the case of staining for Tregs, once the cell pellet has been stained for surface antibodies and 

washed twice with SB, 100µl of FoxP3 Fixation/Permeabilisation working solution (Ebioscience) was 

added to the well. The plate was incubated in the dark at RT for 45 minutes and then 100µl of 

permeabilisation buffer (Ebioscience) was added to the well. The plate was centrifuged at 1500rpm 

for 5 minutes at RT and the supernatant discarded. FoxP3 antibody was added to the pellet and CD4 

and CD25 were re-added at their previous titrations. The plate was incubated in the dark at RT fir 45 

minutes again. Then the pellet was washed twice with 200µl permeabilisation buffer (1500rpm, 5 

minutes at RT) and the supernatant discarded each time. The cell pellet was suspended in SB and the 

sample kept at 40C (dark) until acquisition. 

 

2.5.4.  Intracellular staining  
 

For the intracellular staining of IFN-γ using the trial patients PBMCs samples 8 x106 PBMCs were 

each re-suspended in 4mls of RPMI-1640 (containing 2mM L-glutamine and 10% FBS) in a 6-well 

plate. To the stimulated well, 50ng/ml of PMA and 1µM of ionomycin was added. After 1 hour, 



52 
 

Brefeldin (final concentration 3µg/ml) was added to both control and stimulated wells and the sample 

was incubated for a further 4 hours at 370C and 5%CO2.  

After a total of 5 hours, the contents of each well (8 x 106 cells) were transferred into 15ml Falcon 

tubes – the wells were washed well to remove any adherent cells. The falcon tubes were then 

centrifuged at 1500rpm at 40C for 5 minutes and the supernatant discarded. The cells were 

resuspended in 400µl PBS and 150µl (3 x 106 cells) from each tube was transferred to designated 

‘control’ and ‘stimulated’ wells on a 96-well plate. The cells were washed with cold RPMI medium, 

centrifuged and the pellet stained with surface antibodies as described above. After this, the sample 

was fixed in 100µl of IC fixation buffer (Ebioscience) for 20 minutes at RT, cells were washed with 

100µl PB (1x) twice. After the second wash with PB, anti-cytokine mAbs were added to the pellet for 

45 minutes (dark, RT) then washed once with PB and a further two times with SB before being 

resuspended in 600µl of SB and acquired on the flow cytometer.  

 

2.5.5.  Gating Strategies used in multiparametric flow cytometry 
 

The flow cytometry allowed analysis of cell phenotype and function. By using multiparametric flow 

cytometry a large number of cell populations (including rarer subsets) could be characterised using 

more cell markers but the same PBMC sample. As shown in Tables 2.1 and 2.2, there were a total of 

six panels to allow gating of all the 38 cell populations reviewed in STREAMS. Panel one allowed 

enumeration of CD4+ and CD8+ cell subsets (Figure 2.1), panel two B cell subsets (Figure 2.2), panel 

three monocyte and dendritic cells subsets (Figures 2.3 and 2.4), panel four allowed identification of 

MAIT, NK, NKT and γδ cells (Figure 2.5) whilst panel five (Figure 2.6) identified Tregs (and the 

presence of the various activation markers). The last panel (Figure 2.7) was used as a functional assay 

of IFN-γ production in the CD4+ and CD8+ cell populations. 

Figures 2.1 – 2.7 show the gating strategy utilised. 
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Figure 2.1: Panel 1 used to identify T cell subsets  

Gating was established on the lymphocyte population, singlets and the live population. The CCR7and CD45RA markers were used to identify the 
naïve, central memory, effector memory and effector subsets of both CD4+ and CD8+ populations. Further gating on the CD3+CD4+ population 
allowed identification of Th17 (CXCR3-CCR6+), Th1 (CXCR3+CCR6- and CCR5+) as well as Th2 cells (CXCR3-CCR6- and CCR4+). 
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Figure 2.2: Panel 2 used to identify B cell subsets  

Gating was established on the lymphocyte population, singlets and the live population. The CD19+ gate allowed total B cells to be identified. CD1d 
and CD5+ markers were then used to identify the B10regs. Transitional B cells were CD24hiCD38hiCD10+CD27-IgD+. Naive cells were CD10-
CD27-IGD+, switched memory B cells CD10-CD27+CD38-IgD- and non-switched memory cells were CD10-CD27+CD38-IgD+. The presence or 
absence of CD138 on the CD10-CD27+CD38hi population allowed identification of the plasma cells and plasmablasts respectively. 
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Figure 2.3: Panel 3 used to identify dendritic cells and subsets  

Gating was established on the whole PBMC population, singlets and then live population. The lineage markers (CD3, CD19, CD20 and CD56) were 
then excluded and the HLA-DR+CD14- population identified (total DC population). Gating on CD11c and CD123 allowed identification of the pDC 
subset (CD11c-CD123+) and mDCs (CD11c+CD123-). The mDCs could be further categorised into the CD1c+ and CD16+ subsets using these 
respective markers. 
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Figure 2.4: Panel 3 used to identify monocytes and subsets  

Gating was established on the monocyte population, singlets and then live population. The lineage markers (CD3, CD20, CD19 and CD56) were then 
excluded and the HLA-DR+ (to exclude granulocytes) CD14+ population was identified (total monocyte population). Gating with CD14 and CD16 
then allowed identification of classical, intermediate and non-classical monocytes. 
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Figure 2.5: Panel 4 used to identify MAITS, NK, NKT and γδ subsets  

Gating was established on the lymphocyte population, singlets and then live population. The CD3 and CD56 markers could identify the NK (CD3-
CD56+), NKT (CD3+CD56+) and CD3brightCD56+ (γδ) populations. However, gating on CD3+ and CD8+ followed by CD161 and Vα7.2 and then 
followed by IL-18R and CCR6 allowed the MAIT cells to be delineated. 
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Figure 2.6: Panel 5 used to identify Tregs  

Gating was established on the lymphocyte population, singlets and then live population. Tregs were then defined as 
CD3+CD4+CD25+CD127loFoxP3+. 
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Figure 2.7: Panel 6 used to identify IFN-γ-expressing CD4+ and CD8+ cells 

CD4+ and CD8+ populations were identified from the single, live population and IFN-γ expression checked in each. 
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2.6. Immunoassays 
 

ELISAs were performed for neurofilament light (NFL) and for analysis of the MSC secreted factors. 

These were performed according to the manufacturers’ instructions and as outlined in chapters 6 and 7 

respectively. 

The Bioplex and MSD multiplex assays were used to analyse the soluble mediators in the serum (and 

additionally CSF in the case of Bioplex); these were performed according to the manufacturers’ 

instructions and are described in chapter 5. 

Both these platforms allow detection of multiple biomarkers using the same sample but the 

technology enabling this is different. 

MSD relies upon electrochemiluminescence detection technology using SULFO-TAGTM labels that 

emit light upon electrochemical stimulation initiated at the electrode surfaces of the MULTI-SPOTTM 

microplates. MSD’s V-PLEX panels utilised were provided in a 10-spot, 96-well plate format. The 

composition of each panel and the location of each assay (i.e. its spot within each well) is maintained 

between lots. They work as sandwich immunoassays – the microplates provided had been pre-coated 

with capture antibodies on these independent and well-defined spots. The sample (containing the 

desired analyte) was added and incubated. The unbound analyte was then washed away. A solution 

containing detection antibodies conjugated with electro-chemiluminescent labels (the MSD SULFO-

TAGTM) was then added and incubated followed by the washing away of unbound detection antibody. 

Analytes in the sample bind to the capture antibodies immobilised on the working electrode surface of 

each spot in the well and binding of the detection antibody completes the sandwich. The MSD read 

buffer provided was finally added and the microplate was loaded onto the MSD instrument where a 

voltage is applied to the plate electrodes causing the captured labels to emit light. The intensity of 

emitted light provides a quantitative measure of the analytes in the sample. 

Bio-Rad uses Luminex xMAP technology as the basis for its Bioplex assays. This is a bead-based 

multiplexed immunoassay system in a microplate format. The system can simultaneously detect many 

more targets in a single sample - up to 500 if needed. The microspheres used in the Luminex system 

have unique spectral addresses which are created by internally labelling the beads with different ratios 

of two fluorophores, one in a red wavelength and the other in the far red. Bio-Plex assays use 

antibodies coupled to the beads. In these kits, every antibody to a different target is covalently 

attached to beads with a different single spectral address, giving each target its own “unique address”. 

These beads are incubated with the sample (serum or CSF in the trial). After washing, the beads were 

incubated with a mixture of biotinylated antibodies against all the targets and after another wash, the 

beads were incubated with the reporter streptavidin-PE. For targets present in the sample, a sandwich 
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has been generated, composed of: bead with attached target-specific antibody + target + biotinylated 

target-specific antibody + streptavidin reporter. A dual laser system identifies the “signature” of each 

bead and the presence and intensity of reporter associated with the bead is detected simultaneously. 

This therefore provides information about both the identity and concentration of targets in the sample. 

The larger surface area provided by the beads (as compared to flat surfaces) is thought to increase the 

range of detection, particularly important for CSF samples. 

 

2.7. Cell culture experiments  
 

2.7.1.  Preparation of α-MEM/5%PL media 
 

The bags containing 25ml of platelet lysate (PL) were stored at -800C until the αMEM/PL was needed 

for the experiments as this could not be kept for longer than 4 weeks (at -800C). The PL bag was 

thawed in the water bath. Using sterile technique, 1000ml of αMEM was transferred using sterile 

connectors into the PL bag. This was then placed in the incubator for 1 ½ - 2 hours. After this, the bag 

from the incubator was mixed vigorously and 50ml was transferred – using sterile technique - into 

sterile Falcon tubes for storage at -800C until use.  

 

2.7.2.  MSC culture 
 

MSCs had to be plated and passaged. Frozen MSCs in cryovials that had been stored in liquid 

nitrogen were thawed in the water bath and were immediately transferred to a 50ml Falcon® tube 

containing warmed αMEM/5%FBS (to dilute the toxic DMSO), centrifuged at 1700rpm for 5 

minutes, the supernatant discarded and then the MSCs re-suspended in 10ml fresh αMEM/PL. The 

MSCs were counted and plated in 75cm2 Corning® flasks at a density of ~2.5 x 105 cells/flask. If they 

had already been expanded in flasks and had reached adequate confluency, the ‘used’ αMEM/PL 

supernatant was transferred to a sterile 50ml Falcon® tube. The cells were washed gently with 10ml 

of warmed PBS and this was discarded. Trypsin (1x) at a volume of 3 - 5ml was then added to the 

flask to detach the adherent MSCs and the flask transferred to the incubator (370C, 5%CO2) for 5 

minutes. 40 - 45ml of αMEM/FBS was then added to the flask to inhibit the trypsin and the contents 

transferred to the Falcon® tube, centrifuged with the resultant MSC pellet being re-suspended in fresh 

αMEM/PL following which the cell count was established. For re-plating, 5mls of the ‘used’ 

αMEM/PL was added to 5ml of fresh αMEM/PL in the flask and MSCs seeded at an appropriate 
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density. The remaining ‘used’ αMEM/PL was discarded. Flasks were kept in a sterile incubator at 

370C and 5%CO2. A half-medium change of the αMEM/PL was performed at approximately day 7.  

Figure 2.8 shows DRG micrographs taken at 20X magnification (with a Nikon Eclipse 80i mounting a 

Qicam FAST (Q-imaging) with a resolution of 1920 x 1080) of growing MSC cultures in the 

laboratory. 
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Figure 2.8: MSC cultures 

A shows growth at Day 3 and B shows MSC cultures when fully confluent.  

 

.. 
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2.7.3.  Monocyte positive selection 
 

CD14 Microbeads (human) were used (Miltenyi) according to the protocol. In brief, buffer was 

prepared containing PBS, 0.5%FBS and 2mM EDTA and was kept cold. PBMCs were isolated as 

discussed above and then to remove platelets after Ficoll, the cell pellet was resuspended in buffer and 

centrifuged at 200 x g for 10 - 15 minutes at 200C and the supernatant aspirated and procedure 

repeated. The next steps were performed with cells being kept cold and using cold solutions to avoid 

non-specific cell labelling. Cell count was established and then the cell suspension was centrifuged at 

300 x g for 10 minutes and supernatant aspirated. The cell pellet was resuspended in 80µl buffer per 

107 total cells. 20µl of CD14 microbeads were added per 107 total cells, mixed and incubated for 15 

minutes at 40C. The cells were then washed by adding 1 - 2ml of buffer per 107 cells and centrifuged 

at 300 x g for 10 minutes and supernatant aspirated. Up to 1 x 108 cells could be re-suspended in 

500µl buffer and then the suspension was loaded onto a MACS column (pre-rinsed), the required cells 

were retained within the magnetic field of the column and could be flushed out with buffer. Purity 

was checked by staining with anti-CD14 mAb as previously described.  

 

2.7.4.  Labelling of PBMCs with CFSE 
 

PBMCs were isolated as described above. The PBMCs were then resuspended in pre-warmed 

PBS/0.1% FBS to give a final concentration of 1 x 106 cells/ml. 5µM CFSE (Invitrogen) was added 

and the cells incubated at 370C for 10 minutes. Then 5X the cell suspension volume of ice-cold 

culture medium was added to quench the staining and left on ice for 5 minutes. The cells were 

pelleted by centrifuging at 1500rpm for 10 minutes at 40C then washed three times in fresh culture 

media (at RT). After the third wash, the labelled PBMCs were resuspended in culture medium for use 

in the proliferation assays.  
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3. STREAMS: A phase 2 double-blind randomised control trial of 
MSCs in MS 

 

 

3.1. Introduction 
 

In vitro and animal experiments had provided evidence of immunomodulatory and neuroprotective 

effects of MSCs (detailed in the Introductory chapter and chapter 4). The data obtained in the early 

pilot studies of MSCs in both neurological and non-neurological conditions in humans (discussed in 

the Introductory chapter) and in MS patients (detailed below) provided the impetus to run a larger 

randomised controlled trial to examine MSC effects in MS patients. 

 

3.1.1.  Studies of Bone Marrow-derived MSCs in MS 
 

Autologous rather than allogeneic MSCs have largely been used in MS and this may in part be due to 

the perceived (relative) non-urgency of treatment (as opposed to treating life-threatening GvHD) and 

therefore a preference to avoid induction of alloantibodies by allogeneic MSCs. The earliest studies of 

MSCs in MS were also performed using the intrathecal route – partly because it was envisaged that 

MSC engraftment and release of soluble factors necessitated proximity to the injured neural tissue. 

The studies were also primarily concerned with feasibility and safety. The initial emphasis had been 

on bone marrow-derived MSCs (BM-MSCs). 

The first pilot study involving 10 progressive MS patients demonstrated mixed results: an 

improvement in EDSS of 2.5 points in one patient, an increase in EDSS of 0.5 - 2.5 points in five 

patients whilst four patients showed no change. Six patients demonstrated some degree of 

improvement on the functional sub-scores comprising the EDSS but the MRI data available revealed 

no change in the size and number of plaques one year post-MSC therapy in seven patients; only one 

showed a decrease and another showed an increase [44]. The intrathecal injection also differed with 

respect to the dose, ranging from 2.26 – 18 x 106 cells and one patient received two injections. 

Although the patient receiving two doses was the same individual who had a reduction in EDSS of 2.5 

points, he developed an enhancing lesion on MRI subsequently. No other definite conclusions could 

be made between outcome and MSC dose. There was also no detail regarding the passage number of 

the harvested MSCs. However, despite these limitations of design, Bonab et al. did follow-up these 

patients for 13 - 26 months and only reported adverse events (AEs) of mild headache in nine patients 
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and two cases of iatrogenic meningitis but with no CSF changes [44]. As the very first pilot study, it 

demonstrated the feasibility of MSC expansion and injection, encouraging further investigation.  

The phase 1 trial by Yamout et al. provided further support of clinical but not radiological efficacy in 

a similar patient cohort: EDSS improved by 0.5 points in three patients at one year and stabilised in 

three compared to baseline but MRI data at three months revealed new or enlarging lesions in 5/7 

patients and GELs in 3/7 patients [45]. They had used autologous BM-MSCs in 10 patients with 

“advanced” MS defined as those with progressive disability and with an EDSS of 4.0 – 7.5; of these 

nine were labelled as SPMS and one as RRMS. The dose of 3 - 5 x 107 cells/patient was obtained by 

4-5 passages over 3 - 5 weeks though one patient was treated with 10 x 107 MSCs. These were 

harvested on the day of the treatment (i.e. not cryopreserved) and 5ml was injected intrathecally (at 

L2-3) and intracisternally (at C1-2) under fluoroscopic guidance. There was a 30% failure rate due to 

an inadequate MSC expansion despite two attempts with bone marrow aspiration. The results for 

some of the other assessments i.e. timed 8m walk, 9-Hole Peg Test (9-HPT) and Paced Auditory 

Serial Addition Test (PASAT) were mixed. The vision and contrast testing showed improvement by 1 

- 3 lines in 5/6 patients at three months. There was one serious adverse event (SAE) of transient 

encephalopathy with seizures requiring hospitalisation (this affected the patient receiving the highest 

dose). One patient had complained of transient neck and low back pain for several days. The authors 

summarised by noting the clinical improvement and stabilisation compared to the progression seen in 

the year preceding trial enrolment but they had not defined “progression” in the paper. 

Karussis et al. conducted a trial of BM-MSCs in 15 MS and 19 amyotrophic lateral sclerosis (ALS) 

patients [46]. The MS patients had a mean EDSS score of 6.7 (range 4.0 – 8.0) and had demonstrated 

either an increase of 1-point on the EDSS in the preceding year or two major relapses. The MSCs 

were cultured for 40 - 60 days until confluency (the number of passages was not indicated) before 

being harvested and cryopreserved. Although all MS patients received an intrathecal injection (mean 

63.2 x 106 cells), five also received a mean dose of 24.5 x 106 MSCs via the intravenous route – the 

latter representing a very low cell dose/kg weight and a poor design of the study. They reported a 

decrease in the mean EDSS score from 6.7 at baseline to 6.1 at 1 month, 5.9 at 3 and 6 months and no 

deterioration in any of the patients over that period. No new lesions or GELs were seen on MRI for up 

to six months after treatment. However, the follow-up period for these outcomes was short. There was 

also no data on any differences between the 10 MS patients solely treated with intrathecal MSCs and 

the five patients who received MSCs via both routes. There were a total of 30 adverse events in the 

MS cohort – self-limiting febrile illness lasting 8 - 24 hours (temperature ≤ 37.50C (10), headaches 

(10), aseptic meningitis (1), rigidity (2), leg pain (1), neck pain (1), confusion (1) and difficulty with 

walking/standing (4) but no SAEs during a follow-up of 6 - 25 months. 
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Mohajeri et al. published the results of their pilot open-labelled trial in 2011 [47]. They recruited 

seven RRMS patients which included one male and six female with a mean age of 35.5 years (range 

30 - 50 years), each of whom had experienced more than two relapses in the preceding year. 

Autologous BM-MSCs were expanded ex-vivo from a 50ml bone marrow aspirate and a 10ml sample 

containing at least 20 x 106 MSCs was administered intrathecally. The main outcome of that study was 

a demonstration of increased FoxP3, a marker of regulatory T cells, and though it is mentioned that 

this was associated with clinical stability, no further data was provided. In any event, no serious 

adverse events were reported.  

Odinak et al. published their results initially in Russian in 2011, with the translated article being 

available later in 2012 [48]. The group recruited eight patients, five male and three female, who had 

shown disease progression in the preceding 1 - 3 years despite therapy (this included two patients who 

had received high-dose immunosuppressive therapy and AHSCT). Three patients had SPMS, a further 

three had RRMS and two had PPMS. The mean age of the cohort was 37.5 years (range 24 - 47) with 

a mean EDSS of 5.6 (range 3.5 - 6.5). Their protocol involved extracting 60 - 80mls bone marrow and 

expanding the MSCs through 3 - 5 passages before cryopreserving. The MSCs were thawed two days 

before the planned infusion and suspensions in physiological autoserum made. The patients were 

infused 2 x 106 MSCs/kg every 30 days for four months (though one patient was treated for five 

months and another eight months). These repeated infusions were tolerated without significant side-

effects. They reported a 0.5 – 1 point improvement in the EDSS in 6/8 patients by 12 months, with 

another being stable and one showing progression.  

The phase 2a proof-of-concept study by Connick et al. provided the main rationale for our trial [49]. It 

was an open-label study of a single intravenous infusion of autologous BM-MSCs in 10 patients with 

SPMS (mean EDSS score 6.1; range 5.5 - 6.5). The mean dose given was 1.6 x 106 cells/kg (range 1.1 

– 2.0). Although the primary outcomes were of feasibility and safety, the anterior visual pathway was 

used to model the disease and represented the secondary objectives of the study. It had recruited 

patients with clinical evidence of optic nerve involvement (i.e. having a history of optic neuritis or 

Uhthoff’s phenomena and/or optic atrophy on examination), abnormal visual evoked potentials and 

the presence of a T2 lesion on the MRI of the optic nerve. Clinical and visual assessments were 

performed at 3 - 6 monthly intervals for at least 12 months before and six months after the infusion in 

a pre-test – post-test design. They found statistically significant improvements in the visual acuity, 

visual evoked response latency and optic nerve area but no changes in colour vision, macular volume, 

retinal nerve fibre layer (RNFL) thickness or optic nerve magnetisation ratio. There was a non-

statistically significant decrease in the T1 hypointense lesion volume and increase in the 

magnetisation ratio. There was also an improvement in the EDSS but no changes were identified on 

the Multiple Sclerosis Functional Composite (MSFC) score or on patient reported outcomes. There 

were no adverse events during the infusion but two patients reported type 1 hypersensitivity reactions 
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– a self-limiting macular rash three hours after the infusion and scalp pruritus starting a week after the 

event and which lasted two weeks before self-resolving. An upper respiratory tract infection was 

reported in one patient a week after the MSCs and another patient required oral antibiotics for a 

urinary tract infection. Weekly haematology, clinical chemistry and immunology blood testing was 

unremarkable. They had therefore provided evidence for MSCs affecting what would be considered a 

relatively fixed disability i.e. the structural, functional and physiological improvements were 

suggestive of a neuroprotective effect of MSCs via promotion of remyelination. 

Bonab et al. conducted a further phase 2 open-label study in 2012, involving 25 patients with 

progressive MS, with entry requiring either a 1-point increase in EDSS or evidence of inflammatory 

activity i.e. ≥2 relapses in the case of primary relapsing (PR)MS (two patients) and the presence of ≥1 

GEL for the 23 SPMS patients in the previous 12 months [50]. The patients recruited, 19 females and 

six males with a mean age of 34.7±7years, had a mean EDSS score of 6.1; range 3.5 – 7.0. They had 

50ml bone marrow aspirated with MSC expansion over 2 - 4 passages. Treatment consisted of a single 

intrathecal injection of MSCs (dose 29.5 x 106 cells) and patients were monitored for 12 months. No 

SAEs occurred and the only short-term adverse events reported were a transient low-grade fever 

reported in almost all the patients, nausea/vomiting (two patients), mild headache (three patients) and 

lower limb weakness (two patients). Three patients had dropped out from the study citing personal 

reasons. For the remaining 22 patients, EDSS improved by 0.5 points in four patients, deteriorated in 

six (by 0.5 points in five patients, 1.0 point in one patient and by 1.5 points in one patient) whilst 

remaining stable in 12 i.e. stabilisation or improvement in 73% of the group; overall the mean EDSS 

for the 22 treated patients increased from 6.2 to 6.3 in 12 months. On radiological evaluation, 15 

patients’ MRIs remained unchanged over the study whilst six patients had developed new T2 or GELs 

with one patient refusing MRI follow-up. The investigators described patients demonstrating the 

“clinico-radiological paradox” with patients improving on the EDSS but developing silent lesions on 

MR imaging – this could have represented limitations of the EDSS assessments which are non-linear 

and the lack of any other patient clinical outcomes e.g. MSFC being used but the authors also raised 

the possibility that this may have represented the tapering of MSC effect over the 12 months, 

supporting the idea that “booster” injections are required [51]. The most obvious limitation is, of 

course, the lack of a control arm and they acknowledge that, as it takes - on average - 3 years for a 

SPMS patient to progress 1-point on the EDSS and given that they had recruited patients based on 1-

point progression, this may have simply represented natural history of the disease [50, 52, 53]. 

 

The first randomised, double-blind, placebo-controlled, cross-over phase 2 trial of MSCs in MS was 

published in 2014 after STREAMS (and MESEMS) had already commenced [54]. The study design 

was based on the consensus of the “International Mesenchymal Stem Cells Transplantation Study 
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Group” (IMSCTSG) resulting in the use of the recommended dose of autologous BM-MSCs (1 - 2 x 

106 MSCs/kg) delivered intravenously – so it has strong similarity to STREAMS (see below for 

further detail) but there are also clear differences [55]. Eligibility criteria included a diagnosis of 

RRMS unresponsive to at least a year of approved therapy which was defined as either ≥1 relapse or 

≥1 GEL on MRI in the previous 12 months i.e. they had recruited a more homogenous cohort of 

patients compared to previous studies and used active RRMS disease. In total, nine RRMS patients, 

seven female and two male, were randomised to receive either placebo or fresh (within 24 hours of 

production) MSCs at baseline with treatments reversed at 6 months (though the original placebo 

group now received cryopreserved MSCs). The mean age was 36.8 years (range 23 - 48) and median 

EDSS 3.5 (range 3.0 – 6.0). It had been intended to include 16 patients in the trial but recruitment 

faltered which the authors attributed to approval of fingolimod as second line therapy in Spain and 

one patient withdrew consent after three relapses in the placebo phase (only completing safety 

evaluations). One patient had failed to generate adequate MSCs on expansion and the BM aspirate 

had to be repeated. The mean administered dose was 1.87 x 106 MSCs/kg (range 1.03 – 2.16 x106 

MSCs/Kg). There was only one adverse event related to infusion with a patient developing facial 

flushing during the (placebo) infusion. There were a total of six mild infections during the placebo 

phase compared to three during the MSC phase and a further patient developed herpes labialis after 

both the first and second infusion. The only serious adverse event reported was a femoral fracture 

which was considered unrelated to the treatment. At both 6 and 12 months, there was trend towards a 

reduction in the mean cumulative number of GELs (the co-primary endpoint) and there was 

suggestion of a carryover effect into the second period. There were seven relapses (in 4 patients) in 

the placebo period compared to four (in three patients) in the MSC treatment phase (non-significant). 

The authors acknowledged the difficulty in conducting trials in active MS patients due to the 

phenomenon of natural regression to the mean which could be mistaken for a therapeutic effect – four 

of their patients had no relapses in the trial despite a median of 1.5 relapses in the year prior to 

recruitment. The EDSS increased 1-point in the patient who withdrew from the trial, increased by 0.5-

points in one patient with a relapse and decreased by 0.5-points in the two patients who did not have 

relapses during the trial; the remaining patients’ EDSS was unchanged. So although the trial 

confirmed that MSCs were safe and well tolerated, the small size still limited definitive conclusions 

about efficacy although they provide results suggestive of immunomodulatory effects of MSCs. 

In 2017, there was an open-label phase 1/2a study using BM-MSCs in conjunction – for the first time 

– with MSC-conditioned media (MSC-CM) and followed for 12 months [56]. Fifteen patients with 

MS unresponsive to first-line DMTs were successfully screened but three patients later withdrew prior 

to the second injection due to pain/discomfort and a further two patients were excluded as they were – 

due to severe spasticity – unable to complete the MRI and ophthalmological tests. The remaining 10 

patients, four females and six males with a mean age of 34.9 years ±9.5, had had SPMS (eight 
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patients) or RRMS (two patients) for a mean duration of 9.6 years ± 2.9. BM-MSCs from passages 3 - 

4 were injected immediately after harvest with a mean intrathecal dose of 110 x 106 cells (range 93-

168) – which represented the highest doses used via this route. At least 50ml of MSC-CM was kept at 

-800C for subsequent injection – and one month after the BM-MSCs, 18ml of thawed MSC-CM was 

also injected intrathecally. There were no SAEs and in particular, no cases of transient 

encephalopathy or seizures as reported by Yamout et al. [45, 56]. There was a total of 30 AEs in 15 

patients – 53% experienced headaches, 86.7% pain or swelling at injection site and 40% transient 

fever. Of the 10 patients, two patients with SPMS improved on EDSS (in one case by 3.5-points and 

another by 4.5-points), four patients showed no change and four deteriorated. There was a trend 

towards improvement on the 9-Hole Peg Test (9-HPT) and Timed 25-foot Walk (T25-FW). The 

number of T2 lesions on brain MRI remained unchanged in 60% but increased in 40% whilst for 

spinal cord lesions, there were no changes in 90% with only 10% showing an increase. The number of 

GELs decreased in 20%, increased in 30% and remained unchanged in 50%. Many patients reported a 

subjective improvement in vision quality but in actual fact, there was a trend towards decreased mean 

RNFL and increased latency on the VEPs.   

Cohen et al. published results of their pilot of BM-derived MSCs in 2018, again focussing on 

feasibility, safety and tolerability [57]. Their open-label, phase 1 pre-post comparison study screened 

26 patients but infused 24 patients, 16 females and eight males. There were 10 RRMS and 14 SPMS 

patients included with a mean age of 46.5, mean EDSS of 5.2 and eligibility required documented 

relapses, worsening disability or MRI activity in the previous 2 years; 25% had GELs on MRI. They 

also needed to demonstrate optic nerve involvement either clinically, on VEPs or optic coherence 

tomography (OCT).  The autologous BM aspirate of 20 - 50ml was expanded after being passaged 

between 1 - 3 times to acquire the required cell dose of 1 - 2 x 106 cells/kg (mean dose infused was 

1.9 x 106 cells/kg; range 1.2 – 2.0).  The two ‘failed’ enrolments were due to a gadolinium allergy on 

the screening MRI in one patient and a slow growth and development of atypical cellular morphology 

noted at first passage in the other; these patients were replaced by two additional participants. 88% 

(21) of infused patients reached a dose within 5.5% of 2 x 106 cells/kg and the remainder within 1 - 2 

x 106 cells/kg. There were no severe or serious AEs arising from the MSC treatment. No autoimmune 

phenomena were seen either clinically or on serologic studies. However, the short duration of the 

study could not exclude rarer or late-appearing AEs. They saw no radiological differences after the 

therapy unlike in the earlier studies described. Clinically, over the six months, 18 patients remained 

relapse-free, three had a single relapse and three experienced two relapses (of these six relapses, two 

occurred between screening and infusion). All these relapses except one occurred in the RRMS 

patients suggesting that the results may have been skewed by having two different forms of MS in the 

study especially when SPMS was relatively over-represented. The annualised relapse rates (ARR) in 

the RRMS patients was 0.81 pre-infusion, 1.85 in months 1 - 2 and 0.90 in months 4 - 6 post-infusion. 
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The EDSS worsened in three patients, improved in 17 and remained stable in four compared to 

baseline. This, as mentioned by the authors, has to be interpreted - as with other unblinded studies – 

with caution since the improvements were primarily seen in the 4.0 - 5.5 range which is largely 

determined by the walking ability – and it is possible that this could have been affected by patient’s 

motivation. One of the strengths of this study was the viability check of the infused cell product which 

exceeded 95% in all cases (using an aliquot of cryopreserved cells).  

The latest study of BM-derived MSCs was published this year and presented results of a pilot study of 

“booster injections” discussed above [58]. Four patients (three males and one female) with either 

SPMS (three patients) and RRMS (one patient) and having an EDSS <5.5 had mean 57 x 106 (range 

40 - 80) BM-derived MSCs injected intrathecally - with two patients having a repeat injection one 

year later that contained 1 x 106 more cells than the first; the second injection required a repeat BM 

aspirate. The patients were followed up for two years. There were no major complications. All the 

patients experienced a low-grade transient fever that resolved within 24 hours and a mild headache. 

All three SPMS patients had no disease progression with two (those individuals receiving the repeat 

injection) actually reporting an improvement in disability, with EDSS decreasing by 0.5- and 1.0-

points. The RRMS patient experienced a relapse 12 months after the infusion but the MRI showed no 

new or enhancing plaques.  

 

3.1.2.  Studies of Umbilical Cord-derived MSCs in MS  
 

Liang et al. provided the first case report of use of allogeneic human umbilical cord-derived MSCs 

(hUC-MSCs) in a patient who had refractory progressive MS for eight months [59]. MSC route was 

both intrathecal and intravenous and MSCs were given after three days of cyclophosphamide (CTX) 

pre-conditioning and daily 10mg prednisolone – the latter had been used at higher doses before the 

decision to use MSCs was made. The changes were reportedly quick (sensory impairment was 

alleviated at day 3 and by day 9, the patient was able to sit without assistance), the EDSS improved by 

2 points and the MRI showed improved T2 lesion load – however, it cannot be excluded that there 

was no effect of the CTX and no details were provided of other imaging immediately pre-

transplantation for comparison.  

Hou et al. reported on a patient treated with multiple allogeneic hUC-MSC doses as well as 

autologous BM-MSCs over a four year period [60]. The bone marrow mononuclear cells from the 

200ml bone marrow aspirate were expanded up to the second passage and cryopreserved. The patient 

received BM-MSCs intravenously and intrathecally initially, the procedure repeated three months 

later which was followed by an intravenous dose resulting in clinical improvement. Allogeneic UC-
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MSCs (passage 2) were then infused intravenously, followed seven months later by an intrathecal 

injection of BM-MSCs and three further intravenous infusions of UC-MSCs over the subsequent 18 

months. The only reported minor symptoms of dizziness and headache occurred after the first UC-

MSC infusion and transient infusion-related symptoms after the other IV infusions, consisting mainly 

of rash and headache. The patient had no clinical or radiological MS activity over the 4 years and the 

authors commented that the oligoclonal bands (OCBs) were no longer detectable. The main 

conclusions that can be drawn from this isolated case are that it is feasible to generate large numbers 

of hUC-MSCs in contrast to BM-MSCs – particularly since large volume BM aspirates can be painful 

– and this could be important since animal studies have suggested that higher MSC doses are more 

useful. 

Lu et al. also evaluated the safety and efficacy of intrathecal and intravenous hUC-MSCs but in eight 

SPMS patients who had either demonstrated an increase of 1-point or at least two major relapses in 

the year prior to study entry [61]. MSCs from the third passage were used with patients receiving 2 x 

107 cells intravenously and 2 x 107 intrathecal cells on Day 0 with three further intravenous injections 

of 2 x 107 on Days 7, 14 and 2. Although the weight of the patients is not provided, the total IV 

injection appears to be in the range 1 – 2 x 106 MSCs/kg i.e. not substantially different to the 

treatments given as single doses in other studies. No AEs were reported despite the multiple infusions 

and at 18 months, EDSS was reportedly improved in 6/8, stable in 1/8 and worsened in 1/8. The 

relapse rate was also improved in 7/8 patients. They reported a decrease in T1 lesions and smaller T2 

lesion volume within 12 months. 

Li et al. had yet another study design – they randomised 23 patients, 13 (four male, nine female with 

an average age of 41.7±5.6 years and EDSS 6.98 ±1.2) of whom were given hUC-MSCs in addition to 

methylprednisolone (MEP) as compared to a control group of 10 patients (three male, seven female 

with an average age of 39.4 ±3.8 years and EDSS 6.02 ±1.6) receiving MEP only - the corticosteroids 

being defined as standard of care [62]. The corticosteroid regimen consisted of 1g IV MEP for three 

days, then 500mg IV MEP for two days followed by oral prednisolone 1mg/kg/day for 10 days which 

was then reduced by 5mg every two weeks until on a maintenance dose of 5mg/kg/day. The patients 

had to fulfil the eligibility requirements of either having RRMS or SPMS (though the breakdown by 

disease type was not given), EDSS deterioration of 1-point or higher in the preceding 12 months and 

two or more relapses in the previous two years. The UC-MSCs were passaged 2 - 3 times before 

harvest (there is no mention of whether the MSCs were cryopreserved although the repeat infusions 

would indicate that this had to be the case) and infused at a dose of 4 x 106 cells/kg every two weeks 

over a six-week period in 13 patients. However, the control group did not receive a placebo infusion 

which was limiting. They showed that no significant adverse events occurred and that the hUC-MSC 

group had fewer relapses and lower EDSS values compared to the control group by the end of the 

study. 
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More recently, Riordan et al. published their open-label, single-arm, single-centre phase 1/2 study in 

2018  – conducted over a year - into the safety and efficacy of intravenous administration of hUC-

MSCs [63]. They recruited 20 patients of whom 12 were female and eight male; 15 subjects had 

RRMS, one had SPMS and four had PPMS. The mean age was 41.5 years (range 24 – 55) and mean 

disease duration was 7.7 years though it ranged from <3 - 21 years. In this trial, MSCs were harvested 

after five passages and the patients were infused 20 x 106 UC-MSCs/day on seven different visits, 

separated by 1 - 4 days; the rationale of this administration not being explained. There were no serious 

adverse events, six moderate AEs (only one felt to be possibly relate to the infusion) and 66 mild AEs, 

largely accounted for by fatigue and headache. At one year, EDSS scores were statistically reduced 

but there was worsening on the Scripps neurological rating system (SRNS) in four categories. There 

were statistically significant improvements in the non-dominant hand scores on the 9-HPT, in walk 

times and for quality of life measures. The MRI data, which was acquired only at baseline and at 12 

months, revealed that 15/18 subjects who completed follow-up showed no disease progression or new 

lesions, one showed progression and another showed near complete resolution of the plaques. Though 

the study size is small, the data pointed to a durable benefit of MSCs on some measures up to one 

year. The authors argued that as this was a safety and proof-of-concept trial, they did not require 

patients to stop their usual MS medications; 75% were taking “MS-specific” medications (but these 

were not detailed) and this is a significant confounding factor.  

 

3.1.3.  Studies of Adipose-derived MSCs in MS  
 

By comparison to bone marrow- or umbilical cord-derived MSCs, adipose-derived MSCs (Ad-MSCs) 

have been less explored in MS patients. A preliminary study of autologous Ad-MSCs in 20 patients 

showed that the treatment was also well tolerated with no serious side-effects [64]. Thirteen patients 

(four female, nine male) had RRMS and seven (four female, three male) had SPMS. The RRMS 

cohort had a mean age of 37.4 years (range 27 - 58), median EDSS 4.6 (3.0 - 6.5) and mean disease 

duration of 9.5 years whilst the SPMS cohort had a mean age of 40.6 years (range 34 - 51), median 

EDSS 5.6 (range 3.5 - 9) and mean disease duration of 15.6 years. Both groups had had 1 - 2 relapses 

and demonstrated the required 1-point increase in EDSS in the previous 12 months. Ad-MSCs were 

injected intrathecally (4 x 106 cells) and this was repeated (using cryopreserved aliquots) at three and 

six months. Within the first 12 months, 18 patients had neither an increase in EDSS nor relapses while 

two patients with RRMS had relapses with MRI changes. At 18 months, there were no EDSS changes 

in any of the patients and seven patients showed non-significant improvements in their MSFC scores. 

This led to a triple blinded, placebo controlled, randomised phase 1/2 trial of Ad-MSCs in 34 patients 

with SPMS [65]. Patients required an EDSS 5.5 – 9.0 and needed to have demonstrated either relapse 
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activity or progression of at least 0.5-points on the EDSS in the previous year. Abdominal 

subcutaneous adipose tissue was collected by lipectomy and expansion of Ad-MSCs continued until 

the required cell dose had been reached – the patients were randomised to placebo, low-dose (1 x 106 

cells/kg) or high-dose (4 x 106 cells/kg) – i.e. the passage number was different and it was unclear if 

the cells were cryopreserved. The Ad-MSCs were administered, in this case, intravenously but over 

two hours in 30 patients (21 female and nine male) as four patients had developed karyotype 

abnormalities in the cell product. Four SAEs were reported including two deaths in the placebo group 

– none of which were considered related to treatment. A total of 70 AEs had been reported – the most 

common being urinary and respiratory tract infections. There was no statistically significant change, 

compared to baseline, in EDSS, MRI data, RNFL or evoked potentials (EPs) after 12 months although 

there was a trend towards decreased latencies on the EPs. One of the limitations in this study could 

have been that their patient cohort had more severe disease (mean EDSS >7.5) and there may have 

been a “ceiling effect” in some measurements that were markedly affected at baseline (e.g. very slow 

or unrecordable EPs or very thin RNFLs). 

 

3.1.4.  Studies of Other Sources of MSCs in MS  
 

A small pilot study by Riordan et al. had used the stromal vascular fraction (SVF) of autologous 

adipose tissue in three MS patients on “physician-initiated compassionate” grounds [66]. The SVF 

contained MSCs, regulatory T cells, endothelial progenitor cells and regulatory 

monocytes/macrophages i.e. it was not a pure (or almost pure) fraction of MSCs. The first patient was 

treated with two intravenous infusions of 28 million SVF cells and “multiple intrathecal and 

intravenous infusions” (the exact number being unspecified) of allogeneic CD34+ cells (matched by 

mixed lymphocyte reactions) and third-party unmatched MSCs for uncontrolled spasms and 

decreasing cognition which improved. The second patient had mood and cognitive changes and was 

prescribed two intravenous infusions of 25 million SVF cells as well as “multiple intrathecal and 

intravenous infusions” of the aforementioned cells and this led to an improvement. The third patient 

had gait and balance difficulties and received two intravenous infusions of 75 million autologous 

adipose-derived SVF cells in addition to the ancillary infusions within a fortnight and again improved. 

Given the uncontrolled nature of this study, there was little to conclude except there appeared to be no 

serious side-effects and that further investigation was warranted.  

A phase 1 trial assessed the safety and feasibility of autologous bone marrow cellular therapy, 

administered intravenously, in six relapsing-progressive patients who had had MS for over five years 

and a relapse in the preceding two years [67]. Rice and her colleagues did not expand any specific cell 

population as with most other studies of MSCs as they wanted to utilise “all potentially beneficial BM 
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stem cell subpopulations” including CD34+ cells but without incorporating preconditioning regimens. 

For this, patients had a bone marrow aspirate under general anaesthetic as volumes of 565 - 813ml 

were needed and the cells were re-infused the same day after addition of an anticoagulant, filtration 

and analysis of cell counts. The use of a general anaesthetic might be an impediment to the clinical 

use as further pressured hospital resources including anaesthetists are required. There were no severe 

AEs reported and three patients had “moderate” AEs – two experienced transient increases in lower 

limb spasticity and one developed urinary retention requiring temporary intermittent catheterisation. 

One patient had a relapse treated with corticosteroids within two months of the infusion but five 

patients in total showed no signs of progression as measured by the EDSS. There were non-significant 

improvements in the MSFC at one year with a statistically significant improvement in the physical 

component of the MSIS-29, p=0.04, though with the caveat that a self-reported questionnaire would 

be more susceptible to the placebo effect. The global evoked potentials (EP) score showed a sustained 

and statistical change at one year. The trial offered proof-of-principle for autologous BM therapy and 

the group thus commenced a phase 2 trial of these non-expanded BM cells in 80 patients; the 

Assessment of Bone Marrow-derived Cellular Therapy in Progressive Multiple Sclerosis (ACTiMuS), 

ClinicalTrials.gov identifier: NCT01815632, was due to complete in October 2019 [68]. 

A Placental-derived product containing mesenchymal-like cells (PDA-001) has also been trialled in 

MS [69]. This phase 1b multicentre, randomised, double-blind placebo-controlled study was 

conducted in 16 patients who had to demonstrate active disease as evidenced by disease progression 

(1-point if baseline EDSS was <5.5 but 0.5-points if EDSS was ≥5.5), relapse activity or MRI 

worsening despite therapy for at least one year. The patients were randomised 3:1 to receive - by 

intravenous infusion - two doses of low dose placental cells (150 x 106) or placebo and then after this 

cohort, to high-dose placental cells (600 x 106) or placebo. The primary endpoint was to exclude 

paradoxical worsening of MS. In total, 10 RRMS and six SPMS patients were enrolled and their usual 

medications continued; allocation was six to low- (five RRMS, one SPMS) and high-dose PDA-001 

(two RRMS, four SPMS) and four to placebo (three RRMS, one SPMS). The cryopreserved product 

was thawed, reconstituted with diluent and then transferred to an infusion bag. Pre-medications 

including 50mg hydrocortisone were given 15 - 30 minutes before the infusion which was given over 

two hours. Infusion-related adverse events (swelling, pain, haematoma) occurred in two patients 

receiving low-dose PDA-001 and in four patients receiving high-dose PDA-001 and were graded 1 - 

2. More serious in patients, receiving high-dose PDA-001, was the development of a grade 1 

anaphylactoid reaction and in another grade 2 superficial thrombophlebitis. The most common 

adverse events were minor and typically headache (44%), upper respiratory tract infections, nausea 

and fatigue. There was no worsening of MS lesions on MRI (performed monthly) and EDSS was 

generally stable or improved in the majority of patients compared to baseline one year earlier – one 

patient (in the high-dose group) showed an increase in GELs and in EDSS after a flare at five months.  
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Cellular therapy has also encompassed the use of mesenchymal stem cell-derived neural progenitors 

(MSC-NP) in MS. The MSC-NPs exhibit neuroectodermal lineage characteristics and have reduced 

capacity to differentiate into cells of the mesodermal origin, theorised to minimise the risk of ectopic 

differentiation in the CNS after transplantation [70]. Following the success of intrathecal MSC-NPs in 

a chronic EAE model – though it required multiple doses - which resulted in increased spinal cord 

myelination associated with decreased immune infiltration and endogenous recruitment of progenitor 

cells, the same group conducted a clinical feasibility study of 2 - 5 intrathecal injections of escalating 

doses of autologous BM MSC-derived NPs in six patients with advanced MS – no SAEs were 

reported up to 7.4 years of follow-up [71, 72]. This led to a phase 1 open-label, single-arm clinical 

trial of these cells in 20 patients (14 female and six male) with progressive MS [73]. Eligible patients 

had clinically definite SPMS (16 patients) or PPMS (four patients) with significant disability (EDSS ≥ 

3.0; mean EDSS was 6.8 and range 3.5 – 8.5 and with patients being non-ambulatory) that had been 

stable in the 12 months prior to recruitment defined as <1.0 EDSS point change and absence of GELs 

or new/enlarging T2 lesions on MRI. Patients were allowed to continue with their DMTs and patients 

receiving methotrexate continued on the therapy – but were administered MSC-NPs at least 4 weeks 

apart. The MSCs were isolated from a 20ml sternal bone marrow aspirate and cryopreserved after 2 - 

3 passages generating a stock for subsequent infusions. For each treatment, MSCs were thawed and 

expanded for a further 2 - 3 passages in neural progenitor maintenance medium, supplemented with 

epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). They were collected and 

washed before suspension for immediate injection. Patients received three separate intrathecal 

injections containing between 5 x 106 - 1 x 107 cells at three-monthly intervals; concomitant IV 

antibiotics were administered to reduce risk of meningitis. There were no SAEs or any cases of 

chemical or infectious meningitis. The most common minor adverse events were transient headaches 

(43/60 treatments) and fever (9/60 treatments). There were no changes on brain MRI and 

improvements were documented in at least 15 patients involved in the trial: EDSS (median EDSS 6.8 

at baseline to 6.5 six months post-third treatment; 8/20 patients showing at least 0.5-point 

improvement and four of those patients had at least a 2-point change compared to baseline and 10 

patients remained stable), MRC muscle strength scale (14/20), T25-FW (4/10 ambulatory patients 

with two additional non-ambulatory patients at baseline being able to complete the walking test with 

assistive devices) and/or bladder function (9/18 patients with bladder abnormalities reported either 

symptomatic or urodynamic test improvement). Only two subjects showed disease worsening and 

three showed no change in any of these parameters. Whilst the therapeutic effect is confounded by a 

lack of a placebo arm, the efficacy trends were encouraging given that the majority of patients 

involved had advanced disability.  
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3.1.5.  The Requirement for a Consensus 

 

All the studies to date of cellular therapy in MS, detailed above, highlight the difficulty with regards 

to drawing conclusions i.e. they have been small sized studies, some of which have used 

mixed/unseparated cells or neural progenitors and others  purified, culture-expanded MSCs either 

from bone marrow, umbilical cord or adipose tissue. Cells have either been given intrathecally or 

intravenously (and in some cases via both routes), at different doses and in patients with different 

disease types. Others have begun using multiple doses or MSCs in conjunction with MSC-conditioned 

media. These studies have generated MSCs using different protocols, which also limits comparison as 

there may have been alterations in MSC immunomodulatory or regenerative function. Attempts at a 

meta-analysis of MSCs in MS would be confounded by such limitations. Whilst it could be argued 

that a substantial body of data had been produced emphasising the short-term safety and feasibility of 

MSC therapy and some preliminary evidence purporting benefit, it was clearly necessary to develop a 

cohesive, rigorous approach to overcome these aforementioned limitations. In that regard, the small 

studies (from 2007 - 2010) provided the impetus for a larger, randomised, double-blind controlled 

trial to allow more definitive conclusions to be drawn about the efficacy and safety of this cellular 

approach.  

Thus, in 2010, the International Mesenchymal Stem Cell Transplantation Study Group (IMSCTSG) 

comprising MS neurologists, haematologists and immunologists was formed to develop a consensus 

on the protocols used for culturing MSCs as well as treating patients with MS [74]. A harmonised 

production and agreement on phenotypic characterisation of MSCs as well as release criteria would 

allow a multi-national collaborative trial. As most centres would be unlikely to have the stem cell 

laboratory facilities nor funding arrangements to independently treat >30 patients in a reasonable time 

period, this collaboration would allow a large phase 2 trial to be run with adequate statistical power. 

As the IV injection data had shown evidence of benefit, it was decided to focus on whether 

autologous BM-MSCs via this route could reduce inflammatory disease activity following a single 

dose. Due to ethical concerns about a non-treatment arm, a ‘delayed’ paradigm was suggested such 

that all patients would eventually receive the MSC infusion with six months being the longest any 

patient would be without treatment. It was suggested that all patients undergo BM harvest, MSC 

expansion and cryopreservation as per agreed protocols. They would be randomised to receive either 

MSCs or control/sham infusion (containing only suspension media) and followed for six months at 

which point the MSC patients would receive the sham infusion and the previously sham-treated 

patients would receive their MSCs with a further six-month follow-up. They also recommended 

mechanistic studies to further understand how MSCs worked in-vivo. The Mesenchymal Stem Cells in 

MS (MESEMS) trial, a large academic-led, randomised, double-blind, cross-over phase1/2 study of 
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autologous BM-derived MSCs - was the result of this initiative; the protocol was only published this 

year [75]. 

 

3.1.6.  STREAMS and its relationship to MESEMS 
 

As mentioned above, MESEMS was the phase 2 trial resulting from an international effort to 

overcome funding constraints in MSC trials. It was designed to merge partially independent clinical 

trials in different centres which shared harmonised protocols and some centralised procedures such as 

data collection and analyses particularly for the primary endpoints [75]. In total, 15 such independent 

centres in nine different countries were involved with the original aim of recruiting 185 patients. 

These included four centres in Spain (Cordoba, Malaga, Seville and Badalona), three centres in Italy 

(Genoa, Milan and Verona), two centres in Canada (Ottawa and Winnipeg), Austria (Salzburg), 

Denmark (Copenhagen), France (Toulouse), Iran (Tehran) and the United Kingdom (London). Our 

trial, Stem Cells in Rapidly Evolving Active Multiple Sclerosis (STREAMS) was the UK’s national 

contribution towards MESEMS. Minor differences in protocol between STREAMS and MESEMS are 

discussed in Section 3.3.6. Each national study was funded by the national MS patients’ organisations 

and charities – in the case of STREAMS, by the UK MS Society and the UK Stem Cell Foundation. 

Some of the funding for centralised activities was provided by the Fondazione Italiana Sclerosi 

Multipla (FISM), European Committee for Research in Multiple Sclerosis (ECTRIMS) and the 

Multiple Sclerosis International Foundation (MSIF). The Memorandum of Understanding was signed 

by all participating centres in MESEMS to signal agreement with the trial rules and sharing of data. It 

also included a stipulation that the primary and shared secondary objectives would be published by 

MESEMS although ancillary studies could be published separately [75]. 

 

3.1.7.  Power and clinical trial size 
 

The power of a study reflects the probability that a Type 2 error (i.e. accepting the null hypothesis 

incorrectly) will be avoided, expressed as a percentage chance. Though there is not complete 

agreement on the appropriate level of power, a minimum of 80% is usually considered acceptable i.e. 

if a difference truly exists between two comparisons then it will be found on 80% of occasions [76]. 

Once power is specified, the sample size can be calculated to achieve that desired power. This 

requires an assumed difference between the two groups and can be adjusted for dropouts. Although 

the larger the sample size leads to greater power, the relationship is not linear – rather the sample size 

increases with the inverse square of the difference detected. The higher the incidence of an event in a 
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group (e.g. relapses) lowers the number of subjects required. In summary, sample sizes are chosen to 

enable detection of the minimum difference with a clinical relevance as significant and which 

therefore should not be missed. Type 1 errors, where the null hypothesis is incorrectly rejected, should 

also be avoided. Conventionally, a probability of <0.05 is chosen for a Type 1 error i.e. that a positive 

result would occur by chance on less than 5% of occasions [76]. This is also known as the 

significance level – if this is reduced, it lowers the power of a study. 

For MESEMS, sample size calculations were performed only for the MRI primary end-point 

(reduction in the number of gadolinium enhancing lesions (GELs) at 24 weeks compared to placebo). 

A sample size of 160 patients was estimated to give 80% power at a significance level of 5% to detect 

a decrease of 50% in the number of GELs counted during the 24 weeks of treatment. This number was 

estimated assuming that the average number of total GELs on three MRI scans (performed at Weeks 

4, 12 and 24) would be 7.4 (standard deviation = 11.4) i.e. half of the total number of GELS counted 

over six monthly MRIs in the phase 2 study of the oral drug fingolimod for MS [75]. A possible drop-

out rate of 15% (N=24) meant that the total number of patients to enrol would need to be 185. The 

MRI activity was chosen as it is a recognised marker for clinical activity i.e. relapses and is the 

primary outcome in most phase 2 clinical trials evaluating novel therapies for MS [77]. It should be 

noted that MESEMS was not powered to detect efficacy of MSCs in reduction of relapses or disability 

progression but rather as a phase 2 trial sought to assess exploratory efficacy of an experimental stem 

cell therapy. To be powered for such parameters would require a much larger study (given the low 

frequency of relapses) and a much longer follow-up period; if a 25 - 30%% reduction of relapses 

(similar to the first line DMTs) was sought, approximately 2000 patients would be needed. 

STREAMS therefore (and indeed all the individual national studies contributing to MESEMS), being 

of even smaller size, were not powered to detect effects on MRI or clinical efficacy parameters. No 

power calculations were made specifically for STREAMS but rather, as stated in the clinical protocol, 

the power calculations for MESEMS (to which it contributed) were submitted to the Ethics 

committee. Therefore, individually, each national trial could only explore the efficacy outcomes in a 

relatively qualitative way and whilst trends could be examined, any significance arising from 

statistical analyses performed would be constrained by the under-powering of that small study. 

 

3.1.8.  Outcome Measures in MS 
 

MS is clinically heterogeneous and presents challenges for monitoring individual patients as well 

assessing therapeutic efficacy of treatments in trials in a quantitative manner. The clinical success of a 
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therapeutic modality in MS involves an assessment of its impact on relapses, disability progression, 

function and quality of life. 

 

Clinical Outcome Measures 

The annualised relapse rate (ARR) is included in most trials as it is easy to quantify and prevention of 

relapses is of immediate benefit to the patient. Relapse rates early in the disease course can predict 

future disability but the probability of a relapse is not a constant function over time and so relapses in 

some patients can be separated by years. 

The Kurtze Expanded Disability Status Scale (EDSS) has been the most widely used measurement 

tool to evaluate neurological impairment. The current EDSS, proposed by Kurtzke in 1983, is based 

on the neurological examination and the patient’s ambulation and the score ranges from 0 – 10.0 with 

0.5-unit increments; 0 representing a normal neurological examination and 10 representing death [78]. 

Scores ≤4.0 are generated from eight functional sub-scores including pyramidal, cerebellar, brainstem, 

sensory, bladder and bowel, visual and cerebral (mental) function but scores >4.0 are largely 

dependent upon the ambulation (Appendix 9.1). 

The EDSS was developed before the acceptance of psychometric methods of scale development and it 

has limitations – the scaling is non-interval with reduced sensitivity in the mid and upper score range 

resulting in a “ceiling effect”, is weighted heavily towards ambulatory ability, lacks a clinically 

defined relevant change and there is an absence of a cognitive and (significant) visual component [79, 

80]. At scores <3.0, the EDSS is subject to inter-rater variability in assigning the functional sub-

scores. This led to the development of a more sensitive MS-specific, multidimensional measurement 

called the Multiple Sclerosis Functional Composite (MSFC) which is generated from three 

quantitative components: The Timed 25-Foot Walk (T25-FW) which measures leg function, Nine-

Hole Peg Test (9-HPT) which measures arm/hand dexterity and a 3-second Paced Auditory Serial 

Addition Test (PASAT-3) to assess cognition and as such measures a broader range of disability 

dimensions [81]. The other advantages included a continuous scoring scale (a composite Z-score is 

created), standardised protocols (reducing subjective interpretation) and high degrees of reliability and 

validity when compared to the EDSS, physical sub-scales of the Short Form-36 (SF-36) and also to 

MRI [81-84]. The three dimensions of the MSFC are relatively independent of each other and are 

sensitive to change over 1- and 2-year intervals [81]. In one study, it was shown that baseline MSFC 

and MSFC changes by year 2 correlated with disability and predicted more severe EDSS scores 

(EDSS ≥ 6.0) at 8 years [85]. The MSFC does not, however, incorporate a measure of visual function 

– at the time of its construction, measurements including visual acuity did not meet the criterion for 

sensitivity to change over a 1-year time frame [81]. 
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Patient-reported Outcome Measures 

Clinical studies had in the past focussed on physician-assessed outcomes such as relapse rates, 

disability progression and with technological advancements, MRI data. But it is known that MS 

patients report poorer health-related quality of life (HRQoL) compared to the general population and 

even to patients with other chronic diseases such as diabetes and congestive heart failure [86, 87]. The 

decline in HRQoL can be related to any of the various symptoms in MS and has been associated with 

increased risk of losing employment [88, 89]. Therefore, it is necessary to examine the impact of any 

treatment from the patient’s perspective and improving HRQoL, especially in the absence of a cure 

for MS, has become an important goal in MS treatment. 

The Medical Outcomes Study 36-item Short-Form Health Survey (SF-36) is a general measure of 

HRQoL and is non-disease specific. The 36-item self-administered questionnaire measures 8 multi-

item health domains: physical functioning (10 items), role limitations due to physical health (4 items), 

bodily pain (2 items), general health perception (5 items), energy/vitality (4 items), social functioning 

(2 items), role limitations due to emotional problems (3 items) and mental health (5 items). There is a 

further single unscaled item about health change over the past two weeks. These domains can be 

individually scored but also be used to derive the two main areas of subjective well-being i.e. the 

Physical Component Summary (PCS) and Mental Component Summary (MCS); the summary scales 

are not susceptible to floor or ceiling effects but they mask interpretation of where precisely any 

changes had occurred. Version 2.0 of the SF-36 had improvements in wording and layout over the 

original leading to better reliability - and was therefore used in STREAMS [90].  

Data supported the reliability and validity of SF-36 as a measure of health status [91]. It allows 

comparison across disease states but lacks domains that may be important in MS and as such may lack 

sensitivity when assessing improvements to quality of life following an intervention [92]. Other 

shortcomings of SF-36 included the fact that it had significant floor-to-ceiling effects in four of the 

eight dimensions and across the range of disease severity (although this was reduced with Version 

2.0) and underestimated mental health problems [91, 93]. This led to the development of, amongst 

others, a MS-specific measure called the Multiple Sclerosis Impact Scale (MSIS-29). 

Unlike the MSFC described above, the MSIS-29 was developed using a standard psychometric 

approach resulting in a 29-item instrument that measured the physical (20 items) and psychological (9 

items) impact of multiple sclerosis from a patient’s perspective [94]. It showed good variability, small 

floor and ceiling effects, high internal consistency and high test - re-test reliability [94-97]. The 

MSIS-29 physical scale correlated with the SF-36 physical functioning scales and the MSIS-29 

psychological scale correlated with the SF-36 mental health scale [94, 95]. It was shown to be a more 

sensitive detector of treatment benefits than general measures of HRQoL [98]. 
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3.2. Aims of chapter 
 

Hypothesis 1: It is hypothesised that the intravenous administration of MSCs will be feasible, safe and 

beneficial in MS patients. 

 

The overall aim of this chapter is to determine whether MSCs can be expanded, infused safely and 

lead to improved outcomes following their intravenous infusion.  

 

The specific aims were therefore to:  

 

1. To obtain the necessary regulatory approvals to conduct a clinical trial 

2. Recruit MS patients fulfilling specific inclusion and exclusion criteria to the STREAMS trial 

3. Expand the MSCs ex-vivo after obtaining BM aspirates of MS patients under sterile conditions 

4. Ensure that all trial procedures to obtain samples needed for exploratory research were collected 

5. Monitor the patients in the trial and record adverse events 

6. Evaluate the patients at defined time-points and document relapses, EDSS, MSFC scores and 

patient-reported outcomes (SF-36 and MSIS-29) for subsequent analysis. 
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3.3. Experimental Design 
  

As mentioned above, STREAMS was part of the international academic collaboration, MESEMS. 

Funding and authorisation for each study was obtained by the national institutions in that country but 

much of the trial design, as had been intended after the consensus statement in 2010, was similar to 

the other centres in MESEMS but there were differences [74, 75]. In addition to the protocol, other 

shared resources included a central randomisation portal, electronic case report forms (eCRF), data for 

shared analyses pertaining to the primary and secondary objectives of MESEMS and common funding 

for some centralised procedures e.g. MRI analyses. 

 

3.3.1.  The Crossover Design of STREAMS 
 

STREAMS was a randomised, double-blind crossover study of 58 weeks comparing the effect of a 

single intravenous dose of autologous BM-derived MSCs vs placebo in MS patients (Figure 3.1) with 

regards to the safety and efficacy as the defined primary end-points. The patients randomised to 

receive MSCs as the first infusion at Week 0 were designated the ‘Early-treatment’ arm and those 

receiving MSCs for the second infusion (having received a placebo/sham infusion at Week 0) were 

designated the ‘Delayed-treatment’ arm. 

The safety referred to the number, timing and severity of adverse events in the MSC treatment group 

compared to the placebo group. Efficacy was defined by the reduction in the number of GELs at 

Week 24 in the patients treated with MSCs at Week 0 as compared to those treated with placebo. 

The secondary study objectives were to obtain preliminary information about the efficacy of MSCs on 

other parameters including T2-weighted (T2W) lesions, black holes and remyelination on MRI, 

clinical activity (with regards to relapses and disability progression) and immunological effects. 

Table 3.1 lists the stated primary and secondary end-points of the STREAMS trial. As the use of 

MSCs was exploratory, no specific quantitative assumptions were made about the outcome measures. 

The MRI endpoints were acquired at the Institute of Neurology, Queen Square and formed part of a 

separate thesis. This chapter concerns itself largely with the clinical endpoints. 
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Figure 3.1: STREAMS trial design with cross-over of treatments   
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Table 3.1: Primary and Secondary Objectives of the STREAMS trial 

Both the primary and some of the secondary objectives of STREAMS were shared with MESEMS. 
The MRI endpoints (in grey boxes) are not the subject matter of this thesis. 
  

 
1Disease-free patients refer to patients without relapses, without any evidence of sustained progression of disability and no 
new MRI activity 
2 Sustained progression of disability is defined as any 6-month sustained increase in EDSS of 1-point if baseline EDSS <5.5 
or 0.5-point if baseline EDSS≥5.5 
3 Evaluated in Chapter 4  
4 Evaluated in Chapter 5 
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3.3.2.  Regulatory Compliance of the STREAMS trial 
 

As with any clinical trial, ethical approval was required to ensure that the clinical trial would be 

conducted in accordance with the ethical principles enshrined in the Declaration of Helsinki (1964) 

and be in compliance with the International Conference on Harmonisation Good Clinical Practice 

guidelines. Approval was obtained from the Gene Therapy Advisory Committee (GTAC; later 

restructured to form the National Research Ethics Service (NRES) - West London & GTAC) and once 

this was achieved, approval from the Medicines Healthcare and Regulatory Agency (MHRA) – the 

competent national authority of the UK - was sought as MSCs had been classified as an advanced 

therapy medicinal product (ATMP). This required a Manufacturers Authorisation number (MIA(IMP) 

32611) and the MSCs to be produced by an authorised site (John Goldman Centre for Cellular 

Therapy; MHRA site number 105359) following Good Manufacturing Practice (GMP). Guidance on 

the MHRA application was provided by the EC directive 2010/C 82/01. A EudraCT number, which 

uniquely identified the trial protocol in the European Union (EU), was also required (2012-002357-

35). 

The Sponsor for the trial, the Joint Research Compliance Office (JRCO) at Imperial College, then 

reviewed all documentation before Trust approval to conduct the trial was permitted. Access to clinic 

rooms based at the NIHR/Wellcome Trust Clinical Research Facility (CRF) at Hammersmith Hospital 

was then approved. In addition, application was made to the Clinical Research Network (CRN) for 

STREAMS inclusion. The trial was also registered with the clinicaltrials.org, NCT01606215. 

Oversight of STREAMS continued beyond the initiation of the trial from the various agencies 

involved. The MS Society requested annual reports, the JRCO conducted annual monitoring visits, the 

NIHR CRF completed internal audits of the casenotes, the CRN required monthly recruitment data 

updates, the MHRA required an annual Developmental Safety Update Report (DSUR) and the REC 

was sent both the Annual Progress Report (APR) and the DSUR every year. Any amendments to the 

trial required initial approval from the JRCO before submissions to the REC and MHRA (if it 

concerned the IMP in the latter case) and the JRCO again before implementation. 

 

Figure 3.2 summarises the sequence of approvals needed for trial set-up and provides an overview of 

the regulatory compliance required for STREAMS. 
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Figure 3.2: A simplified view of the sequence of regulatory approvals required and oversight for the STREAMS trial 
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3.3.3.  Justification of the MSC dose  
 

At the time of study design, the published preclinical studies had utilised different cell doses which 

were not weight-adjusted and had a range of 1 - 3 x 106/mouse [30, 99-102]. The original EAE work 

by Zappia et al. had included dose-finding experiments which were not included within the 

publication - mice were injected IV with doses starting from 2 x 105 up to 2 x 106 cells with 

significant clinical results being obtained starting with doses of 5 x 105 cells (A. Uccelli, Personal 

Communication) [30]. On an estimated per body weight basis, these were on average 10-fold higher 

than the proposed dose in STREAMS/MESEMS with others using up to 50 x 106 cells/kg. As there 

was no available evidence that the effects of those cell dosages in EAE could be extrapolated to 

assume the same effects (in terms of safety and efficacy) in human MS, direct scaling from pre-

clinical studies was not considered appropriate given the cross-species differences and limitations of 

EAE models [103-106]. There was also a theoretical concern that administering such high cell doses 

in humans could carry a risk of pulmonary embolism. It was therefore decided to base the dosage 

choice predominantly on the existing clinical experience from human studies. 

A Phase 1 study by Liu et al. had given 4 healthy volunteers 2 x 106 MSCs/kg intravenously - there 

were no significant changes in their vital signs immediately after the infusion or eight hours 

afterwards and there were also no significant changes on subsequent blood biochemical analysis, 

chest radiographs or ECGs [107]. Only a few dose-finding studies in humans had been reported with 

varying doses used (see Introductory chapter). In one study, escalating doses of allogeneic MSCs 

were used to treat patients with metachromatic leukodystrophy or Hurlers disease and the infused 

doses varied from 2 - 10 x 106cells/kg. Infusion of all doses was well tolerated without any major side 

effects and, in particular, there were no pulmonary symptoms, changes in chest radiographs or 

alterations in oxygen saturation [108]. 

The decision to use 2 million MSCs/kg was largely based on two studies. The landmark clinical trial 

in GvHD by Le Blanc et al. had used a median dose of MSCs of 1.4 x 106 cells/kg (range 0.4 - 9 x 106 

cells/kg) and in the most methodologically adequate clinical study in human MS by 2012, Connick et 

al. showed, using mean 1.6 x 106 cells/kg (range 1.1 – 2.0), that this dose was active and safe in MS 

[40, 49]. In addition, the experience of the John Goldman Stem cell laboratory at the Hammersmith 

Hospital, which pioneered the use of MSCs and developed a clinical programme under the 'Specials’ 

license for the treatment of GvHD and other immune-mediated diseases, had observed that most of 

responder patients received 2 x 106MSCs/kg (F. Dazzi, Personal Communication). 

Figure 3.3 illustrates the relationship between the proposed dose of MSCs used in the STREAMS trial 

and the preclinical and clinical data that had been available. 
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Figure 3.3: Justification of 
the MSC dose used in the 
STREAMS trial  

Illustration of the range of 
doses (showing mean/median 
dose where provided) of 
MSCs used in the published 
animal and human literature. 
This data was used to decide 
the MSC dose to be used in 
STREAMS. 
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In order that the comparison be useful, only studies utilising human BM-MSCs administered 

intravenously and only clinical studies that involved ≥10 patients were included.  

 

We therefore concluded that the chosen dose of 2 million cells/kg was expected to be:  

 

• Safe with a large margin based on preclinical studies that tested much higher (10 - 15x) doses. 

• Safe and effective based on clinical studies showing safety and beneficial clinical effects in 

human inflammatory disorders, including MS, utilising a range of doses where our chosen dose 

represents an intermediate dose within those ranges 

• Rigorously defined as a fixed, body weight-adjusted dose of 2 x 106 MSCs/kg. 

 

3.3.4.  Patient Recruitment 
 

Recruitment to the STREAM trial is outlined in Figure 3.4. There was significant public interest in the 

study following the MS Society and UK Stem Cell Foundation (UKSCF) funding announcement in 

2011. Enquiries were directed at this point - and throughout the trial - to a dedicated email address 

stemcellsms@imperial.ac.uk where patients could register their interest (as regulatory approvals were 

still outstanding) but were also sent an automated reply set up as part of the ‘Stem cell referrals’ 

standard operating procedure (SOP) to prevent patients delaying appropriate therapies prior to trial 

commencement.  It also allowed an audit trail of communications with patients. 

Following ethical approval in 2012, subjects on the ‘stem cell database’ were contacted to determine 

whether they were still interested in taking part once they were made aware of the trial details and in 

particular the exploratory nature of the study and number of procedures involved in the trial. If so, and 

with their consent, they were assessed briefly over the phone as to whether they met the key criteria 

for the study (e.g. age, disease duration, last relapse in the case of RRMS) – this was to avoid 

unnecessary hospital visits for patients. Patients deemed as possibly eligible were then requested to be 

referred – if not already under the care of – to Imperial College Healthcare NHS Trust (ICHT) by 

either their GP or MS Consultant. In the interim, patients could be sent - if they agreed - the Patient 

Information Sheet (PIS) to read in advance of being seen. 

On receipt of that referral, patients were seen in a dedicated NHS clinic at Charing Cross Hospital to 

confirm the diagnosis of MS, ensure appropriate investigations had occurred and to review in detail 

mailto:stemcellsms@imperial.ac.uk
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their MS history including previous treatments. Patients also received a full neurological examination. 

All possible management options were then discussed – including the STREAMS trial – with the 

patient. The patient was allowed a first opportunity to discuss the PIS (or given a copy of it) and 

informed if they met most of the eligibility criteria. As the STREAMS inclusion criteria also required 

the presence of ≥1 GEL on MRI within six months of bone marrow harvesting and if the patient was 

still interested in taking part, an MRI brain with gadolinium was booked. A clinic letter with the MRI 

result was sent to the patient and their GP and/or Neurology Consultant after the appointment. For 

patients who had ≥1 GEL on the MRI, an invitation was extended to attend the Screening Visit, 

scheduled at the NIHR Wellcome Trust Imperial Clinical Research Facility (CRF). This was the first 

visit of the trial and at which there was a thorough discussion of the PIS and trial eligibility was 

assessed in detail following informed consent. The inclusion criteria (detailed below) would have to 

be fulfilled. All subsequent visits were scheduled at the CRF. 
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       Figure 3.4: Patient flow and eligibility selection pre-trial 

 

We also utilised details of patients from the Patient Research Cohort (PRC) database set up following 

a previous MRC award – these patients had given consent to be contacted in the event of new trials 

being available.  

As the most difficult criterion to meet was the “positive” MRI scan with the ≥1 GEL, patients under 

the care of the MS consultants at ICHT were alerted to the trial if a MRI scan had ≥1 GEL and if their 

Consultant had no clinical objections to their patient being contacted. MRI results were also 

periodically reviewed on PACs and patients contacted (with their Clinician’s consent) if after review 

of their clinical neurology letters, it was felt that they could meet the eligibility criteria. 
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Information about the trial was also made available to the wider MS population via the Barts’ MS 

Blog in April 2013 (https://multiple-sclerosis-research.org/2013/04/streams-trial-stem-cells-in-

rapidly-evolving-active-ms/) and in the MS Society monthly Newsletter (‘Stem cells on Trial’ 

Newsletter 109 May/June 2013). In addition, presentations regarding the STREAMS trial were given 

to colleagues at the Neurology meetings at Kings College Hospital (SE London), Queens Square (NW 

London) and MS Study Day (West London) as well as at the Richmond MS Nurses’ meeting (West 

London) to provide information regarding ‘basic referral criteria’ to assist them with referring 

appropriate patients and minimising distress to clearly ineligible patients (Table 3.2). 

 

  Table 3.2: Guidance for referring Clinicians and its justification  

 

In all cases, the patient pathway followed was as outlined in Figure 3.4. The recruitment of patients 

was “staggered” as there was only ever capacity for two patients to have their MSCs expanded in the 

John Goldman Centre for Cellular Therapy (JGCCT) based at Hammersmith Hospital. 

 

3.3.5.  Inclusion and Exclusion Criteria 
 

Patients recruited to the STREAMS trial had to have a diagnosis of MS according to the revised 

McDonald Criteria 2010. They could have any MS subtype (RRMS, SPMS or PPMS) but it had to be 

active MS which emphasised occurrence of relapses, accumulation of disability or both. The aim was 

to try and recruit patients who were at risk of continued progression and loss of function but had not 

accumulated such levels of neuronal injury that they would fail to show a treatment effect on the 

various assessments if it occurred. Preclinical data had also suggested MSCs were only efficacious 

before the chronic phase of the disease was reached [99]. For these reasons, patients with 

https://multiple-sclerosis-research.org/2013/04/streams-trial-stem-cells-in-rapidly-evolving-active-ms/
https://multiple-sclerosis-research.org/2013/04/streams-trial-stem-cells-in-rapidly-evolving-active-ms/
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mild/moderate disability (EDSS 2.0 – 6.5) with evidence of ongoing inflammation (presence of GEL 

on MRI within six months of BM harvesting) and short disease duration (0 – 10 years from diagnosis) 

were sought. 

Key exclusion criteria included patients not meeting the inclusion criteria for the MS subtype and 

absence of a GEL on MRI in the six months preceding the BM harvest to exclude patients without 

active, inflammatory disease. Patients failing to generate 1- 2 x 106 million MSCs/kg on expansion 

(within 52 days of harvest) did not proceed further with the trial. Patients needed to have stopped 

interferon-beta, glatiramer acetate and corticosteroids at least one month prior to enrolment, 

natalizumab and fingolimod at least three months before screening and not have been treated with 

alemtuzumab within the previous two years. Patients with evidence of an active or chronic infection 

or history of malignancy (other than basal cell carcinoma of the skin and carcinoma-in-situ that had 

been in remission >1 year) were also precluded from the study. The aim was to exclude patients with 

medical problems or those who were/had been receiving treatments that would increase their risk of 

serious morbidity or mortality from either MSCs or the procedures in the STREAMS protocol. 

The complete inclusion and exclusion criteria for STREAMS are listed in Table 3.3. 
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Table 3.3: Detailed Inclusion and Exclusion Criteria for the STREAMS trial 
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3.3.6.  Key differences between the STREAMS and MESEMS protocols 
 

There were differences between the MESEMS and STREAMS protocols. As STREAMS aimed to 

recruit the most active MS patients, it did not exclude patients who had had a relapse within 60 days 

of enrolment but did stipulate that patients could not have been treated with methylprednisolone in the 

30 days prior to recruitment. STREAMS required a GEL on the MRI within three (later changed to 

six) months of the screening date but it was within 12 months for MESEMS. Although STREAMS 

allowed for inclusion for all subtypes of MS patients (provided that the relevant criteria for that 

subtype were met), the Copenhagen centre in the MESEMS collaboration excluded progressive 

disease. Both protocols had 3.0 as the lower limit for the EDSS at the start of the trial, but STREAMS 

amended this to 2.0 and MESEMS later to 2.5 [75]. Initially, STREAMS used a defined dose of 2 x 

106 cells/kg though this was later amended to 1 - 2 x 106 cells/kg as used by MESEMS.  

Other more minor differences were that STREAMS had a total of 19 scheduled clinic visits as 

opposed to 14 in MESEMS. This included Week -10 during which patients were screened. There was 

then at least seven (and usually 14) days until Week -8 when the consent and inclusion/exclusion 

criteria were reviewed and procedures including the BM aspirate undertaken. This allowed ample 

time for patients to decide whether to commit to the trial. Four further visits allowed additional checks 

for AEs, the mantoux readout and additional blood samples. MESEMS used Symbol Digits 

Modalities Test (SDMT) and some centres incorporated OCT, neuro-ophthalmic or 

neuropsychological assessments that were not a feature of STREAMS though three lumbar punctures 

were performed in the STREAMS trial. The MSC processing also had variations – some centres were 

allowed up to 12 hours before processing the BM aspirate whereas in STREAMS, the BM aspirate 

was taken to the JGCCT within 15 minutes of the procedure. The cell factory in Andalusia froze the 

BM cells and expanded them before infusion without cryopreservation [75]. The culture mediums 

varied from alpha-minimum essential medium (α-MEM) as used in STREAMS or low-glucose 

Dulbecco’s modified Eagle medium (D-MEM) and the growth supplement was either platelet lysate 

(PL) or fetal bovine serum (FBS). MESEMS allowed a maximum of two passages (whereas only one 

was allowed in STREAMS) and recommended a cytogenetic analysis to exclude karyotype 

abnormalities but this was not performed in STREAMS. 
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3.3.7.   Protocol Amendments submitted for STREAMS 
 

The inclusion and exclusion criteria (Table 3.3) and Study Visit Schedule (Table 3.5.) represented the 

final iteration for STREAMS. There were both substantial and non-substantial amendments to 

STREAMS which were deemed necessary as the trial progressed that required approval from NRES 

and the MHRA. Once approvals from these regulatory bodies were obtained, the Sponsor (Imperial 

College London) also had to approve the changes. These are detailed in Appendix 9.2. 

 

3.3.8.  Concomitant Medications 
 

Concomitant medications were recorded at every visit. DMTs were not allowed during the trial and 

there had to be appropriate washout periods for any drugs (see Table 3.3). Although corticosteroids 

could be prescribed for a relapse during the trial, they were not permitted in the 30 days prior to 

enrolment. Symptomatic therapy could be initiated or continued during the trial (see Table 3.4). The 

only exception was Fampridine – if the patient was already being prescribed this medication then it 

could be continued but it could not be initiated during the trial as it could affect walking ability and 

the T25-FW formed part of the clinical assessments. 

 

   Table 3.4: Symptomatic treatments permitted in the STREAMS trial 

 

    * Fampridine could only be continued if it had been prescribed before enrolment
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3.3.9.  Randomisation Practicalities 
 

If a patient fulfilled the entry criteria (Table 3.3) at the screening visit then they were randomised 

which was carried out by a web-based portal to which Investigators in MESEMS had access. The 

randomisation generated a ‘treatment code’. The Clinical Research Organisation (CRO) based in 

Genoa, Italy was unblinded to the treatment allocation as was the JGCCT.  

 

3.3.10. Withdrawal Criteria 
 

Patients could withdraw at any point from the trial although the data collected up to that point would 

be retained as would be any biological samples collected unless the patient had requested on the 

consent forms that these be destroyed. The Investigators could also withdraw a patient on the grounds 

of safety. 

 

3.3.11. Unblinding Criteria  
 

Unblinding was restricted to clinical scenarios that impacted on patient safety. This included the 

occurrence of any fatal or life-threatening SAEs, when the judgement of the treating neurologist 

would be compromised by the blinding or any radiological evidence of disease exacerbation defined 

as ≥5 increase in lesions or if atypical lesions were identified.    

 

3.3.12. STREAMS Study Visits 
 

There were a total of 19 trial visits for each patient as depicted in Table 3.5; activities taking place on 

each visit are indicated.  

Regarding terminology used, the trial commences at ‘Week -10’, Week 0 denotes the first infusion 

‘baseline’ and the trial ends at Week 48 ±2/3 days. Week -2 on the schedule was a ‘virtual visit’ in 

which a decision ought to have been reached regarding the MSC culture and whether the patient could 

continue in the trial. 

Key specific actions occurring at Week -10 included assessment of eligibility and signing the trial and 

MRI consent forms. A full medical and MS history was undertaken and blood samples were taken for 
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routine haematology, blood chemistry and immunology testing but also for pre-bone marrow 

screening for infectious disease markers (IDM) – in accordance with Joint Accreditation Committee 

International Society for Cellular Therapy (JACIE) and the European Group  for Blood & Marrow 

Transplantation (EBMT) guidelines. This included HIV 1, HIV 2, Hepatitis B, Hepatitis C, HTLV 1, 

HTLV 2, CMV and syphilis. The patients had a full neurological examination, all clinic-based 

assessments (for the MSFC this served as ‘practise’) and self-reported questionnaires. Patients had a 

baseline ECG and were then randomised as described above. 

On Week -8, the patient was admitted as a Day case. The consent and the inclusion/exclusion criteria 

were reviewed. The patient then had four procedures: Bone marrow aspirate, a Punch Skin biopsy, 

Lumbar puncture (LP) and the Mantoux test (procedures described below) in addition to research 

blood samples being taken. If the LP failed, then it was re-scheduled at Charing Cross Hospital under 

fluoroscopic guidance (but before Week 0). As long as an adequate aspirate was obtained, the MSC 

processing began. 

The punch skin biopsy, sent to Edinburgh University, would be used to induce pluripotent stem cells 

(iPSCs) from dermal fibroblasts. Generating neurons from these MS patients would help establish an 

in-vitro assay of neuronal injury and model the in-vivo treatment effect of MSCs.  

The Mantoux test was to be used to provide an in vivo method of assessing the effect of MSCs – 

whilst this was a test typically to determine whether a person was affected by M.tuberculosis, it was 

being used to allow measurement of delayed-type hypersensitivity or cell-mediated immunity which 

causes tissue injury. 

At Week 0, the inclusion/exclusion criteria were again reviewed and the patient had the first infusion 

(described below). The second infusion was given at Week 24.  

Adverse events, concomitant medications and vital signs were recorded at every visit. 

There were a total of 7 “detailed” visits (after Week -8) occurring at Weeks 0, 4, 12, 24, 28, 36 and 

48. On these visits, the patients had the following additional assessments: a full physical and 

neurological examination, T25-FW, MSIS-29, SF-36, urinalysis, pregnancy test (if female), 

haematology and blood chemistry checked and research blood samples taken. Research blood samples 

were not taken for the patients in the second phase of recruitment. They also had an MRI at Queen 

Square within seven days of these scheduled visits – the MRIs could be before or after the visit except 

in the case of Weeks 0 and 24 when it was ensured that the MRI had been completed prior to the 

infusion. 

The complete MSFC, which had been performed at Week -10, was only performed again at Weeks 0, 

24 and 48 to limit the practice effects.  
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The Mantoux skin test, which had been performed at Week -8, was also repeated at Weeks 0, 24 and 

48 – the readout was checked at 48 – 72 hours later along with research blood samples. At Week 0 

+48/72 hours and Week 24 +48/72hours, early checks post-infusion were also made and additional 

research blood samples taken (for serum cytokine/chemokine analysis). 

Research blood samples were also taken at Weeks 8, 16, 20, 32, 40 and 44 and stored. 

The LP, in addition to being performed at Week -8, was repeated at Weeks 20 and 44. 

 

3.3.13. STREAMS Unscheduled Visits 
 

If patients had a significant relapse, an unscheduled visit was arranged as soon as possible. Minor 

relapses could await the next study visit unless the clinician/patient was concerned. Additional visits 

for adverse events notified to the Clinical Research Fellow may also have been arranged if a review 

was felt appropriate. 
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Table 3.5: Schedule of Assessments and Treatments in STREAMS 

*Research samples were only taken for the patients in the first phase of recruitment
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3.3.14. Clinical Evaluation of MS 
 

1. Disability 

This would be assessed by the EDSS rating scale (see Appendix 9.1). 

2. MS relapses 

Definition of a relapse within the STREAMS protocol: any perceived change in symptoms or signs 

that persist for ≥48 hours in the absence of flu or fever and which were accompanied by objective 

changes on EDSS functional subscores (FSS) that led to either a 1.0-point change in EDSS (for 

baseline EDSS 2.0 - 5.0) or a 0.5-point change (for baseline EDSS ≥ 5.5) together with FSS changes 

of 2 points in any one FSS or 1 point in any 2 FS. 

However, for the purposes of this thesis, the definition in the 2010 Revision to the McDonald criteria 

by the International Panel on the Diagnosis of MS was used i.e. a relapse was a “patient-reported 

symptoms or objectively observed signs typical of an acute inflammatory demyelinating event in the 

CNS, current or historical, with a duration of at least 24 hours in the absence of fever or infection” 

[109]. As relapses can be multifocal or can have a fluctuating or staggered onset and course, a stable 

or improving period of 30 days was used to distinguish relapses as separate entities [110]. 

3. Progression of disability 

The definition of EDSS progression was any 6-month sustained increase in EDSS: For baseline EDSS 

<5.5, this was a 1-point increase in EDSS and for baseline EDSS ≥ 5.5, any 0.5-point increase in 

EDSS. 

 

3.3.15. STREAMS Trial Procedures 
 

1. Venepuncture 

Blood samples were taken at indicated time-points for routine haematology, clinical chemistry and 

immunological testing. 80ml research samples in EDTA tubes were also taken (in the first phase of 

recruitment) for cytometric analysis of immune cell types, provide serum for cytokine analysis and 

cryopreserve PBMCs for future research (details in chapter 2). Research blood sample SOPs were 

created for each clinic visit that required them. 
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2. Electrocardiogram (ECG) 

A standard 12-lead ECG was obtained at the Screening Visit (Week -10). 

3. Lumbar puncture (LP) 

A total of three LPs were performed during the trial at Weeks -8, 20 and 44.  

The LP was performed in the left lateral position using aseptic technique. 2 - 3 ml of 1% or 2% 

lidocaine was injected around the area and then a 22G spinal needle was inserted into the L3/L4 or 

L4/5 space previously localised. Once the subarachnoid space had been reached, the sterile 

manometer was attached to measure the opening pressure. Approximately 10 drops of CSF were 

collected in pre-labelled sample tubes to check cell count, protein, glucose and oligoclonal bands (the 

latter two tests were paired with serum) and kept on ice. A further 20 ml was collected and also kept 

on ice until transported to the laboratory in the Burlington Danes building. Once collected, the closing 

pressure was documented, the spinal needle was removed and an adhesive bandage applied. 

The patients were requested to lie flat for at least an hour after the procedure and to drink plenty of 

fluids.  

If the LP proved to be unsuccessful in the ICRF, then the patient underwent a fluoroscopic-guided LP 

at Charing Cross Hospital (pre-infusion in all cases). 

CSF research samples were processed as described in chapter 2. 

All samples were logged on the Biosamples database and stored under HTA Research license 12275 

(Sub-collection ID: Med_PM_12_066). 

4. Bone marrow harvest 

The bone marrow aspirate was performed at Week -8 by the Haematology Registrar in the 

Haematology Day Unit according to the JGCCT SOP ‘Bone marrow aspirate for Mesenchymal 

Stromal Cell Culture’ (SOP BMTU-CP-058). We endeavoured to use the same Haematology registrar 

for all the trial patients. 

In all cases, the posterior iliac crest was used as the site of the aspirate that was performed under 

aseptic conditions. The patient was positioned in the lateral position on the couch and the surgical area 

was cleaned using iodine/chlorohexidine and allowed to dry naturally. Sufficient subcutaneous local 

anaesthetic was administered, the posterior iliac crest was located and the local anaesthetic 

administered to the periosteum in an area of 2 - 3 cm in diameter. The skin was punctured with the 

aspirate needle and progressed until reaching the posterior iliac crest and then advanced through the 

cortical bone until reaching the marrow cavity. The stylet was removed and a 10 - 20 mL syringe was 



104 
 

attached – a total of 10 – 50ml sample was aspirated (and expelled into sterilised, labelled EDTA 

bottles), with either repositioning of the needle or repeat skin punctures over the same area if needed. 

The aspiration needle was removed, pressure applied and the puncture site covered with a bandage for 

24 - 48 hours. 

The aspirate was delivered immediately to the JGCCT.  

5. Mantoux tuberculin skin test (TST) 

The Mantoux test was performed at Weeks -8, 0, 24 and 48 with the readout being performed 48 - 72 

hours later. 

The Mantoux Administration, Reading and Interpretation Course update was completed prior to the 

trial commencement (14/11/2012) to demonstrate competency.  

The patient’s forearm (laterality being documented) was examined to select an area of skin 5 - 10cm 

below the elbow joint over the volar aspect that was free of muscle margins, dense hair growth, veins 

or scars. The skin was cleaned with chlorohexidine swabs and allowed to dry. A 26G needle was used 

to administer an intradermal injection of 0.1ml of 2TU of Statens Serum Institute (SSI) tuberculin 

RT23 such that a pale wheal of 6 - 10mm was formed. If the wheal was <6mm, the test was repeated 

at least 5cm from the original site. The area around the wheal was marked to positively identify it 48 - 

72 hours later. At that visit, the presence and size of any induration (palpable, raised, hardened area or 

swelling) was noted in millimetres and if irregular, the longest diameter being recorded (perpendicular 

to the long axis).  

 

6. Punch skin biopsy 

A punch skin biopsy was performed at Week -8 for patients in the first phase of recruitment only. 

Training had been arranged with the Dermatology Department at Charing Cross Hospital prior to trial 

commencement.  

The procedure was carried out using aseptic technique. The lower back was chosen as the biopsy site. 

The area was cleaned with Tisept® solution and allowed to dry. Lidocaine 2% (containing adrenaline) 

was injected subcutaneously using a ‘spider technique’ to form a ‘bleb’ – time was allowed for the 

anaesthetic to take effect. The skin was stretched perpendicular to the normal relaxation lines and a 

4mm disposable, sterile punch biopsy introduced firmly at a perpendicular angle to the anaesthetised 

skin. The punch biopsy was rotated through 45 degrees repeatedly with the cutting edge until through 

to the subcutis. It was then withdrawn and pressure applied to the puncture site with a non-woven 

swab. The cylindrical skin specimen was inserted into a falcon tube containing Hank’s Balanced Salt 
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solution (HBSS) with 1% PSF (Gibco®antibiotic-antimycotic 100x Life Technologies Cat no 15240-

062 with Penicillin, Streptomycin and Amphotericin B) and then placed in a box of dry ice and 

couriered the same day to reach Edinburgh University within 24 hours. 

The wound was closed with 1 - 2 interrupted sutures using Ethilon®, antibiotic (Bactroban® 2%) 

ointment was applied and the site was covered with a dry Mepore® dressing. The nylon sutures were 

removed 7 - 10 days later by the GP practice nurse. 

 

3.3.16. STREAMS Trial Clinic Assessments 
 

1. Kurtzke Expanded Disability Status Scale (EDSS) 

The EDSS was performed regularly at the clinic visits indicated on Table 3.5. Prior to the trial 

commencing, neurostatus training was completed. 

 

2. Multiple Sclerosis Functional Composite (MSFC) Score 

The MSFC comprises three components: (a) The Timed 25-Foot Walk (T25-FW), (b) The 9-Hole Peg 

Test (9-HPT) and (c) The Paced Auditory Serial Addition Test (PASAT). The training instructions 

used were contained within the ‘MSFC Administration and Scoring Manual’ published by Fischer et 

al. in 2001 [111]. In STREAMS, the Clinical Research Fellow administered all the components of the 

MSFC at every visit following standardised procedures. The same designated area for the T25-FW 

was used and efforts were made to use the same testing room at every visit. 

(a) The Timed 25-Foot Walk (T25-FW) 

The T25-FW is a quantitative measure of lower extremity function and was the first component of the 

MSFC administered at the study visit. A 25-foot length had been pre-marked in the corridor used and 

was cleared of any obstacles pre-test. The patient was directed to walk as quickly and safely as 

possible from one marked end to the other whilst being timed using a stopwatch. The test was 

immediately administered again. If the patient used an assistive device, this was documented and the 

same device used at all visits.  

The score for the T25-FW was the average of the two successfully completed trials. The score could 

be used separately or as part of the MSFC score (see below). 
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(b) The 9-Hole Peg Test (9-HPT) 

The 9-HPT is a quantitative measure of upper extremity function and was performed after the T25-

FW. Both the dominant and non-dominant hands were each tested twice – two consecutive trials of 

the dominant hand immediately followed by two consecutive trials of the non-dominant hand. The 

patient was seated at a table with a shallow container holding nine pegs on one side (placed in front of 

the hand being tested) with the other side containing nine empty holes (in front of the hand not being 

tested). The patient was instructed to pick up the pegs, place them in the holes and then remove them 

as quickly as possible – one at a time. The total time to complete this entire task was recorded using a 

stopwatch.  

The final score for the 9-HPT was the average of the four trials – the two trials of each hand were 

averaged and converted to the reciprocal of the mean times for each hand and then the two reciprocals 

averaged. As with the T25-FW, this score could be used individually or as part of the MSFC 

composite score. 

(c) The Paced Auditory Serial Addition Test (PASAT) 

The PASAT was the last component of the MSFC to be administered. It is a measure of cognitive 

function that assesses auditory processing speed and flexibility as well as calculation ability. The 

PASAT was presented on a compact disc (CD) to ensure the stimulation presentation rate of the single 

digits was three seconds and the patient was instructed to add each new digit to the one immediately 

prior to it. To minimise familiarity with the stimulus items on the test, two forms (A and B) were 

alternately used in the trial. A short 3-second, 10-item practice sequence was used before the official 

testing at each visit (a maximum of 3 times only) and at least two correct answers in this practice test 

was sufficient to proceed to the main test. The PASAT-3 score was the number of correct sums given 

in each trial (maximum possible score was 60). 

Scoring methodology 

As the three components measure different variables (time for T25-FW and 9-HPT but number of 

correct responses for PASAT-3), the scores from each of the tests were transformed into Z-scores, 

added together and then averaged to yield a composite score for each patient at each time point used. 
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Formula for creating the MSFC score:  

 

The Z-scores involve comparing each outcome with that found in the reference population i.e. 

standardising the variable – in this case, test results at baseline (i.e. Week 0) from all the patients were 

used to provide the reference population which is considered more optimal for showing treatment 

effects rather than a representative database with a large spectrum of MS patients. 

The Z-score was obtained by subtracting the mean of the reference population from the test result and 

then dividing by the standard deviation of the reference population. In order to combine Z-scores from 

all three tests, the direction (i.e. Z score sign) representing improvements or deterioration has to be the 

same for all the tests which required transformation of the T25-FW and 9-HPT data – in the case of 

T25-FW to multiply the Z-score by -1 and for 9-HPT, reciprocals of the data are used to calculate the 

Z-score. 

In detail, therefore, the Z-scores for each component are calculated as shown here: 
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The MSFC score is thus a continuous variable and differences in MSFC scores can be used to 

measure improvements or deterioration over time.  

 

3.3.17. STREAMS Patient-Reported Outcomes 
 

1. Short Form 36 (SF-36) 

This is a 36-item, patient-reported survey of patient health, 35 of which make up eight multi-item 

dimensions and a further item measures health transition as discussed above. From these, two broad 

areas of subjective well-being are derived – physical health and mental health. The construction of the 

scales and component summary scores is shown below in Figure 3.5. Patients were asked to complete 

the SF-36 survey at the relevant clinic visits as shown in Table 3.5. 

 

Figure 3.5: SF-36 Construction of Scales and Summary Measures 

There are 3 levels to the SF-36 measurement model: (1) items, (2) scales that aggregate items and (3) 
summary measures that aggregate scales. All but one of the 36 items (health transition) are used to 
score the eight SF-36 scales (Taken from Ware et al. SF-36 Physical and Mental Health Summary 
Scales: A User’s Manual 1994) 
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For each of the eight dimensions, the raw scores were initially calculated as the sum of re-coded scale 

items. Re-coding was to allow numeric codes to be assigned to yes/no responses, allow coding for 

missing items and ensure that the direction of the score be consistent across all scales (i.e. higher 

scores were allocated to better health responses). The detailed methodology with re-coding 

instructions are described in ‘SF-36 Physical and Mental Health Summary Scales: A User’s Manual’ 

published in 1994 by Ware et al. and in the Australian Longitudinal Study on Women’s Health 

(ALSWH) Data Dictionary Supplement for SF-36. 

The raw scores for each scale were transformed to a 0 – 100 scale according to the formula: 

 

 

The summary measures for physical and mental health known respectively as the Physical Health 

Component Score (PCS) and the Mental Health Component Score (MCS) can be derived when the 

scores for all eight scales are available. 

Firstly, each of the eight scales was standardised using a z score transformation using means and 

standard deviations calculated for a UK population (provided by a large scale survey, the third Oxford 

Health and Lifestyles Survey, OHLS-III) according to the formula [90]: 

 

After the z-score has been calculated, the aggregate scores for the physical and mental component 

scale scores were calculated. In the case of PCS, this involved multiplying each SF-36 scale z-score 

by its respective factor coefficient (PCS coefficient) and summing the results and similarly, for MCS, 

each SF-36 scale z-score was multiplied by the MCS factor coefficient and then summed. The PCS 

and MCS coefficients were provided by Jenkinson et al. [90]. 

Finally, these scores were standardised to a t score where the mean was set to 50 and the standard 

deviation to 10. 
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     Formula to calculate the PCS/MCS: 

 

 

This norm-based scoring thus equates all scores such that scores above 50 were better than the general 

population average for all scales and summary measures while scores below 50 were worse. 

 

 

2. Multiple Sclerosis Impact Scale – 29 items (MSIS-29)  

The 29-item self-report questionnaire, performed at the time-points indicated in Table 3.5, measures 

two scales (i) physical impact and (ii) psychological impact. These cover the impact of MS on day-to-

day life over the previous two weeks – three items deal with limited abilities and 26 items are related 

to being affected by symptoms or consequences of illness. All the responses use a 5-point Likert Scale 

ranging from 1 to 5 and correspond to the answers not at all (score=1), a little, moderately, quite a bit, 

and extremely (score=5). All questions need answering and responses were graded in the ‘same 

direction’. The total score is the sum for all the 29 questions – the minimum total score is therefore 29 

and the maximum score possible is 145; the higher the score, the greater the degree of disability. 

However, the original authors did not recommend use of the overall summary score because the two 

scales were measuring distinct aspects so a score is computed for the physical health from the 20 

items associated with this scale and psychological health from the nine items associated with this 

scale [94]. The physical and psychological impact scores are summed and transformed to a score on 0 

– 100 scale to allow direct comparisons as shown by the formulae below. In the case of missing data, 

but where at least 50% of the items in a scale had been completed, a patient-specific mean score was 

computed from the completed items for that scale.  
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3.3.18. The MSC Manufacturing Process  
 

The MSCs were contained within the bone marrow aspirate collected from the patient on Week -8 

(detailed above). The subsequent three stages of production were carried out – in accordance with 

Good Manufacturing Practice (GMP) and under aseptic conditions - at the John Goldman Centre for 

Cellular Therapy (JGCCT) at Hammersmith Hospital which holds a ‘Joint Accreditation Committee 

of ISCT/EBMT’ (JACIE), a Human Tissue Authority (HTA) license (License number 1118) and an 

Investigational Medicinal Product (IMP) license from the MHRA (MIA (IMP) 32611). 

 

1. Manufacture of MSCs 

a. Bone marrow aspiration 

Prior to the bone marrow aspirate, the results of the mandatory infectious disease markers (IDM) 

screening, performed at Week -10, had to be available. The collected bone marrow sample was 

labelled with the clinical trial number and patient details (including the patient’s initials, date of birth, 

patient’s number in the trial, hospital number), date of collection and time of completion of collection 

to positively identify the patient. The labelled sample was then immediately transported to the JGCCT 

(in the same building) and typically within 15 minutes. 

 

b. Seeding and selection of MSCs  

The collected bone marrow was sampled to determine sterility, viability and total nucleated cell count 

(TNC).  
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The bone marrow was then seeded into tissue culture plastic cell stacks containing growth medium 

(5% human platelet lysate (PL) in α-MEM (prepared and de-gelled within 24 hours of use) at a 

concentration of 10 – 25 x 106 WBC/level.  

Corning® cell stacks were available as single, twin or five-level stacks where each level had an area of 

636cm2 and a volume requirement of 200mL of growth medium. The number of levels seeded (up to a 

maximum of 22 levels) was balanced against the TNC to maximise seeding density within the 

specified range. 

The cell stacks were incubated at 370C, 5% CO2 for three days (range 2 - 4 days) to permit adhesion 

of MSCs. On the third day (range 2 - 4 days), the non-adherent cells (e.g. haematopoietic stem cells) 

were suspended by gentle swirling and discarded. Two washes with 100mL of sterile saline further 

removed non-adherent cells. Pre-prepared growth medium was added to the residual adherent MSCs 

and cultures were returned to the incubator. All manipulations were effected through the connection 

of sterile tubing sets to the cell factories. 

 

c. Expansion of MSCs 

Following the removal of non-adherent cells, the MSCs were cultured at 370C, 5% CO2 for up to 52 

days to permit numerical expansion.  

The cultures were inspected under light microscopy at intervals of 3 - 7 days. Turbidity of the medium 

would be taken as indicative of microbiological contamination and if confirmed, cultures would be 

discarded.  

The adherent layer consisted initially of single, scattered cells that multiplied, usually rapidly, to form 

areas of confluence. Once fully confluent, the adherent cell sheets would ultimately slough from the 

cell factory surface and be lost. The operator would judge the appropriate time to initiate harvest to 

maximise yield, based on experience and taking into consideration the number of cell stack levels 

seeded and the target dose required.  

Where cell growth was very slow, or foci of growth were very few, it was unlikely that the cultures 

would reach full confluence before localised overcrowding and sloughing of the cell sheet occurred. 

Where this was thought likely to occur, cultures were passaged, i.e. harvested by trypsinisation and 

reseeded at a concentration of 0.1 - 1.0 x 106 MSCs/level to improve yield of the ultimate harvest. 

Only one passage was permissible and the decision was usually taken within the first 14 days of 

culture, based on operator experience. 



113 
 

Every 14 days (range 7 - 21 days), half of the culture growth medium was removed and replaced by 

fresh medium. The interval was shortened where cell growth was extensive and substantial yellowing 

of the culture medium colour was observed or extended where cell growth was minimal. 

 

d. Harvest and cryopreservation 

When cell cultures were ready for harvest or passage, the growth medium was removed and the cell 

monolayers washed twice with 200mL sterile saline per wash. Sterile recombinant trypsin-like 

enzyme (TrypLE Select) was added at 50mL per level. Cell detachment and dispersal was confirmed 

under light microscopy and the enzyme action blocked with growth medium.  

The cell suspension was washed twice with PBS (supplemented with EDTA and human albumin) on a 

COBE 2991 (a clinical scale centrifugation system) under closed aseptic conditions.  

The cells were then flushed from the COBE 2991 in 5% human albumin solution (HAS) and sampled 

for quality control (QC). This comprised sterility, viability, total viable nucleated cells and surface 

marker cytometry.  

The cells were cryopreserved at or as close to the higher dose threshold of 1 - 2 x 106 MSC/kg as was 

practicable. Cryopreservation was achieved by controlled rate freezing in 5% HAS, 10% DMSO and 

the bags were vacuum sealed and retained at < -1300C in the vapour phase of liquid nitrogen.  

A placebo bag(s) comprising of a matched volume of 5% HAS, 10% DMSO (but not containing 

MSCs) was prepared, labelled and cryopreserved in parallel.  

 

2. Process Controls during the Manufacturing Process 

Although the BM aspirate took place in an outpatient setting, all reasonable measures were taken to 

ensure aseptic conditions. The bone marrow was inoculated directly into sterile blood tubes. The 

controls within the JGCCT were stringent. The TNC count enabled optimal seeding of cell stacks. No 

raw materials of animal origin were used in the MSC expansion. The BM was inoculated into cell 

factories which were closed systems and gas exchange took place through filter caps that excluded 

particles above 0.2mm in size and all manipulations of the cell cultures were carried out via sterile 

access sets which could be connected via sterile devices to syringes, three way taps and blood 

collection bags. The cell bags and plastic cell factory were thus all sealed systems except when they 

were being manipulated – but these took place in class I facilities or a Class I isolator. The final 

container for the MSCs was a sealed cryopreservation bag, accessed upon product thawing, via a 
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sterile port. Sterility of the culture was tested at a number of points as indicated on Figure 3.6. 

Process-related impurities such as growth medium or products of cell culture had been diluted by 

several orders of magnitude during the final washing stage before cryopreservation. The surface 

marker cytometry at harvest checked that residual haematopoietic cells were present at less than the 

pre-specified thresholds, thus ensuring a relatively “pure” MSC product. 

A summary of the manufacturing process and controls is provided in Figure 3.6. 
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Figure 3.6: The Manufacturing Process and Process Controls 

Flow chart showing the sequence of events from collection of bone marrow aspirate to harvesting of 
the expanded MSCs with the necessary controls in the manufacturing process to ensure the correct, 
viable, sterile production of MSCs. 
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3. Key Characteristics of the Final MSC product 

Sterility was checked using Bact-Alert aerobic and anaerobic bottles – ensuring there was no evidence 

of growth at 14 days. The TNC was evaluated in a haemocytometer with viability of the MSCs being 

determined as a percentage of the total by staining cells with Trypan Blue. 

Surface marker flow cytometry was carried out using conjugated antibodies on a Becton and 

Dickinson FACS Calibur. Acceptable limits were ≥70% CD105, CD73 and CD90 expression and 

≤10% CD14, CD45 and CD34 expression on fresh MSCs. 

 

3.3.19. Infusion of MSCs 
 

The cryopreserved MSCs/Placebo bag (which had identical appearances and labelling) were 

transferred to the patient in temperature-logged dry shippers once the patient had been prepared 

including receiving 10mg IV chlorpheniramine 15 - 30 minutes before the infusion to minimise type 1 

hypersensitivity reactions. Thawing was performed at the bedside in a water bath set at 400C and the 

product infused immediately as the DMSO is toxic to cells at room temperature. A bag of 500ml 0.9% 

was infused afterwards. The time taken from thaw initiation to the start of the infusion was recorded 

as was the time taken for the complete bag to be infused, both should be less than 10 minutes.  

Following the infusion, the patient was monitored for infusion-related toxicity for three hours. The 

vital signs including temperature, pulse, blood pressure (BP) and oxygen saturation was measured 

pre-infusion, at 15 minutes, 60 minutes and three hours. 

Toxicity was defined as a systolic BP <90 or >180 or >33% change from baseline, diastolic BP <50 or 

>100 or >33% change from baseline, a heart rate <60 or >110 or 33% change from baseline and a 

body temperature >38.50C or >10C increase. 

 

3.3.20. Pharmacovigilance in the STREAMS study 
 

1. Definitions 

Adverse Event (AE): Any untoward medical occurrence in a patient or clinical trial subject, 

administered the treatment, which did not necessarily have a causal relationship with the treatment.  
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Adverse Reaction (AR): All untoward and unintended responses to any dose of the therapy being 

administered. All AEs judged by either the reporting investigator or the sponsor as having reasonable 

causal relationship to a medicinal product qualified as adverse reactions. 

Unexpected Adverse Reaction: An AR, the nature or severity of which was not consistent with the 

applicable product information (e.g. the Investigator’s brochure for an unapproved investigational 

product or summary of product characteristics (SmPC) for an authorised product).  

Serious Adverse Event (SAE) or Serious Adverse Reaction: Any untoward medical occurrence or 

effect that at any dose: 

• Resulted in death  

• Was life-threatening – refers to an event in which the subject was at risk of death at the time 

of the event; it does not refer to an event which hypothetically might have caused death if it 

were more severe 

• Required hospitalisation or prolongation of an existing inpatient hospitalisation 

• Resulted in persistent or significant disability or incapacity 

• Was congenital anomaly or birth defect 

Suspected Unexpected Serious Adverse Reaction (SUSAR): Any suspected adverse reaction related 

to an IMP that was both unexpected and serious. 

 

2. Monitoring of AEs 

All AEs occurring between the first study-related procedure and 6 months after the last administration 

of the drug (or after this date if it was deemed related to the study) were to be documented on the CRF 

and transferred to the eCRF.  

The severity of the AE was graded according to the National Cancer Institute (NCI) Common 

Terminology Criteria for Adverse Events (CTCAE, Version 4.0) and causality to the MSC treatment 

established. 

 

3. Causality 

The assignment of the causality was to be made by the Investigator responsible for the care of the 

participant using the definitions in Table 3.6 below. 
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Table 3.6: Assessment of Causality to Treatment 

 

 

4. Reporting Procedures 

All adverse events were reported, the reporting procedure dependent on the type of AE and 

determined by Good Clinical Practice (GCP) and the JRCO SOP (Ref JRO/SOP/001; Version 5.0) 

“Recording, Managing and Reporting Adverse Events in the UK”.  

 

Non-serious AR/AEs:  

All such toxicities, whether expected or not, were recorded in the toxicity section of the relevant case 

report form and uploaded to the eCRF. 

Serious AR/AEs: 

Fatal or life-threatening SAEs and SUSARs were to be reported on the same day that the Investigators 

became aware of the event.  

The SAE form required the following information on any event: the nature of the SAE, the date of 

onset, the severity, corrective therapies given, the outcome and causality (i.e. unrelated, unlikely, 

possible, probable, definitely). The responsible investigator would sign the causality of the event. 

Additional information would be sent within five days if the reaction had not resolved at the time of 

reporting.  



119 
 

For SAEs, the SAE form would be completed and reported to the Sponsor and the CRO (Genova, 

Italy) within 24 hours. It would need including in the Annual Safety Report. 

Death from an unrelated cause (e.g. road traffic accident), MS relapses and hospitalisations for 

elective treatment of a pre-existing condition did not need reporting as SAEs in STREAMS. 

For SUSARs, the SAE case report form would be completed and reported to the Sponsor and CRO 

(Genova, Italy) within 24 hours together with relevant treatment forms and anonymised copies of all 

relevant investigations. The Investigators would also notify the MHRA and Ethics Committee within 

7 days for fatal or life-threatening events and within 14 days for non-life-threatening events. 

 

The flowchart in Figure 3.7 summarises the types of adverse events and the procedure implemented in 

STREAMS. 
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    Figure 3.7: Categories of Adverse Events in STREAMS and Safety Reporting Overview 
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3.3.21. Statistical Analyses 
 

Means were calculated for baseline patient characteristics such as age, disease duration, EDSS, 

relapses in the prior 18 months, number of GELs on MRI on trial entry and for aspects of MSC 

expansion such as BM volume aspirated, cell stacks seeded, culture duration and yields. 

The Pearson product-moment correlation coefficient was computed to assess both the relationship 

between the age of the patient and the MSC yield/kg and also with the culture duration. 

An unpaired t test was used to compare the difference between the relapses in the MSC vs sham 

periods of the trial. 

The Wilcoxon Signed Rank Test was performed to compare differences in the EDSS scores. 

For changes in the z-score of the MSFC, in the z-score of the components T25-FW, 9-HPT and 

PASAT and % changes in these components, a 2-way ANOVA with the Sidak’s multiple comparisons 

test was used to compare differences between the scores at 24-weeks post-MSC infusion and relevant 

baseline in the ‘Early’ group at six-months and in the total 13 patients treated with MSCs as well as 

between the treated and untreated (placebo) groups. A one-way ANOVA was used to compare the 

changes in the z-score of the MSFC and of the three components at Weeks 24 and 48 to the control 

column (Week 0) with a post-hoc uncorrected Fisher’s LSD test as each comparison – with Week 0 as 

the control - stood independently. The one-way ANOVA with a post-hoc uncorrected Fisher’s LSD 

test was also used to compare changes in the T25-FW at Weeks 4, 12, 24, 28, 36 and 48 to Week 0 for 

the ‘Early’ group. For the ‘Delayed’ group, the unpaired t test was used to compare changes in the z-

score of the MSFC and its components and also % changes in the T25-FW, 9-HPT and PASAT 

between Week 24 (baseline) and Week 48. 

For changes in the SF-36 PCS, MCS and all the subscales (which passed the KS normality test), the 2-

way ANOVA with a Dunnett’s multiple comparisons test was used to compare differences from 

baseline in the ‘Early’ group and when all 13 patients treated with MSCs were considered and to 

compare MSC treatment with placebo at all timepoints (Weeks 4, 12 and 24). The one-way ANOVA 

with a post-hoc uncorrected Fisher’s LSD test was used to compare changes at each of the measured 

time-points in the ‘Early’ group (with Week 0) and in the ‘Delayed’ group (with Week 24).These 

same statistical tests were performed for changes in the MSIS-29 physical and psychological scores. 

Graphpad Prism (Version 7.0 for Windows, Graphpad Software, San Diego, CA, USA) was used for 

all analyses. 
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3.4. Results 
 

3.4.1.  Subject Recruitment 
 

STREAMS completed recruitment in May 2015 with the last patient last visit being carried out in 

May 2016. 

The CONSORT diagram (Figure 3.8) below summarises the recruitment of patients. An evaluation 

would precede the pre-screening in the NHS clinic; this was via telephone to ensure that patients at 

least had a basic understanding of the trial (patient information sheet was sent via email on request) 

and that they met the basic inclusion criteria. In total, 59 patients were seen in the NHS clinic, 38 of 

whom were then excluded – 37 patients because they did not demonstrate the GEL on the MRI that 

formed part of the inclusion criteria; only one patient declined to take part further. 21 patients were 

seen at the NIHR/Wellcome Trust CRF for the screening visit – one patient declined to take part after 

consenting and was therefore withdrawn and a second patient was withdrawn after their scan was re-

reviewed by the Neuroradiology department with the revised report contradicting the previously 

mentioned enhancement. A total of six patients were then excluded by virtue of an inadequate BM 

harvest. In the first phase of recruitment, only 2/14 patients failed to expand MSCs sufficiently but 4/5 

patients’ MSCs failed to expand in the second phase of recruitment.  

Therefore, 13 patients successfully completed the trial with no major study violations. 

Figure 3.8 is a schemata showing the recruitment and disposition of all the MS patients contacted. 
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   Figure 3.8: Study Profile 

 

 

3.4.2.  Baseline Patient Characteristics    
 

Table 3.7 shows the baseline characteristics of the 13 patients who completed the trial. There were 

nine female and four male patients with a mean age of 36.5 years (range 25 – 50 years), all of whom 

were of Caucasian origin with the exception of one patient of Middle Eastern descent. All had RRMS 

for a mean duration of 5.49 years (median 5.58 and range 0.5 – 9.83 years) from the date of diagnosis 

and the mean baseline EDSS (at the Screening Visit on Week -10) was 3.85 (range 2.0 – 6.5). Some 

of the patients had been on range of therapies pre-trial ranging from the interferons and copaxone to 
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Tysabri and cyclophosphamide though five patients were completely treatment naïve. Only seven 

patients required a drug washout as six patients were not on treatment when pre-screened – three 

patients had required a 3-month washout - two from Tysabri and one from Fingolimod whilst four 

patients had only required a 1-month washout.  

All the patients had had at least one relapse in the preceding 18 months as required by the STREAMS 

inclusion criteria but the mean number of relapses in the preceding 18 months was higher at 2.23 with 

five patients experiencing two relapses, four patients experiencing three relapses and one patient 

having four relapses; only three patients had a sole relapse. There was a mean of 1.38 GELs on the 

“qualifying” scan at baseline. All patients except one (Patient 13) were screened within 3 months of 

having a GEL on their MRI but was screened within the required six-month time-frame. 
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   Table 3.7: Baseline characteristics of the 13 patients completing the trial 
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3.4.3.  Data collected in STREAMS 
 

There was only one dropout after the screening visit but no further patients voluntarily left the trial 

once they had had the BM aspirate. There were a total of 261 scheduled visits in STREAMS including 

those for patients not progressing beyond Week -10 (withdrawn) or Week -8 (failed to expand MSCs). 

Only two ‘routine’ clinic visits (not requiring EDSS, MSFC or patient reported outcomes) were 

missed – in one case as the patient had back pain at Week 16 and in another the patient had been 

travelling – so 99.2% of expected visits were completed. In terms of data collection for those 

completing the trial, all 117 EDSS, 103/104 T25-FW, all 104 9-HPT (dominant and non-dominant 

hands) and all 52 PASAT assessments were completed. For MSIS, data was not completed for one 

patient at Weeks 28 and 36 and 4 items were missing otherwise – the latter could be computed 

according to the instructions for the MSIS-29. Therefore, 2954/3016 (97.9%) items were completed 

for the MSIS-29. Five items were missing in total from the SF-36 questionnaires (i.e. 3739/3744 data 

was available). 

 

3.4.4.  Patient MSC Cultures and Harvest Yields 
 

1. MSC cultures and harvest yields for 13 patients completing the trial 

Of the 19 patients who had a BM aspirate, 13 had MSCs expanded to the required dose (68%).  

Only one of the 13 patients who completed the trial required a second aspirate after the first 

demonstrated a very low TNC count. The mean final BM volume plated was 24.2 ml (range 8 – 30ml) 

with 2 - 3ml of additional BM being used for the TNC count. The number of Corning® cell stack 

levels seeded was dependent on that TNC count and needed to ensure a seeding density of at least 10 

000cells/cm2 in the primary culture – the mean levels seeded was 16.2 levels but ranged from 11 

stacks to the maximum allowed (due to incubator constraints) of 22 levels. The mean number of days 

spent in culture was 28.2 though it ranged from 14 – 41 days. All the patients required the MSCs to be 

passaged once except for three for whom the harvest from the primary seeding was adequate (a P0 

harvest). The mean yield of these 13 patients was 223.5 x 106 MSCs but with a range 114.4 – 449.9 x 

106 MSCs; the lowest yield was for the patient for whom the lowest BM volume was plated and with 

the lowest number of levels seeded. The yields, per kg bodyweight, ranged from 1.66 – 6.78 x106 

MSCs/kg (mean 3.21 x 106 MSCs/kg). 

Table 3.8 shows the details of the MSC cultures and harvests for these patients.  
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In 12/13 patients, the MSC viability at the final passage was >95% and one patient’s results was in the 

range 90-94%; the lower limit of acceptable viability - as stated in the IMPD - was 80%. 

In addition, as part of the release criteria for the MSCs, the surface marker cytometry had to be within 

pre-determined levels i.e. <10% for CD14, CD34 and CD45 expression but >70% for CD105, CD90 

and CD73 expression. In all cases, in the final product, there was <2% CD14, <0.2% CD34 and 

<0.45% CD45. Additionally, CD19 and HLA-DR expression was checked – results were <0.2% for 

both. There was >95% expression for the MSC markers in all cases except for one patient where the 

CD105 expression was 91%.  

 

 

     Table 3.8: Details of MSC cultures and harvests for the 13 patients completing the trial 

 

 

MSC cells achieved all the other release criteria required i.e. sterility testing, negative virology and 

mycoplasma testing. 
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There was a moderately strong negative correlation between the two variables, age of the patient and 

MSC harvest yield/kg (r = -0.6716, n = 13, p = 0.0119). The scatterplot, Figure 3.9, summarises these 

results.  

There was, however, only a weak positive correlation between the age of the patient and MSC culture 

duration which was non-significant (r = 0.2561, p = 0.3983) – this relationship is shown in Figure 

3.10. 

 

 

 

Figure 3.9: Scatterplot showing the relationship between patient age and MSC yield/kg 
bodyweight 

A scatterplot of the patient age (years) and the MSC yield/kg for the 13 patients completing the trial 
showed that there was a moderately strong negative correlation between the two variables (r = -
0.6716, n = 13, p = 0.0119). 

 

 



129 
 

 

 

Figure 3.10: Scatterplot showing relationship between patient age and culture duration 

A scatterplot of the patient age (years) and the number of days the patients’ MSCs spent in culture 
either to yield a P0 or P1 passage showed only a weak positive correlation between the age of the 
patient and MSC culture duration which was non-significant (r = 0.2561, p = 0.3983). 

 

 

2. Failed MSC cultures 

There were six patients who had been successfully screened but who failed to generate sufficient 

MSCs for the trial. Two ‘failures’ occurred in the first phase of recruitment whilst four occurred in the 

second phase of the trial. Table 3.9 summarises these results. 
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Table 3.9: Details of patients failing to reach the target dose 

 

 

Of these six patients, 5/6 were aged between 40-50.   

In the case of Patient 1X, the MSC harvest failed to reach the then target of the STREAMS protocol 

of 2 x 106 cells/kg – the protocol was only amended to accept a dose of 1 - 2 x 106 cells/kg in April 

2014. The MSCs for Patient 2X stopped growing whereas the bone marrow of Patient 3X appeared 

hypocellular leading to a lower seeding density when compared to the other patients (although it was 

still above the minimum of 10 million cells/level) – as there were so few MSCs from the primary 

harvest, they were not passaged. Patient 4X had poor growth of the MSCs but the weight of the 

patient (89kg) meant that the yield was inadequate in this case. Two issues were present for the final 

two patients – as there had been two (unexpected) failures in the second phase of the trial, an 

increased BM volume was taken from the patient (as allowed in the protocol) but it did not change the 

volume plated (as the TNC count appeared adequate). In the case of Patient 4X, 48ml was aspirated 

and 65ml from Patient 5X. Patient 5X also showed marked abnormal morphology of the cells 

harvested which also failed cytometric analysis; expression of CD105 was only 2%. An investigation 

by the JGCCT led to the discovery that for Patient 4X and 5X, a different batch of platelet lysate (PL) 

had been used for the half media change and although the batch had passed the relevant validation 

checks, it was found to contain an increased amount of the additive SSE+ used by the National Blood 

Service (NBS). SSE+ contained the following constituents in mmol/l: sodium chloride 69.3, citrate 

10.8, acetate 32.5, phosphate 28.2, potassium 5.0 and magnesium 1.5. SSE+ was used to increase the 

shelf life of the platelets and from April 2015, had been added to the platelets in a 80:20 ratio with 

plasma as opposed to the 60:40 ratio previously used by the NBS. As a consequence of the changed 
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supplementation, JGCCT now use a commercially available platelet lysate in which platelets are 

suspended in 100% plasma. 

 

3.4.5.  Infusion of MSCs 
 

The JGCCT SOP for ‘Infusion of Cryopreserved Stem Cells’ (BMTU-CP-150) was followed. It 

stipulated that the time from thawing to infusion should not exceed 10 minutes to limit the exposure 

of the thawed MSCs to the DMSO at room temperature. Table 3.10 shows the time taken at both 

infusions (Week 0 and 24) between thawing to the start of the infusion. All infusions were completed 

within 10 minutes of thawing. At Week 0, the mean thaw-to-infusion time was 1.9 minutes and at 

Week 24, it was 2.2 minutes. All patients received 500ml 0.9% sodium chloride and 10mg of the 

antihistamine, chlorpheniramine. No patients received hydrocortisone. The only other premedication 

received was cyclizine 50mg by Patient 1 on the first infusion as she felt nauseated and paracetamol 

1g by Patient 2. 
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   Table 3.10: Time taken from thawing of infusion bag to infusion at Weeks 0 and 24 
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3.4.6.  Safety of MSCs 
 

There were no SAEs reported for STREAMS. There were a total of 19 adverse events, all less than 

grade 3 according to the CTCAE classification. As mentioned previously, MS relapses were not 

considered as AEs in STREAMS. Three patients had no AEs recorded during the trial.  

Of these 19 events, three occurred before Week 0 i.e. could not be related to the infusion; two patients 

had experienced a post-LP headache after the visit at Week -8 and one patient experienced back pain. 

A further AE at Week 44 was also related to a LP. Therefore, there were 15 AEs occurring in the trial 

that were not obviously procedure - related. Table 3.11 shows the AEs occurring between Weeks 0 - 

48, according to whether they occurred in the MSC or sham/placebo arm. 

 

   Table 3.11 Adverse events occurring in STREAMS after Week 0 

 

 

There were a total of 45 LPs performed; each patient completing the trial had three LPs performed 

during the course of STREAMS and six patients who were withdrawn (due to insufficient MSC 

growth) also had LPs at Week -8. There were a total of three post-LP headaches (6.7%). No adverse 

events were reported after the BM aspirate or punch skin biopsy. No allergic reactions to the 

gadolinium given during the MRI were reported. 

Of the 15 non-procedure related AEs occurring after Week 0 (Table 3.11), 11 (73%) occurred in the 

MSC arms.  
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There was one case of a headache post-infusion (sham). All cases of back pain were considered 

unrelated to the MSCs as was the below-knee DVT in an individual who had a family history of 

DVTs, had been on a flight preceding the second (MSC) infusion but had experienced mild leg pain 

(retrospectively reported) pre-infusion. 

With the exception of the headache post-infusion, no other infusion-related toxicity was reported. 

There were no significant changes in the vital signs recorded pre- or post- infusion. 

Haematology and blood chemistry parameters did not change significantly during the study for any 

patient. No participants developed clinical manifestations or evidence on serologic studies indicating 

autoimmune phenomena (data not shown). 

 

3.4.7.  Effect of MSCs on Relapses and Relapse rates 
 

There were a total of 23 relapses during the whole trial from Week -10 to Week 48+48/72 hours 

(mean 1.77 relapses per patient). However, two relapses occurred prior to the Week 0 infusion time-

point which is the reference point for analysis hence mean relapse rate was 1.62 per patient over 48 

weeks of the ‘treatment’ phases of the trial.  

The two relapses occurring before Week 0 were considered, given their timing, as occurring in the 12 

months preceding Week 0 for purposes of analysis. Table 3.12 shows both the number of relapses and 

the calculated ARR for each of the 2 years preceding the trial as well as for each six-month arm in 

both the ‘Early’ and ‘Delayed’ MSC groups. Figure 3.11 and Figure 3.12 represent this data 

pictorially, for 12 and 24 months pre-Week 0 respectively. Table 3.12 also details the EDSS change, 

if any, occurring with the respective relapse.  

The ‘Early-’ and ‘Delayed-’ MSC groups had broadly similar baselines – 15 total relapses (ARR 1.35) 

vs 17 (ARR 1.31) respectively in the previous two years. The ‘Early’ group had four relapses (ARR 

0.72) in the two years pre-infusion compared to seven relapses (ARR 1.09) for the seven patients in 

the ‘Delayed’ group. Relapse frequency was higher for both groups in the year immediately preceding 

the first infusion – 11 relapses (ARR 1.99) in the ‘Early’ vs 10 relapses (ARR 1.55) in the ‘Delayed’ 

group.  

Only 3/13 patients had no relapses at all during the trial. 

By Week 24, there had been only two relapses in the MSC-treated group vs 10 relapses in the sham-

treated group, an ARR of 0.72 vs 3.10. Following the second infusion, the relapse frequency doubles 

in the ‘Early’ group to four (ARR 1.45) but halves in the ‘Delayed’ group (now receiving MSCs) to 
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five (ARR 1.55). There were a total of seven relapses occurring in the MSC-treated periods vs 14 

relapses in the sham-treated periods, however this did not reach statistical significance (p=0.1073; 

unpaired t test). Figure 3.13 shows the mean number of relapses occurring in each treatment period. 

The two relapses occurring before Week 0 did not demonstrate an EDSS change associated with the 

relapse. When considering the original STREAMS protocol definition of a relapse, only 8/21 patients 

had a relapse associated with a 1-point change in EDSS if baseline EDSS <5.0 or 0.5-points if 

baseline EDSS was ≥5.0. A further four patients had a 0.5-point change on EDSS associated with the 

relapse but nine patients had no EDSS changes associated with the relapse. 
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Table 3.12: Number of relapses and the ARR before and during the trial  

The number of relapses is documented for the two years before the trial for each patient in both the 
‘Early’ and ‘Delayed’ groups with breakdown for each year with the ARR calculated for the period 
for that group. The relapses occurring in the two arms are recorded with the ARR calculated for the 6-
month duration in that arm. The EDSS change is indicated whenever a relapse occurs. 
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Figure 3.11: Relapses 
occurring in the 13 
patients both in the 12 
months pre-Week 0 and 
in both infusion arms 

Relapses occurring in the 
12 months before Week 0 
are shown for both the 
‘Early’ (upper half of 
diagram) and in the 
‘Delayed’ (lower half of 
diagram) groups. The 
relapses occurring after 
Week 0 are indicated at 
the relevant timepoints – 
with the ‘yellow’ portion 
indicating the MSC 
treatment and ‘greyed’ 
portion indicating the 
sham infusion in each of 
the ‘Early’ and ‘Delayed’ 
groups. 
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Figure 3.12: Relapses 
occurring in the 13 
patients during the 24 
months pre-Week 0 and 
in both infusion arms 

Relapses occurring in the 
24 months before Week 0 
are shown for both the 
‘Early’ (upper half of 
diagram) and in the 
‘Delayed’ (lower half of 
diagram) groups. The 
relapses occurring after 
Week 0 are indicated at 
the relevant timepoints – 
with the ‘yellow’ portion 
indicating the MSC 
treatment and ‘greyed’ 
portion indicating the 
sham infusion in each of 
the ‘Early’ and ‘Delayed’ 
groups. 
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 Figure 3.13: Mean number of relapses occurring in STREAMS 

The mean number of relapses in the MSC- and sham-treated periods of both the ‘Early’ and 
‘Delayed’ groups is shown for the 12 months of the trial. There were a total of seven relapses 
in the MSC-treated groups (two in the ‘Early’ group which was treated with MSCs at Week 0 
and five in the ‘Delayed’ group treated with MSCs at Week 24) versus 14 relapses in the 
sham arms comprised of four relapses in the ‘Early’ group given sham at Week 24 and ten 
relapses in the ‘Delayed’ group given sham at Week 0. There was no statistical difference 
(p=0.1073, unpaired t test). 

 

 

3.4.8.  Effect of MSCs on Disability 
 

The EDSS measured at each clinic visit for each patient is shown in Table 3.13. 

Figure 3.14 show the changes in EDSS for all patients treated with MSCs over 24 weeks either with 

the infusion given at Week 0 or Week 24 (A), over 48 weeks for the ‘Early’-treated MSC group 

treated with MSCs at Week 0 (B) and for Weeks 0 – 24 for the ‘Delayed’ group after receiving the 

sham infusion at Week 0 (C). 

Over the first 24 weeks, in the ‘Early’-treated MSC group, four patients were stable, one worsened by 

1.5-points and one improved by 0.5-point (Figure 3.14B). Given the definition of sustained 

progression of disability (another secondary outcome of the trial) as any six-month sustained increase 

in EDSS of 1-point if baseline EDSS was <5.5 or 0.5-point if baseline EDSS≥5.5, then only 1/6 

patients (16.7%) met that definition – but the EDSS improved in that patient over the subsequent three 
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months. In the ‘Delayed’ group over Weeks 0 - 24, by comparison, no patients met that definition 

although two patients did deteriorate by 0.5-points but a further two improved whilst three remained 

unchanged (Figure 3.14C). When the ‘Delayed’ group received MSCs at Week 24, 2/7 (28.6%) 

showed a sustained progression of disability and a further two patients did worsen but by 0.5-points. 

Only one patient improved (by 0.5-points) and a further two were unchanged.  

When the effect of MSCs on the EDSS over 48 weeks is considered (hence only in the 6 patients in 

the ‘Early’ group), only 1/6 patients deteriorated (by 2.5-points), two had improved (by 0.5-points) 

and three remained stable. 

 

Table 3.13: EDSS scores for each patient in the ‘Early’ and ‘Delayed’ groups at all measured 
timepoints. 

 

 

There were no statistical differences in the EDSS over 24 weeks when all 13 MSC-treated patients 

were compared to their respective baseline (Week 0 for the ‘Early’ group and Week 24 for the 

‘Delayed’ group) or when changes at Week 24 were compared to Week 0 for either the MSC- or 
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placebo-treated groups; p>0.05 in all cases. There was no statistical difference in the EDSS change 

over the course of the whole trial (Week 48 compared to Week 0) for the ‘Early’ group (p>0.05).
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Figure 3.14: Changes in 
EDSS scores in STREAMS  

(A) shows the EDSS score at 
4, 12 and 24 weeks post-
MSC infusion for all 13 
patients in STREAMS after 
their MSC treatment either at 
Week 0 or Week 24 (B) 
shows the EDSS scores over 
the entire trial for the 6 
patients in the ‘Early’ group 
who received MSCs at Week 
0. (C) shows the EDSS 
scores for the 7 patients in 
the ‘Delayed’ who received 
placebo at Week 0.  
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3.4.9.  Effect of MSCs on MSFC 

 

The z scores for each of the three components of the MSFC (another secondary outcome of the trial) 

were calculated as well as the integrated MSFC z-score as described above.  

Figure 3.15 shows the numeric changes in all these z-scores for different cohorts. A change in the 

‘positive’ direction on the z-score represents an improvement.  

There was no statistically significant change in the numeric z-score either for the overall MSFC or for 

any of the components when the ‘Early’ MSC-treated group was compared to the placebo/sham group 

over the first half of the trial (Figure 3.15A) nor when all the 13 MSC-treated patient data (each over 

24 weeks) was compared to the seven placebo-treated patient data (Figure 3.15B); p>0.05 in all cases. 

No significance emerged when the ‘Early’ MSC-treated patients were followed for 48 weeks (the 

second infusion, placebo, assumed to have no effect) as shown in Figure 3.15C. There was also no 

significant change in any z-score at Week 48 after MSC treatment for the seven patients in the 

‘Delayed’ MSC group score changes being calculated with respect to Week 24, their ‘baseline’ 

(Figure 3.15D). 

 

 

As a 20% change in the individual components is usually considered clinically significant, the % 

change in the time (seconds) for T25-FW and z-scores for 9-HPT and PASAT-3 were reviewed 

individually (Figures 3.16 – 3.17).  

For T25-FW (Figure 3.16), it should be noted that a negative % change represents an improvement in 

the T25-FW (as the time taken to walk 25-foot is reduced). The results again show no significant 

differences between MSC vs placebo groups at Week 24 (Figure 3.16A) or when all 13 MSC-treated 

patients are compared to the placebo data (Figure 3.16B). The % change in the T25-FW was not 

significant when compared over 48 weeks to baseline in the ‘Early’ MSC-treated group (Figure 

3.16C) or after the seven patients in the ‘Delayed’ MSC group were treated at Week 24 (Figure 

3.16D). At no point in any comparison does the difference in T25-FW time reach a 20% difference. 
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Figure 3.15: Mean z-score changes 
in MSFC score and in the 
individual components T25-FW, 
9-HPT and PASAT 

Changes in the mean z-score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A) and in (B) compare the z-
score changes over six months in all 
13 MSC-treated patients compared 
to the seven patients treated with 
placebo at Week 0, (C) shows the 
changes in the ‘Early’ group at both 
Weeks 24 and 48; comparisons with 
Week 0 whereas (D) shows the 
change in the z-scores at Week 48 in 
the seven patients treated with MSCs 
at Week 24 which serves as the 
‘baseline’ for that comparison. 
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Figure 3.16: % changes in the 
mean T25-FW time (seconds) 

The % change in mean T25-FW time 
(seconds) is shown for the ‘Early’ vs 
‘Delayed’ groups over the first 24 
weeks of the trial (A) and (B) 
compares the T25-FW % changes 
over six months in all 13 MSC-
treated patients to the seven patients 
treated with placebo at Week 0 for 24 
weeks. (C) shows the % changes in 
T25-FW for the ‘Early’ group at both 
Weeks 24 and 48; comparisons made 
with Week 0 whereas (D) shows the 
% change at Week 48 in the seven 
patients treated with MSCs at Week 
24 which serves as the ‘baseline’ for 
that comparison. A negative % 
change represents an improvement in 
the T25-FW time. 
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There was no statistical difference for the same comparisons performed for % changes in the 9-HPT 

and PASAT z-scores. Figure 3.17 shows the % changes for these components at both Week 24 and 

Week 48 – the 20% line is marked for both improvement and deterioration. It should be noted that at 

Week 24, the ‘Delayed MSC-treated’ group represents the placebo result. At Week 48, the ‘All MSC-

treated’ and ‘Early MSC’ treated groups are the same cohort comparing the data to Week 0 (as only 

the ‘Early’ group has 48 week post-MSC data) whereas the bar of ‘Delayed’ MSC-treated group now 

represents the % change of this (second treatment) group when compared to Week 24 (the time-point 

at which this group received MSCs). 

With respect to 9-HPT (Figure 3.17A), the largest improvement is seen in the 6 patients in the ‘Early’ 

MSC-treated group with a smaller increase seen when all MSC treated patients are considered 

together. The placebo group, meanwhile, shows a <20% improvement. This improvement seen in the 

‘Early’ group disappears by Week 48. It can also be seen that the ‘Delayed’ MSC group sees an 

overall deterioration in 9-HPT despite receiving MSCs, although the change is <20%. 

 

The % change in the PASAT z-scores exceeds a 20% improvement in all cases except where patients 

are treated with placebo in the first half of the trial (Figure 3.17B). 
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Figure 3.17: % changes in the z-score for 9-HPT (A) and PASAT (B) 

At 24 weeks (grouped columns on left of graphs), the %change in the 9-HPT/PASAT z-score is 
shown for all 13 MSC-treated patients (blue bar) - the comparison of the six ‘Early’ MSC-treated 
patients in this group is between the Week 0 and Week 24 data but between Week 24 and Week 48 
for the seven ‘Delayed’ MSC-treated patients. The blue hatched bar shows the data for only the 
‘Early’ MSC-treated group whereas the grey hatched bar represents the placebo group. At Week 48 
(grouped columns on right of graphs), the blue and hatched blue areas represent %changes in six-
patients at the end of the trial (comparing the data to that at Week 0) whereas the hatched grey bars 
now represent %changes in z-scores in the ‘Delayed’-treated group between Weeks 48 and 24. The 
clinically relevant change of 20% is marked. 
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3.4.10. Effect of MSCs on Patient Reported Outcomes 

 

Both the SF-36 and MSIS-29 questionnaires were completed by the STREAMS patients to provide 

information on their functional health and wellbeing throughout the trial. These patient reported 

outcomes were another secondary outcome measure of the trial. 

 

1. SF-36 

The SF-36 was re-coded and standardised to the reference population, in this case the baseline values 

of all the trial patients at Week 0, as described above. The summary scores, Physical Health 

Component (PCS) and Mental Health Component (MCS), were calculated as were standardised 

values for each of the eight domains within the SF-36. An increase in the score indicated 

improvement.  

Changes were calculated for each patient from the relevant baseline; the mean data is summarised 

below in each case in a similar way (Figures 3.18 – 3.27): (A) presents the mean changes in that 

variable in the ‘Early’ MSC-treated group and Placebo over Weeks 0 – 24, the baseline is the score 

for each patient at Week 0, (B) presents the mean changes in that variable in all 13 MSC-treated 

patients (the ‘Early’ group having difference in scores calculated between Weeks 0 and 24 and the 

‘Delayed’ group having the difference in scores calculated between Week 24 – their ‘treatment 

baseline’ -  and Week 48) and the Placebo group (i.e. the seven patients treated with placebo at Week 

0), (C) presents the mean changes in that variable in the ‘Early’ group throughout the 48-week trial, 

the baseline for comparison to each time-point being Week 0 and (D) presents the mean changes in 

that variable in the ‘Delayed’ group after treatment with MSCs, their ‘treatment baseline’ in this case 

being Week 24. 

The minimal clinically important difference (MCID) was 2-points in the PCS and 3-points in the MCS 

[112]. The MCID markers are indicated on the graphs in Figure 3.18 and Figure 3.19. 

For the Physical Health Component Summary (PCS) score there was no statistically significant 

difference in the scores between the MSC- and placebo-treated groups at any time point including 

Week 24 nor at the three time-points for either the MSC- or placebo-treated group when compared to 

Week 0 (Figure 3.18A). When all 13 MSC-treated patients were considered against the seven 

originally treated placebo patients there was no significant difference between MSC- and placebo-

treated patients at 4, 12 and 24 weeks post-infusion and no difference in the 13 MSC-treated patients 

at 4, 12 and 24 weeks post-MSC infusion (Figure 3.18B). There was no significant difference in the 

‘Early’ group at Weeks 4, 12, 24, 28, 36 and 48 when compared to Week 0 (Figure 3.18C) and no 
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significant difference at Weeks 28, 36 and 48 weeks for the seven patients in the ‘Delayed’ group 

compared to Week 24 when they had received MSCs (Figure 3.18D). The p-value was <0.05 in all 

cases. 

In the case of the MCID, it can be seen that it is only in the ‘Early’ MSC-treated group where there is 

at least a 2-point improvement but only at Week 4 and 24 (Figure 3.18A) but this disappears when the 

group of MSC-treated patients is considered as a whole (Figure 3.18B) as the ‘Delayed’ group does 

not show substantial benefit after MSC treatment and in fact, reports a 2-point deterioration 24 weeks 

post-MSCs (the time point at which the ‘Early’ group reported the most benefit) as shown in Figure 

3.18D. The ‘Early’ group continues to report an improvement of ≥2-points for the duration of the 48-

week trial, although the effect tapers off after Week 28 (Figure 3.18C). 

 

There were no significant differences in the same analyses performed for the Mental Health 

Component Summary (MCS) score (Figure 3.19). The MCS, however, shows the opposite response to 

the PCS. This time, the ‘Early’ group does not register a 3-point improvement and in fact, reports a 3-

point deterioration by Week 24 – the deterioration significant at time-points subsequently (Figures 

3.19 A and C) but the ‘Delayed’ group shows a 3-point improvement at all time-points after receiving 

the MSCs at Week 24 (Figure 3.19D). 

The PCS score was comprised of four dimensions of the SF-36: Physical Functioning (PF), Role 

Limitations due to physical health (RP), Bodily Pain (BP) and General Health (GH) and their changes 

are shown on Figures 3.20 – 3.23 respectively. Again, there were no significant differences in the 

comparative analyses.  

The MCS was comprised of the other four dimensions of the SF-36: Mental Health (MH), Role 

Limitations due to emotional problems (RE), Social Functioning (SF) and Energy/Vitality with the 

changes being shown in Figures 3.24 – 3.27. The p-values for all the same comparisons were greater 

than 0.05.  

There were no MCID values available in the literature for the eight individual scales. The results were 

variable – for physical functioning (PF) and general health (GH) the ‘Early’ group generally showed 

improvements whilst the ‘Delayed’ group deteriorated after MSCs with any seeming improvement in 

the placebo group being less that seen with MSCs (Figures 3.20 and 3.23A). For role limitations due 

to emotional problems (RE) and social functioning (SF), the reverse was seen with the ‘Early’ group 

generally showing deterioration and the ‘Delayed’ group improving after MSCs, again all 

improvements being greater in the total MSC treated group than with placebo (Figures 3.25 and 3.26). 
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In the case of role limitations due to physical health (RP), changes were similar or larger in the 

placebo than improvements in both MSC-treated cohorts at Weeks 4 and 12 (Figure 3.21 A-D).  
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Figure 3.18: Changes in the 
Physical Component Summary 
(PCS) score 

Changes in the mean PCS score 
are shown for the ‘Early’ vs 
‘Delayed’ groups over the first 24 
weeks of the trial (A). (B) 
compares the score changes over 
six months in all 13 MSC-treated 
patients to the seven patients 
treated with placebo at Week 0. 
(C) shows the changes in the 
‘Early’ group at all visits in which 
the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in 
the PCS score at 4, 12 and 24 
weeks in the seven patients of the 
‘Delayed’ group, treated with 
MSCs at Week 24 which serves as 
the ‘treatment baseline’ for that 
comparison. 
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Figure 3.19: Changes in the 
Mental Health Component 
Summary (MCS) score 

Changes in the mean MCS score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in the 
MCS score at 4, 12 and 24 weeks in 
the seven patients of the ‘Delayed’ 
group, treated with MSCs at Week 
24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.20: Score changes in the 
Physical Function (PF) dimension 
of the SF-36  

Changes in the mean Physical 
Function (PF) score are shown for 
the ‘Early’ vs ‘Delayed’ groups over 
the first 24 weeks of the trial (A). 
(B) compares the score changes over 
six months in all 13 MSC-treated 
patients to the seven patients treated 
with placebo at Week 0. (C) shows 
the changes in the ‘Early’ group at 
all visits in which the SF-36 was 
administered; comparisons are with 
Week 0 whereas (D) shows the 
change in the PF score at 4, 12 and 
24 weeks in the seven patients of the 
‘Delayed’ group, treated with MSCs 
at Week 24 which serves as the 
‘treatment baseline’ for that 
comparison. 
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Figure 3.21: Score changes in the 
‘Role Limitations due to Physical 
Health’ (RP) dimension of the SF-
36  

Changes in the mean RP score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in the 
RP score at 4, 12 and 24 weeks in 
the seven patients of the ‘Delayed’ 
group, treated with MSCs at Week 
24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.22: Score changes in the 
‘Bodily Pain’ (BP) dimension of 
the SF-36  

Changes in the mean BP score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in the 
BP score at 4, 12 and 24 weeks in 
the seven patients of the ‘Delayed’ 
group, treated with MSCs at Week 
24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.23: Score changes in the 
‘General Health’ (GH) dimension 
of the SF-36  

Changes in the mean GH score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in the 
GH score at 4, 12 and 24 weeks in 
the seven patients of the ‘Delayed’ 
group, treated with MSCs at Week 
24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.24: Score changes in the 
‘Mental Health’ (MH) dimension 
of the SF-36  

Changes in the mean MH score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in the 
MH score at 4, 12 and 24 weeks in 
the seven patients of the ‘Delayed’ 
group, treated with MSCs at Week 
24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.25: Score changes in the 
‘Role limitations due to emotional 
problems’ (RE) dimension of the SF-
36  

Changes in the mean RE score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at Week 
0. (C) shows the changes in the ‘Early’ 
group at all visits in which the SF-36 
was administered; comparisons are 
with Week 0 whereas (D) shows the 
change in the RE score at 4, 12 and 24 
weeks in the seven patients of the 
‘Delayed’ group, treated with MSCs at 
Week 24 which serves as the ‘treatment 
baseline’ for that comparison. 
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Figure 3.26: Score changes in the 
‘Social Functioning’ (SF) dimension 
of the SF-36  

Changes in the mean SF score are 
shown for the ‘Early’ vs ‘Delayed’ 
groups over the first 24 weeks of the 
trial (A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at Week 
0. (C) shows the changes in the 
‘Early’ group at all visits in which the 
SF-36 was administered; comparisons 
are with Week 0 whereas (D) shows 
the change in the SF score at 4, 12 
and 24 weeks in the seven patients of 
the ‘Delayed’ group, treated with 
MSCs at Week 24 which serves as the 
‘treatment baseline’ for that 
comparison. 



160 
 

 

Figure 3.27: Score changes in the 
‘Energy/Vitality’ dimension of the 
SF-36  

Changes in the mean 
Energy/Vitality score are shown for 
the ‘Early’ vs ‘Delayed’ groups 
over the first 24 weeks of the trial 
(A). (B) compares the score 
changes over six months in all 13 
MSC-treated patients to the seven 
patients treated with placebo at 
Week 0. (C) shows the changes in 
the ‘Early’ group at all visits in 
which the SF-36 was administered; 
comparisons are with Week 0 
whereas (D) shows the change in 
the Energy/Vitality score at 4, 12 
and 24 weeks in the seven patients 
of the ‘Delayed’ group, treated with 
MSCs at Week 24 which serves as 
the ‘treatment baseline’ for that 
comparison. 
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For energy/vitality, the placebo group showed improvements at Week 4 and 12 post-first infusion 

though these were less than the MSC-treated ‘Delayed’ group (Figures 3.27 A and D). For bodily pain 

(BP) and mental health (MH), improvements were seen in both the ‘Early’ and ‘Delayed’ groups with 

deterioration (or only very small positive changes) in the placebo group (Figures 3.22 and 3.24 A-D). 

 

 

2. MSIS-29 

Changes in the physical and psychological impact scores of the MSIS-29 were calculated for each 

patient at the time-points indicated in Table 3.5. The mean changes for the ‘Early’ and ‘Delayed’ 

groups for the physical and psychological impact scores were then represented below in Figures 3.28 

– 3.29 respectively.  

There was no significant difference in the change in impact scores between the MSC- and placebo-

treated groups at Week 24 or at any other time-point preceding it and not seen at any time-point in 

either the ‘Early’ or ‘Delayed’ group when the scores were compared to Week 0, the time-point at 

which they had received their MSCs and placebo respectively (Figure 3.28A). When the 13 MSC-

treated patients’ data was collated together, no significance emerged between MSC vs placebo group 

or in the MSC group at any time-point from the relevant baseline data (Figure 3.28B). The non-

significance persisted after Week 24 in the ‘Early’ group – the group mean being compared to that at 

Week 0 (Figure 3.28C) and again, there was no significant difference in the ‘Delayed’ group when 

data was compared to Week 24, their treatment baseline, (Figure 3.28D). The p-value was >0.05 in all 

cases. 

The MCID of 7.5 points on the physical impact score is marked on the graph (Figure 3.28). There are 

improvements of this magnitude in the ‘Early’ group at Weeks 24 and 28 which persist to a lesser 

extent to Week 36. There is a deterioration seen at Week 12 however (Figures 3.28 A and C). In the 

‘Delayed’ group, small <7.5 points improvements are seen at 4 and 12 weeks post-MSC infusion but a 

deterioration at 24 weeks post-infusion, unlike in the ‘Early’ group where there is the largest 

improvement at this point. It should be noted that the placebo-treated group saw improvements of 7.5 

points at Week 4 though less at Week 12 and a small deterioration by Week 24 (Figure 3.28A). The 

psychological impact score shows improvements (except at Week 12) in the ‘Early’ group up to Week 

28 – the largest at Week 24 - before showing deterioration and the ‘Delayed’ group shows little 

change until an improvement at 24 weeks post-MSC improvement (Figures 3.29 A, C and D). As with 

the physical impact score, the placebo shows improvements at Weeks 4 and 12 but a deterioration at 

Week 24 (Figure 3.29A). 
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Figure 3.28: Mean Score changes 
in the physical impact score of the 
MSIS-29 

Changes in the mean physical 
impact score are shown for the 
‘Early’ and ‘Delayed’ groups over 
the first 24 weeks of the trial (A). 
(B) compares the score changes over 
six months in all 13 MSC-treated 
patients to the seven patients treated 
with placebo at Week 0. (C) shows 
the changes in the ‘Early’ group at 
all visits in which the MSIS-29 was 
administered; comparisons are with 
Week 0 whereas (D) shows the 
change in the physical impact score 
in the seven patients of the 
‘Delayed’ group at 4, 12 and 24 
weeks post- treatment with MSCs at 
Week 24 which serves as the 
‘treatment baseline’ for that 
comparison. 
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Figure 3.29: Mean Score changes 
in the psychological impact score 
of the MSIS-29 

Changes in the mean psychological 
impact score are shown for the 
‘Early’ and ‘Delayed’ groups over 
the first 24 weeks of the trial (A). 
(B) compares the score changes over 
six months in all 13 MSC-treated 
patients to the seven patients treated 
with placebo at Week 0. (C) shows 
the changes in the ‘Early’ group at 
all visits in which the MSIS-29 was 
administered; comparisons are with 
Week 0 whereas (D) shows the 
change in the psychological impact 
score in the seven patients of the 
‘Delayed’ group at 4, 12 and 24 
weeks post- treatment with MSCs at 
Week 24 which serves as the 
‘treatment baseline’ for that 
comparison. 
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3.4.11. Effect of MSCs on Type IV Hypersensitivity Reactions 

 

The induration was measured 48 – 72 hours after the administration of the tuberculin at Weeks 0, 24 

and 48. The change from the relevant baseline was calculated and represented on Figure 3.30. For the 

‘Early’ group, change was the difference from Week 0 at both Weeks 24 and 48; for the ‘Delayed’ 

group change at Week 24 was the difference from Week 0 (administration of placebo and this data 

represents the placebo comparison) whereas change at Week 48 was calculated as the difference from 

Week 24 (administration of MSCs) and represents the second MSC-treated cohort. On Figure 3.30, 

‘All MSC-treated group’ is represented by the results of the six ‘Early’ patients from Week 24 and the 

seven ‘Delayed’ patients from Week 48 at 24 weeks but at 48 weeks, it is only represented by the six 

patients in the ‘Early’ group as only they had 48-week data available. 

There was a significant difference (p=0.0439) between the ‘Early’ MSC group and placebo at Week 

24 but the finding is not replicated in the other treated cohort and disappeared by 48 weeks. 

 

 

Figure 3.30: Mean changes in the induration at 48/72 hours measured in the Mantoux test  

At Week 24 (grouped columns on left of graphs), the mean change in the induration is shown for all 
13 MSC-treated patients (blue bar); the comparison of the six ‘Early’ MSC-treated patients in this 
group is with Week 0 but with Week 24 for the seven ‘Delayed’ MSC-treated patients. The blue 
hatched bar shows the data for only the ‘Early’ MSC-treated group whereas the grey hatched bar 
represents the placebo group. At Week 48 (grouped columns on right of graphs), the blue and hatched 
blue areas represent mean changes in the six-patients in the ‘Early’ group at the end of trial 
(comparing the data to that at Week 0) whereas the hatched grey bars now represent mean changes in 
induration in the ‘Delayed’-treated group between Weeks 48 and 24 (the second MSC treatment 
group). The only significant difference was between the ‘Early’ MSC-treated group and placebo (p = 
0.0439). 
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3.5. Discussion 
 

The interest in MSCs and their potential clinical applications has continued to grow ever since the 

first recognition of their stem-like properties [15]. Exploration of their use in MS followed 

encouraging results in animal experiments and early clinical data in other autoimmune conditions 

such as SLE.  

At the start of the STREAMS trial (in collaboration with MESEMS) in 2012, there were a total of 

seven published studies using bone-marrow derived MSCs in MS and all but two had solely used the 

intrathecal route although in the case of Karussis et al. only 5/15 MS patients had been treated with (a 

low dose of) intravenous MSCs in addition to intrathecally-administered MSCs [46]. Of the 82 MSC-

treated patients involved in these open-label studies, 52 were diagnosed as SPMS, six PPMS 

(including two with Progressive Relapsing (PR) MS) and 10 with RRMS; the MS type in the 15 

patients enrolled in the study conducted by Karussis et al. was not specified [44-50]. It was only in 

2014 (and whilst STREAMS was in progress) that the results of the first randomised, double-blind, 

placebo-controlled trial of MSCs in nine RRMS patients was published using a similar protocol to that 

suggested by the IMSCTSG. STREAMS, by comparison, has the largest number of RRMS patients – 

so far - with 13 having completed the trial. Some of the other centres involved in MESEMS have 

more, but as with STREAMS, the primary outcome data is embargoed and so data is not available on 

the breakdown by MS type in each of these centres. Given this paucity of data of MSC effects in 

RRMS patients via the intravenous route, STREAMS therefore has potentially useful information to 

add regarding feasibility, safety and efficacy of MSCs in this setting. Of course, publication of the 

results from the MESEMS collaboration will have a significant influence on the field of IV MSC 

therapy in MS. 

 

3.5.1.  Feasibility of Autologous MSC Therapy 
 

In STREAMS, of the 14 patients who had a BM aspirate in the first phase of the trial, 12 (85.7%) 

successfully reached the target dose; in the case of one patient the dose was still >1.0 x 106 cells/kg 

but the requirement - until a substantial amendment in April 2014 allowed the dose range 1 – 2 x 106 

cells/kg - had been ≥2.0 x 106 cells/kg. Therefore only 7.1% failed to reach a dose that has been used 

in other IV - administered studies. 80% of patients failed to reach the dose in the second phase of the 

trial – half of this was attributed to a change in the ratio of SSE+ used but two other patients’ MSCs 

also stopped growing – in one case the BM was considered hypocellular. Overall, the ‘failure’ rate in 

obtaining an MSC expansion ≥1.0 x 106 cells/kg – regardless of the cause – was 5/19 (26.3%). This 



166 
 

figure is similar to the 30% experienced by Yamout et al. despite the fact that a smaller dose would 

have been required in that study for the intrathecal route (3 – 5 x 107 cells/patient) and it allowed for 4 

– 5 passages. In these ‘failed’ cases, the dose generated, assuming an average patient weight of 60kg, 

was calculated to be ~ 0.02 x 106 cells/kg despite two BM attempts [45]. There did not appear to be 

any obvious differences in these patients when compared to the others’ successful expansion. 

Although Mazzini et al. reported a 20% failure rate in BM-MSC expansion in ALS patients and a 

study in healthy subjects showed variation in yield of MSCs from different donors and even from the 

same donor at different time-points indicating that the BM failure was not specific to MS patients, 

Yamout et al. did not exclude the effect of previous MS therapies [45, 113, 114]. In their case, 6/10 

patients had had a past history of either treatment with methotrexate or azathioprine although 1/3 

failed patients had only been treated with copaxone but the washout period was not specified [45]. For 

STREAMS, the minimum washout periods had been pre-specified as one month for interferons and 

Copaxone and three months for Fingolimod and Tysabri. Almost 40% of the 19 patients who 

underwent a BM aspirate in total and 2/6 (33%) of those who failed to expand their MSCs had been 

treatment - naïve. Of the other failed expansions, three patients had a month washout from interferon, 

Copaxone and Tecfidera respectively and one patient had a four-month washout from Tysabri. One of 

the patients on Copaxone had been treated a year earlier with Tysabri. The only patient in STREAMS 

who had received cyclophosphamide had done so a year prior to their screening date and had 

expanded their MSCs successfully. It would seem unlikely from the STREAMS data that the previous 

MS therapies were to account to any significant degree towards the failed expansion. Indeed, IFN-β 

has not been found to have any discernible effect on the haematopoiesis-supportive function of MSCs 

which was no different in the 15 MS patients compared to healthy controls [115]. Mazzanti et al. also 

did not find any adverse effect of previous MS therapies on successfully expanding MSCs and these 

included methotrexate, cyclophosphamide and azathioprine treatments which in some cases had been 

last administered 1 - 3 months prior to the BM aspirate [116]. However, both these studies were small 

with 15 (only four of whom had been treated with IFN-β) and 10 patients respectively [115, 116]. 

Later work by Redondo et al. in 23 MS patients did show differences in MS MSCs but as only two 

patients with SPMS had been exposed to first-line DMTs (but not within the preceding 12 months) 

this further negated a substantial effect of prior treatment on the bone marrow [117]. The other 

published studies of BM-derived MSCS did not report any expansion failures (though most 

administered MSCs via the intrathecal route) and in the case of Odinak et al. sufficient MSCs were 

obtained from 3 – 5 passages for monthly intravenous infusions at a dose of 2 x 106 cells/kg though it 

should be noted that the group had supplemented the growth medium with colony-stimulating factors 

[44, 46, 48-50, 56, 58]. However, Llufriu et al. reported that 1/9 (11.1%) enrolled patients failed to 

expand their MSCs and required a repeat BM aspiration and there was 1/24 (4.2%) failed MSC 

expansions in the study conducted by Cohen et al. [54, 57]. Although the failed expansions constitute 
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a minority of cultures, it does introduce uncertainty to its potential utility in any patient for whom it is 

considered. 

Most small studies had demonstrated that MSCs from MS patients and healthy controls had similar 

proliferation, differentiation capacity and phenotype with regards to cell surface markers hence 

autologous MSC expansion was entirely feasible [116, 118]. This is relevant as MSCs derived from 

patients with other autoimmune diseases including SLE, systemic sclerosis and rheumatoid arthritis 

had been shown to be defective [119-122]. As data regarding growth characteristics of MS donors 

was limited, the results from the MS patients in the Cohen et al. phase 1 trial were compared to eight 

age- and sex-matched healthy controls. 21/25 (84%) MS patients reached ±5.5% of 2 x 106 cells/kg, 

three further patients had a slower  growth but still met the minimum dose of 1 x 106 cells/kg but one 

patient (4%) had a negative growth rate [123]. There appeared to be no significant relationship 

between growth rate and MS disease course or sex [123]. The data of Mallam et al. had shown similar 

population doublings of MSCs from MS and control samples which would suggest that using MS 

patients as donors was feasible as demonstrated in STREAMS and pre-existing clinical studies [118]. 

However, although Mallam et al. had found no differences in the expansion potential between MS and 

healthy control MSCs, they were aware that this result had to be qualified as their samples had not 

been age-matched; the mean age of the healthy controls (BM provided from femoral heads during 

total hip replacements) was 71 years compared to 46.6 years for the MS patients indicating possible 

impaired proliferation with MS disease [118]. This tentative conclusion has since been supported by 

further work by the same group - this time controlling for age – which showed that bone marrow 

cellularity was lower than expected for age in 47.8% of the patients with progressive MS, 22% of 

whom demonstrated severe marrow hypoplasia, and the majority (56.2%) were phenotypically 

abnormal with T-cell nodules [117]. MS MSCs showed markers of premature ageing and there was an 

association between decreased expansion and duration of the disease which again would have 

implications for patient selection for cellular therapy [117]. 

In STREAMS, the age of the MS patient also appeared to be moderately and significantly negatively 

correlated with final yield/kg  as shown in Figure 3.9 and there was a similar – albeit non-significant – 

decrease in growth rate of MS MSCs associated with age observed by Planchon et al. [123]. That 

conclusion was supported by another study in which there was a non-significant decrease observed 

between the population doublings of MSCs from ALS patients as compared to healthy controls with 

the discrepancy possibly explained by the difference in the median ages, 31 years for the healthy 

controls versus 47 years for the ALS patients [124]. Differences due to age were more pronounced in 

other work – Mareschi et al. showed that MSCs from paediatric donors could be expanded for a 

median of 20 passages (range 20 - 27) compared to a median of 18 passages (range 6 – 26) from adult 

donors (aged 20 - 50 years) and demonstrated almost twice the cumulative population doublings at 

112 days [125]. The comparison chosen by Stenderup et al. was between “young” (defined as 18 – 29 
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years old)  and “old” (defined as 68 – 81 years old) donors and showed a significant reduction in both 

the population doubling rate and the maximal life span in the latter group [126]. These data supported 

previous studies that had already demonstrated the negative correlation between age and the 

proliferative capacity of MSCs [127, 128]. These observations are also consistent with the experience 

at the JGCCT (S Marley, Personal Communication) and it is an important consideration if larger 

number of older patients were to be treated. Whilst most patients were able to expand up to 1 - 2 x 106 

cells/kg, few (in STREAMS only 4/13) patients’ cultures produced more than that required for a 

single dose. The size of the yield – coupled with the slowed growth rate associated with age – 

therefore becomes very relevant as evidence grows to suggest that more than one dose of MSCs is 

needed to show or maintain therapeutic benefit [48, 58].  

The mean BM aspirate plated in STREAMS was 24.2 ml with BM aspirates ranging from 8 – 32 ml 

for the successful harvests. Although an attempt was made to increase the BM aspirate in the second 

phase of recruitment (aspirating 48mls and 65mls for the final two patients), it did not change the 

volume plated by the stem cell laboratory or the outcome – subsequently found to be a consequence of 

other factors. The final MSC yield, as seen in Table 3.8, was not simply a consequence of the BM 

volume plated or number of stack levels plated as discussed above. The volumes used, however, do 

compare well to the other published studies where 20 – 80ml was obtained though - and clearly an 

outlier - approximately 200ml was obtained in the study by Karussis et al. but particularly because no 

more than one passage was allowed in STREAMS which was standard practice for the JGCCT [44, 

46-48, 50, 56-58]. 

The mean culture time in STREAMS was 28.2 days though it varied from 14 – 41 days. The 

maximum that the protocol allowed was up to 52 days in culture for safety reasons. Although culture 

time limit was generally not specified, it was similar where the data was available except in two 

studies [45, 48, 49, 54]. Karussis et al. had a longer duration than all the other studies quoting the 

range to be 40 – 60 days and although the cells were analysed by flow cytometry to ensure they 

expressed surface markers characteristic for MSCs, no karyotypic analysis was undertaken [46]. This 

may represent a safety concern given that Planchon et al. demonstrated cytogenetic abnormalities in 

the donor that required 62 days in culture [123]. 

Lastly, one factor, rarely mentioned in the literature, when considering the feasibility of cellular 

therapy is the requirement for an experienced team in addition to detailed protocols. The experience 

of most centres in producing clinical grade MSCs is likely to be small given that the use is not wide-

spread or extensive. The BM aspirate needs to be obtained under strict aseptic conditions as infection 

risk from skin commensals is high and so the Clinician needs to be specifically trained (and to that 

end, the JGCCT has a specific SOP for BM aspirates) as conditions were more stringent than for 

diagnostic taps. Despite this, in STREAMS, there was contamination after one collection resulting 
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from an inadequate technique in the second phase of the trial and with a new operator and so the 

procedure was repeated. In the JGCCT, not all staff had experience of adult MSCs as the centre 

largely produced allogeneic MSCs from paediatric donors for HSCT. The relevance of this became 

clear as judgement was needed (within the pre-designated parameters) to decide when to change the 

medium, passage the MSCs and number of levels to seed – all of these could impact on the ultimate 

success or failure in reaching the planned dose. In STREAMs, we were fortunate to have a single 

dedicated individual for the majority of the first phase of the trial – when we did not, one individual 

was not passaged (resulting in a dose of 1.6 x 106 cells/kg) and the lesser experience was evident in 

the second phase with regards to decisions regarding levels seeded. In other words, for reliable MSC 

harvests there needs to be an experienced clinical and laboratory team. 

 

3.5.2.  Safety of MSC Cellular Therapy in MS 
 

The infusions were all well tolerated with no infusion – related toxicity in agreement with the other 

clinical MSC studies in MS. The cryoprotectant used, DMSO, has known side-effects related to 

histamine release including a risk of anaphylaxis as well as more minor side-effects of gastrointestinal 

disturbance, drowsiness, fever, nausea, headache (of which one patient complained) and the 

characteristic odour which affected the majority of patients. As pre-medication, 10mg 

Chlorpheniramine was administered IV 15 – 30 minutes before the infusion of the cryopreserved 

product (placebo/MSCs) to limit any reaction but hydrocortisone was avoided to ensure that any 

perceived efficacy could not be attributed to corticosteroids. Other precautions taken included using 

large-bore venous access in the antecubital fossa and 0.9% saline was used to flush the cannula after 

infusion of the cryopreserved material as DMSO has high molarity (1.42mol/L) that could cause 

painful phlebitis. Headache was more frequently reported in other studies with 10/15 patients 

(Karussis et al.) experiencing a slight headache after injection but the intrathecal route likely played a 

significant role as 9/10 patients (Bonab et al.) and 4/4 patients in the study by Sahraian et al. 

developed headaches but had used freshly harvested cells without DMSO [44, 46]. In the later study 

by Bonab et al. in 2012 – also using freshly harvested cells - only 3/25 patients complained of 

headache but the authors report that almost all had a transient low grade fever and 4% had 

nausea/vomiting;  [50]. Though serious DMSO-related SEs are rare, they have occurred – two patients 

developed encephalopathy, stroke and a myocardial infarction immediately after the infusion 

containing 10% DMSO with other similar cases, the encephalopathy being particularly prominent, 

identified in the wider literature [129]. Arterial infusion of DMSO was shown to induce vasospasm in 

23/24 subjects in a swine model though further work has calculated that the risks of toxicity could be 

reduced by lowering the DMSO concentration (10% by volume) from 1.5% to 0.3%, using an 
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alternative agent or removing the DMSO prior to infusion [130-132]. Another solution would be to 

use freshly harvested MSCs as was used in some studies administering intrathecal MSCs but this may 

not be possible for the larger IV doses, if more than one dose is required or even practical if cellular 

therapy became part of the treatment landscape and involved greater numbers of patients [44, 45]. 

Anti-fetal bovine serum antibodies are not normally clinically significant but have been reported to 

cause urticarial rashes [133]. This was not an issue in STREAMS as no raw materials of animal origin 

were used in the MSC manufacturing process with platelet lysate being used instead of the FBS as in 

all the other – with three exceptions - published studies [48, 54, 56]. Monitoring over 6 – 12 months 

after the MSC infusion in STREAMS did not reveal any systemic autoimmune phenomena but this 

period is short although the same conclusions are reached by Cohen et al. in their 12-month open 

label study [57]. 

There were no infections following the procedures in the trial but a total of seven infections related to 

the urinary and respiratory tracts – five occurring in the MSC arms and two in the sham arms. Three 

UTIs occurred in the same patient who was prone to them (but they did occur in the MSC arm). 

Theoretically, the immunologic actions of MSCs could increase the risk of infection and MSCs have 

been shown to suppress lymphocyte responses to S.aureus protein A, C.albicans and herpes viruses 

[134]. However, Karlsson et al. showed that allogeneic MSCs had little effect on T-cell responses to 

EBV or CMV in stark contrast to their potent immunosuppressive action on alloreactive T cells 

indicating that effector functions of virus-specific T cells could be retained after MSC infusion and 

that the concern regarding infections may only be relevant in the already immunocompromised patient 

as seen in the vast majority of cases in the literature  [133, 135]. 

There is a theoretical risk of malignant transformation attributed to karyotypic abnormalities reported 

in some – but not all – studies of human MSCs particularly with prolonged culture especially after 

reaching senescence [36, 123]. STREAMS did not perform karyotype analysis on the harvested MSCs 

but the cells were only ever passaged once if at all which enhanced safety unlike every other study of 

BM-MSCs published where more than two passages was the norm and even up to five in the case of 

Yamout et al. [45, 48, 50, 56, 57]. No malignancies in humans have been reported as yet although 

Tolar et al. had reported a high frequency of osteogenic sarcomas in mouse lung after MSC 

transplantation thought to be related to the tendency of murine MSCs to develop karyotype 

abnormalities even with short-term culture [136]. There is concern that the trophic and 

immunosuppressive properties of MSCs could create a ‘tumour permissive environment’ [137, 138]. 

Studies have shown MSCs forming tumour stromal tissue after homing to primary and metastatic 

tumours [137]. MSCs have also been shown to decrease apoptosis of acute promyelocytic leukaemia 

cells in culture, increase the metastatic potential of human breast cancer cells when co-injected 

subcutaneously into mice and also prolong survival of melanoma tumour cells in mice either when 
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MSCs are injected locally or distally to the tumour injection site [133]. However, there have been 

studies showing the opposite effect i.e. tumour suppression and these different conclusions may well 

be due to experimental design [133]. STREAMS excluded, on safety grounds, any individual with a 

past medical history of malignancy.  

There were no SAEs in STREAMS and only 15 non procedure-related AEs after Week 0 – the vast 

majority were probably unrelated to the infusions with the exception of loss of appetite and headache 

post-infusion, the latter was likely secondary to the DMSO as discussed above. It is clear that the IV 

route is safer and avoided the risk of aseptic meningitis and encephalopathy – the latter attributed to 

the high dose administered [44-46].  

It should be noted that follow-up in STREAMS was only 12 months so late-appearing AEs are not 

being monitored; the longest in other similarly small-sized studies was 26 months [44]. No study to 

date has addressed long-term safety with regards to late-appearing or rare AEs and whilst individually 

numbers are small, there have been more than 1000 people treated for various disorders with MSCs  

and so the setting up of a multinational registry as for HSCT by the EBMT could represent a 

worthwhile venture. 

 

3.5.3.  Efficacy of MSC Therapy in MS 
 

As STREAMS was a small Phase 2 study, with only 13 patients completing the trial, it is under-

powered and so the analysis possible is limited. However, this had been a difficulty with all MSC 

studies in MS to date and emphasises the need for collaboration between research centres to conduct 

academia-led trials and MESEMS was an attempt to do just that. Despite this, it is – so far - the 

largest MSC trial in RRMS patients to date which resulted from attempts to create a homogeneous 

population – as was practically possible – to study the effect of MSCs. This was achieved by 

recruiting patients with active disease and it is likely that the criterion of ≥1 GEL on MRI at screening 

led to the sole recruitment of RRMS patients in the STREAMS cohort.  

The co-primary outcomes were related to the safety of MSC therapy (discussed above) and the GELs 

on MRI (the subject matter for another thesis) whereas information about the efficacy of MSCs in MS 

was designated as a secondary outcome measure. A number of such secondary outcome measures 

were assessed in STREAMS though limited by the small size. 

It would seem that, overall, STREAMS had managed to recruit an “active” cohort – the mean ARR in 

any of the calculated periods in Table 3.12 ranged from 0.72 – 3.10 (reflecting relapse attacks of 

between 0.67 – 1.83 per patient per year) whereas the “average” RRMS patient would have 0.5 
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attacks/year [80]. There was no significant difference between the relapse rates in the MSC- vs sham-

treated groups over the first 24 weeks of the trial and a similar result was obtained in the MESEMS 

analysis of 94 RRMS patients (ECTRIMS meeting 10 - 13 September 2019 Stockholm, Sweden). 

Although the ‘Early’ and ‘Delayed’ groups are broadly similar with respect to ARR in the two years 

preceding Week 0 and in particular, the total number of relapses was similar in the year immediately 

preceding Week 0, there appeared on initial review a reduction following MSC treatment which might 

not simply reflect a regression to the mean as no such phenomenon was seen in the ‘Delayed’ group 

who demonstrated the opposite (an increase) with an ARR of 3.10. Supporting the idea that there was 

a trend towards a reduction in relapses was the fact that the number of relapses subsequently halved 

when the ‘Delayed’ group was treated with MSCs whereas the number increased in the ‘Early’ group 

suggesting that the benefit from MSCs was short-lived and provides weight to the arguments that re-

treatment with MSCs or “booster” infusions are necessary [71]. It is also clear that that whilst the 

ARR in the ‘Delayed’ group halved from the peak, there were still five relapses in that six-months i.e. 

similar to the relapse rates pre-Week 0. This may suggest that there was a “window of opportunity” of 

using the MSCs early – the principle reason for identifying “active” MS patients for the trial was to 

mimic an inflammatory phenotype which would “skew” the MSCs towards an anti-inflammatory 

phenotype. It may be that by delaying treatment in some patients as required by the cross-over design 

inadvertently created the opposite effect in that cohort i.e. that MSCs were skewed towards a pro-

inflammatory phenotype in that (now less inflammatory) microenvironment. It is known from animal 

studies that MSCs ameliorated MOG-induced EAE only if administered early in the disease course – 

the corollary of that in humans is probably the most inflammatory phase of MS i.e. during a relapse 

[30]. However, as explained earlier this was a small trial with only 13 patients and any such perceived 

trends remain that – as the trial was not powered to detect changes in relapse rates or indeed, any of 

the secondary outcome measures. 

There was no significant difference between the number of relapses associated with an EDSS change 

in either the MSC- vs sham- treated periods i.e. there was no effect of MSCs on the severity of the 

relapse.  

 

There was no significant effect on disability progression – there being no significant changes in the 

EDSS scores between ‘Early’ and ‘Delayed’ MSC treatment groups at Week 24 or over 48 weeks in 

the ‘Early’ group. Only 16.7% of patients in the ‘Early’ MSC treatment group met the definition of 

sustained progression of disability over six months at Week 24 but it should be noted that this patient 

improved after a further four weeks to their baseline EDSS; by comparison no such worsening of 

disability was seen in the ‘Delayed’ group at Week 24 despite having been treated with placebo which 

had been considered “fundamental to showing treatment effects” [80]. Whilst 28.6% of patients met 
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that definition (at Week 48) after the ‘Delayed’ group was treated with MSCs, the lack of follow-up 

data after this time-point means that it is not known as to whether this disability accrual was truly 

sustained. This scenario demonstrates the weakness of using short-term disease progression measures 

because although the purpose of sustained progression of disability over six months was to avoid 

transient increases in EDSS caused by relapses, it remains the case that there is still too much “noise” 

in disability measurement and whilst some measures have been partially validated in SPMS, this is 

not the case in RRMS; Ebers et al. demonstrated that disability progression in RRMS in short-term 

intervention trials was “no more likely than a similarly defined improvement and reflected random 

variation, measurement error and remitting relapses” [80]. The variation in the EDSS, which was 

performed regularly in the STREAMS trial, can be clearly seen in Table 3.13. Healey et al. used 15 

different definitions of sustained progression using both the EDSS and functional sub-scores in 929 

RRMS and CIS patients and similarly concluded that no definition was sufficiently sensitive for 

irreversible disease progression in this cohort [139]. They found that 15.8 - 42.2% of patients 

experienced sustained progression based on the definitions using EDSS as an outcome but almost 

50% failed to maintain it at follow-up [139]. They also demonstrated that the baseline EDSS 

influenced the time to sustained progression which has implications for clinical studies [139]. Ideally, 

using milestones such as EDSS 4, 6 or 7 – as used in longer follow-up studies –  as a measure of 

disease progression would be preferred as it has been shown that patients rarely improve after 

reaching those milestones but this would not be practical given the length of time it could take [140]. 

Using a longer confirmation period beyond six months of sustained disability to obviate this difficulty 

would represent an improvement in measurement but even 2-year definitions in RRMS were beset by 

the same problem and as seen with other trials, disability outcome data beyond 2 - 3 years is largely 

unavailable and dropouts – including those who change drug regimens – would confound 

interpretation [80, 141, 142]. An additional problem in most trials is that there can be an inter-rater 

variation on the EDSS of ≥1-point approximately 40% of the time – making 0.5 - or 1-point EDSS 

changes irrelevant - but this was not an issue in STREAMS in which all EDSS assessments were 

completed by the same individual [143]. Larger changes in disability scores of 1 - 2 points in 

conjunction with an increased confirmation period may thus represent a greater improvement rather 

than solely attempting to increase sample sizes. The problems of interpreting EDSS changes, as 

discussed, will therefore also affect the MESEMS results given the design of six-month treatment 

arms and only one-year of total follow-up for approximately half the patients after the active 

treatment.  

 

The effect of MSC therapy on the MSFC was non-significant across all comparisons which is, 

perhaps, unsurprising given the small size of the study. However, a few observations can be made. 

The integrated MSFC z-score appears to be improved in the ‘Early’ group (Figure 3.15A) - this 
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represents an average of the z-scores of the components and the change is largely contributed to by 

the PASAT-3 score in that group. The increased PASAT-3 score cannot solely represent ‘practice 

effects’ as it is not seen to the same extent in the placebo group at Week 24. There is no change in the 

T25-FW and deterioration in the 9-HPT but it is less than in the placebo group. The changes are short-

lived – with the exception of T25-FW, it can be seen that the improvements are reduced or show 

deterioration at Week 48 with prolonged follow-up for the ‘Early’ group (Figure 3.15C). However, 

the ‘Delayed’ group shows no improvement in any z-score except the T25-FW after MSC treatment 

(Figure 3.15D; Week 48 compared to Week 24) and explains the results seen in Figure 3.15B. 

For the T25-FW, it can be seen that there are consistent – although by variable amounts - 

improvements at all time-points (4, 12 and 24 weeks) after receiving MSC therapy in both the ‘Early’ 

and ‘Delayed’ groups which is not seen after receiving the placebo infusion (Figure 3.16). This does 

represent a trend in the ‘right’ direction of an effect of MSC therapy but never reaches a difference of 

20% which is considered clinically significant. In the case of 9-HPT, the 20% improvement is only 

seen over the first 6-months in the ‘Early’ group but not in the ‘Delayed’ group after MSCs; the effect 

disappears by Week 48. The placebo group (the ‘Delayed’ group at Week 24) does not see this level 

of change. For the PASAT-3, every comparison results in a >20% improvement except for the 

placebo group at Week 24. This does also show a ‘wearing off’ effect by Week 48 for the ‘Early’ 

group and a reduced benefit in the ‘Delayed’ group.  

Despite the aforementioned advantages of the MSFC, there is still difficulty in quantifying what 

represents a meaningful change in the MSFC score and as the components are weighted equally, the 

composite score may not accurately capture disease progression particularly where one increases and 

another decreases [144]. There have been other trials where improvements in the MSFC were largely 

attributed to the PASAT (as seen in the ‘Early’ group at Week 24) and practice effects could not be 

dismissed [145]. Practice effects, evidenced by improved performance and decreased variability, have 

been demonstrated with the MSFC and are particularly prominent over the first three practice 

sessions, after which they stabilise [146]. The magnitude and time course of the practice effects do 

vary between patients and whilst all components contribute to the practice effect, the PASAT-3 is the 

major contributor and 9-HPT was shown to stabilise after 1 - 2 practice sessions [146]. The authors 

suggested three pre-baseline MSFC testing sessions in the month before blinded treatment began to 

lessen the impact of practice effects – so although in STREAMS the patients were familiarised with 

the MSFC at the Week -10 visit and both forms (A and B) of the PASAT-3 were utilised (data not 

used in any analyses), this still does not meet the recommended three separate pre-testing sessions 

over a month. The other main criticism of the MSFC is that it does not include a visual measure but at 

the time of the test’s development, no measure was considered sufficiently sensitive although since 

then, low-contrast letter acuity (LCLA) is considered a sensitive test for identifying visual dysfunction 

in MS patients and its inclusion into the MSFC has been proposed [147, 148]. The 20% change was 
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found by Rudick et al. to be correlated with EDSS scores and relapse rates and considered meaningful 

and Schwid et al. found that the T25-FW and 9-HPT varied <20% of individual mean scores on repeat 

testing thus concluding that 20% could represent a reliable threshold for detecting true change in 

function which was in agreement with a previous retrospective study of the T25-FW [85, 149, 150]. 

Although Kragt et al. also concluded that a 20% change on the T25-FW and 9-HPT was clinically 

meaningful, not all agreed with this proposition and Contelloe et al. used an 8-point improvement 

MSIS-29 (physical) scale (a clinically meaningful change as demonstrated using the EDSS as an 

anchor measure) to indicate that meaningful change required a 0.36, 0.45 and 0.34 change in the 

MSFC, T25-FW and 9-HPT z-scores respectively [151, 152]. Further evidence was recently provided 

that 20% (and possibly even 15%) changes in the T25-FW were meaningful to people with MS [153]. 

Based on the data so far, it was felt appropriate to use these levels to indicate meaningful changes as 

discussed above. 

There were no significant changes found in the SF-36 summary scores or in the individual scales in 

STREAMS. It was observed above (qualitatively) that most ‘positive’ findings were in the MSC-

treated groups (whether ‘Early’ or ‘Delayed’ or both) as opposed to in the placebo/sham group. most 

evident in the ‘Early’ group and that the effect of the MSCs was short-lived. There is some parallel 

seen with the MSIS-29 data when considering outcomes at Week 24 – for the physical outcomes, 

improvement in the ‘Early’ group, deterioration in the ‘Delayed’ and placebo groups and for the 

psychological impact scores, improvements in both ‘Early’ (effect persist until Week 36 but to a 

lesser degree) and ‘Delayed’ groups at Week 24 with a deterioration in the placebo group by that 

time-point. At the very least, the data shows consistency between the two patient outcome measures 

utilised in STREAMS. The results of the Mantoux test were somewhat surprising – the type IV 

hypersensitivity reaction, as measured by the induration, was significantly different in the ‘Early’ 

group when compared to placebo when it might reasonably have been expected to be decreased or 

unchanged given the generally more positive trends seen in the relapse, MSFC and patient outcome 

data in this cohort. This is because for the tuberculin reaction, there is the initial uptake, processing 

and presentation of the antigen by Langerhans-type dendritic cells to T cells locally and in local 

lymph nodes. Memory Th1 cells secrete cytokines – principally IFN-γ – that recruit macrophages and 

granulocytes to the injection site resulting in the induration, an effect that peaks at 48 - 72 hours.  

MSCs have been shown in vitro and in animal studies to induce a state of anergy in  T cells as one 

example of inducing peripheral tolerance [30]. However, the significance value is only borderline 

with p = 0.0439. It would have been interesting to see results for this exploratory outcome from other 

groups involved in MESEMS but it is unlikely this was used. An improvement would have been to 

ensure that either 48 or 72 hours had been used for the readout in case the peak reaction had not been 

reached. Furthermore, using an interferon gamma release assay (IGRA) may have circumvented some 

limitations with using the TST – principally that the purified protein derivative (PPD) contains over 
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200 proteins and cross-reacts with the BCG vaccination which all the patients would have had 

whereas the IGRA uses the specific antigens ESAT-6 and CFP 10, not found in the BCG vaccine, to 

stimulate the effector T cells and cause release of IFN-γ [154]. It would have also been achieved by a 

simple blood test and avoided reliance on the skill of the administrator – although the same person 

administered and read all the tests as well as ensured that a 6 – 10mm wheal was produced on every 

occasion with the injection.  

The limited (a consequence of being under-powered) efficacy data obtained from STREAMS largely 

complements the available literature but from similarly under-powered studies. The biggest 

advantages were that it had quite restrictive criteria that resulted in the same MS subtype (RRMS) as 

well as a relatively active group and the fact that it was a double-blind randomised controlled trial – 

only one such trial has been published in MS to date [54]. The small trial sizes means that the 

comparisons are relatively qualitative. Some studies had shown a stabilisation or improvement on the 

EDSS in a largely progressive MS cohort  and in most these were paralleled by similar findings on 

MRI with the exception of Yamout et al. [44-46, 48, 50, 56, 57]. For the EDSS measurements, it 

should be noted that the aforementioned studies were all unblinded and that EDSS progression is 

variable [52]. Llufriu et al. did have fewer relapses in the MSC vs placebo (1 vs 6) in the first 6 

months but the second MSC-treated group shows no such reduction [54]. There was questionable 

design on a couple of issues – they had chosen to use freshly-harvested MSCs for the cohort receiving 

active treatment at Week 0 but the ‘Delayed’ group received cryopreserved MSCs at cross-over which 

introduced an unnecessary variable into their trial given the small numbers. The ‘fresh’ could be 

deemed contentious as the cells were administered not immediately but ‘in the first 24 hours post-

production’ – they provide no data on cell viability after this step. In addition, they used 100mg of 

methylprednisolone as premedication to limit infusion reactions – a situation that STREAMS 

deliberately avoided – but odd given that they had excluded – as did STREAMS – patients who had 

received corticosteroids in the 30 days prior to study entry. Whilst it could be argued that the dose 

given was small (typical doses for relapses being 500 - 1000mg), and that placebo patients received 

the same dose, it did seem unnecessary [54]. Connick et al. also had treated patients with 100mg 

hydrocortisone pre-infusion of MSCs [49]. Cohen et al. showed an increase in the ARR in months 1 - 

3 but stabilisation in months 4 - 6 which was non-significant – and also avoided premedication [57]. 

They also allowed individuals to continue on first-line DMTs – 15 patients were taking either 

interferon-beta or glatiramer acetate but the treatment duration is not specified [57]. Connick et al. 

specifically chose outcomes pertaining to the anterior visual pathway but it is only latterly that other 

secondary end-points were being explored to include the MSFC, OCT, VEPs but also consider 

patient-reported outcomes such as the SF-36 and MSIS-29 and from that aspect, STREAMS had a 

fairly comprehensive cover of efficacy end-points [49, 54, 57]. The complete results from MESEMS 

will be much more comprehensive although the preliminary analysis of 94 RRMS patients has shown 
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that the primary outcome (GELs at 24 weeks used as a surrogate for relapses) was not met (ECTRIMS 

meeting 10 - 13 September 2019 Stockholm, Sweden) but one will have to examine for any relevant 

differences in protocols. 

 

3.5.4.  Limitations of the STREAMS Trial 
 

The key limitation is the small size of the trial. STREAMS was not powered to detect changes in the 

clinical (or radiological) parameters but this was constrained partially by the manufacturing capacity 

of JGCCT as in other studies published to date. Although, funding for a trial extension allowed further 

recruitment in 2015 (with the aim to recruit 5 additional patients), there were failures of MSC 

expansion. The crossover design further limited the number of patients available for longer follow-up 

although it did serve to see if any supposed effect was duplicated in a second treatment arm. Some of 

the other limitations of STREAMS have already been mentioned in the above discussion. The 

relatively short follow-up means that long-term safety and rarer side-effects cannot be assessed. The 

‘practise effect’ associated with the MSFC, and in particular with the PASAT-3, could have been 

minimised further. There are drawbacks to most of the outcome measures used as already discussed 

above. It would have been useful to have a detailed visual outcome and low-contrast letter acuity 

(LCLA), which is correlated to the RNFL and ganglion cell and inner plexiform layer thickness on 

OCT, could have been easily implemented in the clinic setting [155]. It may have further limited 

potential bias to have a blinded and non-blinded assessor, the latter dealing with any relapses, AE 

documentation and decisions regarding methylprednisolone. However, STREAMS was double-blind 

and the same assessor completed all the assessments so at least the issue of the inter-rater variability 

did not surface.  

 

3.5.5.  Future Directions of MSC Therapy 
 

Most trials including STREAMS have been exploratory in nature as they are under-powered to report 

on relapse rates and other outcome measures. There was therefore a need for much larger (randomised 

controlled) trials and whilst the results from MESEMS should help somewhat in that regard, with the 

MRI data, this also was not powered to examine relapse rates.  

There is ongoing work in attempting to optimise MSC therapy in MS. Some researchers have already 

begun to use multiple dosing of MSCs, as it has been shown in this work and other studies, that the 

effects appear to taper [58]. This is also intuitively likely given the presumed mechanism of action of 
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immunomodulation in a chronic disease. It is not known how frequent this should be nor the dose 

required. Although typical IV doses used have ranged between 1 – 2 x 106 cells/kg, repeat dosing and 

much larger doses of up to 10 x 106 cells/kg have been prescribed safely as it is possible that a 

threshold exists for a more significant effect [48, 108]. There may need to be further exploration of 

the use of filtered whole BM – which would contain MSCs and HSC subpopulations - this would 

allow the use of an autologous product but circumvent the need for ex-vivo expansion of MSCs in 

GMP facilities which is not successful for all patients [67]. There needs to be further work 

understanding whether cryopreservation significantly impacts MSC function as studies have shown 

that thawed MSCs have cytoskeletal changes, alterations in in vivo trafficking, increased T cell-

mediated apoptosis and impaired immunomodulatory function and how MSCs should be processed 

prior to infusion [156-159].  

Allogeneic MSCs are used in conditions such as GvHD and in various genetic disorders and could 

provide a solution to the lower yields with autologous MSCs of adult patients and in MS, remove 

uncertainty over possible defects in the MSCs [133]. The low immunogenicity of MSCs allows this 

possibility and the idea of a universal, “off the shelf” product is appealing because it removes the 

unpredictability and avoids the inconvenience of culture expansion time and would allow treatment at 

a time of the clinician’s choosing for example, during a relapse. However, there are some drawbacks 

as screens for infections and malignancy of the ‘donor’ would need to be more comprehensive and 

although, MSCs are ‘immuno-privileged’ repeat administrations - as may be required in chronic 

conditions such as MS – could lead to sensitisation and increased risk of rejection [133]. It is also 

unlikely that a single universal product would be suitable for all types of patients given the 

complexity of the interactions between MSCs and other immune cells. 

Adipose-derived MSC use has already been attempted and offers certain advantages over BM-derived 

MSCs in that adipose tissue is much more accessible, abundant and a rich source of MSCs and this 

would overcome the limitations of low yields, allow the continued use of an autologous source as well 

as being suitable for a greater number of patients. They have a doubling time of 60 hours, appear 

stable for at least 12 passages in culture and seem less affected by age as well as being more resistant 

to apoptosis than their BM counterparts [160]. They have been shown to produce higher levels of anti-

inflammatory cytokines including IL-10, TGF-β and PGE2 as well as secreting neuroregulatory 

factors such as BDNF [160]. 

 

 

 



179 
 

 

3.6. Conclusions 
 

The ex-vivo expansion of autologous MSCs is feasible as demonstrated in STREAMS and by earlier 

studies though there is data to question how applicable this process would be in the wider population 

given some cultures fail to reach the dose needed and in which age may play a role. The short-term 

safety appears well established and is confirmed for the IV route in STREAMS although longer-term 

monitoring should be established. There was no significant clinical efficacy resulting from the MSC 

infusion but it should be noted that STREAMS was not powered to detect changes in the clinical 

outcomes and was only exploratory in design. Preliminary data from MESEMS supports the safety of 

MSCs but revealed that the co-primary outcome of GEL reduction on MRI following MSC treatment 

(at 24 weeks) was not met. Other analyses are pending. It is highly unlikely that MSCs will ever 

become a panacea in MS treatment but given the multitude of possible mechanisms by which they 

could interact with immune cells which are described in the literature, they could still represent a 

possible therapeutic modality in the future.  
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4. Ex-Vivo analysis of the immunological effect of MSC infusion 
 

 

4.1. Introduction 
   

The immunology underlying MS is complex with many players, in both the innate and adaptive 

systems, contributing to inflammation and neurodegeneration. Whilst the clinical results of MSC 

cellular therapy appear promising, the immunological effect – if any - of the intravenous MSC 

infusion cannot be predicted with any certainty. This is because there is little data from the clinical 

studies performed (which have largely been focussed on safety) and there have been varying – and 

sometimes contradictory – results obtained from in-vitro and animal studies; these results cannot be 

extrapolated - with confidence - to human studies. An ex-vivo analysis, therefore, would be useful to 

identify any immunological changes following MSC infusions in MS subjects. The cell types chosen 

in such an analysis were dependent on current knowledge of their involvement in MS and any known 

or promising effects of MSCs on such cells and/or function from the available literature. 

 

4.1.1.  T cells 
 

T cell subset diversity 

There are a multitude of T cell subsets and this diversity can be distinguished based on phenotype i.e. 

expression of cell surface markers and intracellular molecules. The various T cell subtypes are 

associated with particular attributes relating to previous priming with antigen, activation state, co-

stimulation, homing potential, regulation and a varying cytokine profile [161, 162]. The four main 

distinctions across this spectrum historically are naïve, central memory (TCM), effector memory (TEM) 

and effector T cells (TEFF) – with the latter three groups of the CD4+ cell type giving rise to either 

Th1, Th2 or Th17 cells. TCM are heterogeneous and contain both uncommitted and pre-committed (i.e. 

pre-Th1, pre-Th2 or pre-Th17) cells and are thought to represent an intermediate stage preceding TEM; 

this TEM pool can be similarly characterised but these cells are able to be polarised in the opposite 

direction depending on the prevailing cytokine milieu [163, 164].  
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Role of CD4+ T cells in MS  

Different polarising signals acting on the CD4+ naïve cell induce its differentiation into either 

memory or effector Th1 or Th2 cells but additionally to Th17 and Treg cells that have different 

effector functions including the secretion of various interleukins. Earlier assumptions that CD4+ cells, 

and in particular Th1 cells, were solely driving MS disease progression were disproven when clinical 

treatments specifically targeting these cells failed to halt the disease indicating limitations of the 

prevailing EAE model, in which Th1 cells play a central role [165-169]. Subsequent work has 

demonstrated contributions by CD8+ cells, Th17 cells, regulatory T cells (Tregs), Natural Killer (NK) 

cells and B cells amongst others in MS [170-172].   

Activation of T cells is dependent on both the binding of the T cell receptor (TCR) to the MHC Class 

II protein (or I in the case of CD8+ T cells) present on antigen presenting cells (APCs) and then this 

signal leads to the up-regulation of CD40L on the surface of the T cells and allows it to bind to its 

corresponding receptor on APCs, which includes both B cells and dendritic cells (DCs). This then 

drives the up-regulation of CD80 and CD86 on the APC surface, which by binding to their receptor 

(CD28/CTLA4 respectively) on the T cell surface provides the second signal leading to both the 

activation of the T cells and secretion of cytokines such as IL-12 and IL-23 by the APC. Activation of 

T cells also leads to the secretion of IL-2 which activates its own receptor (IL-2R or CD25) and to the 

up-regulation of α4β1, responsible for the trafficking of lymphocytes across the blood brain barrier 

(BBB). The cytokines secreted by the APC lead to polarisation of T cells e.g. Th1 or Th2 in the case 

of CD4+ effector cells when the naïve CD4+ cell is exposed to IL-12 in the former case and IL-4 in 

the latter. DCs – under inflammatory conditions - can also induce an additional Th cell subtype i.e. 

Th17 cells from naïve CD4+ T cells by selective secretion of Th17 cell-polarizing cytokines [173]. 

When the APC is the dendritic cell, then its maturation state is also pertinent – in a semi-mature state, 

after the initial activation via the toll-like receptors (TLRs), they can induce Tregs to produce 

inhibitory cytokines such as IL-10 or TGF-β but the polarisation of naïve CD4+ cells is dependent on 

the DC being in a more mature state [174, 175]. The resulting T cell thus secretes different cytokines 

e.g. IFN-γ, IL-17, or IL-4 depending on the prevailing cytokine milieu. This is very relevant as Th1 

and Th17 cells are thought to have role in MS pathogenesis whereas Th2 cells, along with Tregs, have 

a more regulatory/immunosuppressive role [176, 177]. Evidence from some of the current 

pharmaceutical treatments for MS supports this notion: interferon-beta (IFN-β) favours a Th2 

polarisation, increased expression of IL-10 and a reduction in IFN-γ and another DMT, glatiramer 

acetate (GA), also promotes a Th2 bias, Treg development and affects activated DCs thought to be 

contributory to MS pathogenesis [178]. 
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Role of CD8+ T cells in MS 

CD8+ cell function varies from being able to suppress proliferation of CD4+ cells directly via the 

cytotoxic release of perforin which inactivates CD4+ cells and indirectly via interaction with APCs 

[179, 180]. CD8+ cells can also recognise MHC class I peptide on the axonal surfaces, transect axons, 

induce oligodendrocyte death and promote vascular permeability - all of which are observed in MS 

neuropathology [181, 182]. Indeed, the lymphocytes in MS plaques are biased towards the CD8+ 

lineage – there being almost a 10:1 ratio of CD8+ : CD4+ T cells [10]. Several groups have 

demonstrated that the adoptive transfer of myelin-specific CD8+ T cells can induce EAE which in 

some cases replicates MS features not always observed with CD4+ T cell driven EAE [183, 184]. 

Some CD8+ subsets are able to suppress injury indicating a more regulatory role and GA is thought to 

work in part by activating such regulatory CD8+ T cells [185, 186]. 

 

T cell changes in MS patients 

Autoantigen stimulation would be expected to lead to a decreased pool of naïve T cells and increased 

memory cell population and this has been demonstrated with Okuda et al. reporting an increase in 

memory T cells in the peripheral blood of MS patients and Haegele et al. showing there was a 

significant increase in CD8+ TEM cells in the peripheral blood of MS patients compared to healthy 

controls - which would support immune activation - and a relative depletion of these cells in the CSF 

of MS patients when compared to matching blood samples. These findings could be explained by the 

fact that TEM cells are known to produce β1 and β2 integrins which allow homing to inflamed tissues 

and that CD8+ T cells are consistently detected in perivascular cuffs and parenchymal lesions [185, 

187, 188]. Supporting this hypothesis is that activated/memory CD8+ T cells appear enriched within 

the CNS tissue and CSF of MS patients, typically express IL-17 and are clonally expanded  [189-

191]. By contrast, Pender et al. reported a deficiency of effector memory CD8+ T cells [192]. 

Kivasakk et al. described a relative depletion of CD4+ TEM cells in the CSF of MS patients compared 

to peripheral blood [193]. A later study by Mikulkova et al. demonstrated an increase in both CD4+ 

and CD8+ TEM cells – in this case, the CD4+ TEM increase was associated with greater disability 

whereas the CD8+ TEM increase was seen in more minor disability. They also showed the expected 

increase in the CD4+ naïve T cell population in the MS patients compared to healthy controls but 

there were no significant differences in the TCM, Tregs or TEFF subsets [194]. Several studies have also 

indicated that CNS-reactive CD8+ T cells, bearing an activated/memory phenotype, were found in 

greater frequency in MS patients’ peripheral blood [195]. However, Praksova et al. showed there was 

an increase in CD4+ TCM  cells in MS patients (along with an increase in the CD4+ cells) compared to 

healthy controls. After treatment with IFN-β or GA, there was significant reduction in the TCM as well 

as an increase in the naïve T cell proportion [196]. This group also showed a reduction in Tregs in MS 
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patients compared to healthy controls in contrast to other groups which either showed no differences 

in the frequency of the Tregs in peripheral blood, no changes in CD4+CD25+ Tregs but reduced 

expression of FoxP3, reduced Tregs only in remission, increases in Tregs in those with less severe 

disease (as opposed to decreases in more severe disease) whilst others still only demonstrated 

functional alterations with Tregs in MS patients having reduced suppressive activity [197-202]. 

Whilst Praksova et al. did not see any change in the Treg frequency after either drug treatment, others 

demonstrated increased frequencies and enhanced suppressive function after interferon treatment 

[203-205].   

 

Interactions between MSCs and T cells 

It has been well documented that MSCs inhibit the proliferation of T cells in mixed lymphocyte 

reactions (MLR) or after mitogenic stimulation (in a dose dependent manner) although Le Blanc et al. 

reported that low numbers of MSCs could have the opposite effect of stimulating lymphocyte 

proliferation [27, 206, 207]. Sensitivity to MSCs was shown in one study to be reduced in T cells 

obtained from MS patients as compared to from healthy controls - the anti-proliferative effect was 

comparable when the higher level of IL-2 produced by MS lymphocytes was antagonised although the 

MSC-induced inhibition of IFN-γ was not altered in this situation [208]. Further work showed that 

unprimed (as would be used in STREAMS) human BM-derived MSCs (BM-MSCs) increased the 

production of IFN-γ and IL-2 by activated PBMCs before suppressing T cell proliferation [209].  

Rasmusson et al. revealed that MSCs inhibited the formation of CD8+ cytotoxic T cells in vitro but 

did not interfere directly with the cytotoxicity mediated by the lymphocytes as MSCs added at the 

beginning of the MLR inhibited CTL-mediated cytotoxicity but if added on days 3-6, no effect on 

cytotoxicity was seen [210]. Ramasamy et al. showed that whilst MSCs inhibited both the CD4+ and 

CD8+ T cell proliferation, the effect was not due to inhibition of T cell activation as early activation 

markers of T cells were unchanged and again as before, that MSCs did not target T cell effector 

function as cytotoxicity was unaffected and thus concluded that the immunosuppressive effect of 

MSCs was non-specific and exclusively secondary to their anti-proliferative effect – the reduced 

effector function in the former study was assumed to be a consequence of diminished proliferation of 

the cytotoxic T cells following their co-culture with MSCs [206, 210]. However, MSCs clearly have 

effects beyond solely an anti-proliferative one and in vitro, Th1 generation is reduced in MLRs - 

thought to be a consequence of inhibition of DCs - and in an in vivo experimental colitis model, MSCs 

reduced IFN-γ expressing Th1 cells as well as increasing Tregs with Lim et al. demonstrating an 

inhibition of delayed type hypersensitivity (DTH) - mediated by Th1 cells - by a decreased production 

of IFN-γ and increased apoptosis of T cells [211-213]. MSC inhibition of T cell proliferation was 

accompanied by a dose-dependent decrease of IFN-γ and TNF-α [30]. In yet other studies, MSCs 
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were shown to increase frequencies of FoxP3+ T cells rather than reducing IFN-γ producing cells 

[214, 215]. Bai et al. demonstrated an induction in Th2 cells with concomitant increases in anti-

inflammatory cytokines when mice, treated with human BM-MSCs, recovered limb function in a 

chronic EAE model i.e. human-derived MSCs could skew the immune responses towards a more 

favourable Th2 profile [102]. There was further evidence for this alteration when CD4+ T cells co-

cultured with MSCs expressed higher levels of Th2 cytokines such as IL-5, IL-8 and IL-3 and lower 

levels of Th1 signature cytokines such as IL-1α, IL-1β, TNF and IFN-γ but in addition to this, there 

was an increased expression of FOXP3 suggesting Treg induction [216]. The Treg expansion and 

activity certainly appears a more consistent theme. English et al. also showed that Tregs were induced 

when MSCs and CD4+ T cells were co-cultured and it was demonstrated that human adipose-derived 

MSCs induced IL-10 - producing Tregs in vitro upon being co-cultured with collagen-specific T cells 

from patients with rheumatoid arthritis – when these Tregs were isolated, they were able to inhibit 

IFN-γ production and proliferation of a subsequent T cell culture [217, 218]. However, there was a 

report that Tregs could be converted to Th17 under inflammatory conditions indicating differentiation 

‘plasticity’ of CD4+ cell subsets – in these circumstances, far from being disease-ameliorating, these 

MSC-induced Tregs could exacerbate disease and indeed, Carrion et al. did show that despite 

induction of Tregs, the disease course was unaltered in two patients with systemic lupus 

erythematosus (SLE) [219, 220]. MSC effects on Th17 have included in vitro observations that they 

inhibit the differentiation of naïve T cells into Th17 cells, inhibit production of inflammatory 

cytokines such as IL-17 and IL-22 and  induce a regulatory phenotype in even fully differentiated 

Th17 cells by downregulating the transcription factor RORγt and upregulating FOXP3 which are then 

able to suppress proliferation of new CD4+ T cells [221]. The inhibition of Th17 activity and 

amelioration of EAE has been suggested to be secondary to T cell anergy rather than apoptotic 

mechanisms [30, 222]. Although these studies indicate that MSCs suppress Th17 cell activity, other 

studies have observed that MSCs or MSC conditioned medium could promote Th17 cells whilst 

inhibiting Th1 cells and reducing numbers of IL-17/IFN-γ double-expressing CD4+ T cells in vitro 

[220, 223]. The MSC effect varies not only depending on the activation/differentiation state of the T 

cell but would seem to differentially regulate the specific CD4+ and CD8+ functional compartments 

which may explain some of the different results obtained – human BM-MSCs co-cultured with 

PBMCs from healthy donors which were stimulated with PMA and ionomycin led to a reduction of 

the percentage of T cells expressing TNF-α, IFN-γ and IL-2 in all the naïve, central memory, effector 

memory and effector compartments except for naïve IFN-γ- expressing CD4+ cells (no suppressive 

effect) but to a differing extent with the effector CD8+ T cells (which had the highest TNF-α-

producing cells) being less sensitive to MSC-mediated TNF-α downregulation and IL-2 being more 

strongly inhibited in the CM, EM and effector CD4+ T cells [224].  
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4.1.2.  B cells 
 

B cell subset diversity 

B cell development progresses from haematopoietic stem cells (HSCs) through several antigen-

independent stages to form transitional B cells that leave the bone marrow into the peripheral 

circulation and secondary lymphoid organs. Differentiation continues until mature but naïve B cells 

are formed. On exposure to antigen, these can differentiate into activated B cells, memory B cells 

(switched or non-switched), plasmablasts and plasma cells - all functionally distinct subsets [225]. 

Naïve B cells have three subcategories – (i) the follicular B cells which migrate repeatedly between 

the bloodstream and the lymph system to B cell areas of lymph nodes and spleen where they can 

present T-dependent antigens to activated T cells allowing differentiation into the antibody-secreting 

plasma cells, (ii) marginal zone (MZ) B cells which can be induced to differentiate into short-lived 

plasma cells and which also express high levels of CD1d involved in the presentation of lipid antigens 

and finally the (iii) B-1 B cells thought to have a regulatory function [226].  

 

B cells and MS 

The ability of  B cells to present antigen to T cells via the indirect pathway and produce donor-

specific antibodies helps mediate allograft rejection and it has been observed that the absence of 

antigen presenting function of B cells impairs CD8+ and CD4+ T cell memory thus helping long-term 

allograft survival [227]. Pro-tolerogenic B cell subsets have been identified as important with an 

increase in immature transitional and naïve B cells in the transplant setting [228]. Naïve B cells were 

shown to induce the development of Tregs by antigen presentation to naïve T cells [229]. In addition 

to B cells acting as APCs, they can produce abundant pro- and anti-inflammatory cytokines and, in 

the case of plasma cells, secrete antibody. Regulatory cells (Bregs) have been shown to be necessary 

to suppress inflammation as CD19-deficient mice or wild-type mice depleted of CD20+ cells had 

exaggerated T cell-mediated inflammation and developed a severe, unremitting form of EAE [230, 

231]. They are thought to differentiate in the presence of inflammation and act via IL-10, an anti-

inflammatory cytokine, and direct contact with CD4+ cells [232, 233]. Their phenotype has been 

correlated to CD1dhiCD5+ cells (“B10 cells”) but other groups ascribe regulatory capacity to 

CD19+CD24hiCD38hi B cells (an immature transitional B cell subtype) and a CD19+IgM+CD27+ 

memory B cell which suppressed the differentiation of Th1 cells in vitro via IL-10 with the former 

being shown to be dysfunctional in SLE, another autoimmune disease [230, 234, 235]. Blair et al. 

found that the majority of CD19+CD1dhiCD5+ cells (70%) were found within the CD24hiCD38hi B 

cell subset [234]. It is quite possible that a number of regulatory subtypes and suppression modalities 
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exist including Br3 and CD25+ B cells producing TGF-β [236]. Bregs can also induce apoptosis via 

TNF-related apoptosis-inducing ligand (TRAIL), programmed cell death 1 (PD-1) receptor ligand 2 

(PD-L2) and Fas-ligand with susceptibility reducing from Th1, Th2 and Th17 cells and seems lowest 

(perhaps predictably) for Tregs [237]. Activation of Bregs via CD40 and TLR binding impairs 

monocyte maturation into immature dendritic cells, differentiation into mature DCs and the ability of 

these DCs to stimulate T cells [238]. Bregs also appear to enhance the expression of Foxp3 and the 

inhibitory molecule cytotoxic T lymphocyte associated antigen-4 (CTLA-4) on autologous Tregs and 

promotes Treg accumulation within target tissues [239, 240]. An immunoregulatory role has been 

suggested for invariant Natural Killer (iNKT) cells and their protective mechanisms are thought to 

include inhibition of autoreactive B cells, induction of tolerogenic DCs and the indirect induction of 

Tregs. B cells were shown to be important for iNKT cell homeostasis and activation but this was 

dependent on CD1d cell surface expression – in SLE patients, in whom B cell abnormalities are 

recognised, CD1d expression was reduced and B cell depletion therapy not only normalised CD1d 

expression on the repopulated CD19+CD24hiCD38hi immature B cells (in the ‘responder’ patients) - 

which are thought to have a regulatory function as mentioned above - but also restored iNKT number 

and function [241].  

 

B cell changes in MS patients 

B cells are a key player in the pathogenesis of MS – they form follicles in the meninges of patients 

with SPMS which has been correlated with earlier onset of disease and more aggressive cortical 

pathology [242, 243]. In addition, B cell depleting therapies such as Rituximab have had positive 

results in clinical trials [244, 245]. The peripheral compartment in both healthy and MS individuals is 

dominated by the naïve B cell population but the CSF constituents are known to be different – CSF in 

MS patients is thought to contain 4 - 5% of CD19+ cells (mostly memory, plasmablasts and possibly 

plasma cells) but these are rarely found in healthy controls and correlate with higher disease activity 

and lesions on MRI [246, 247]. Studies have demonstrated, however, differences in other peripheral B 

cell subsets with there being a reduced proportion of CD5+ cells in SPMS compared to healthy 

controls and reports of an inverse correlation between CD5+ expression and disease activity in RRMS 

[248, 249]. B cells from MS patients have been found in some studies to have a decreased production 

of IL-10, a higher expression of CD86 and CCR5 on naïve cells and being more capable of inducing 

neuro-antigen specific CD4+ T cell proliferation and cytokine secretion when compared to healthy 

controls [250-252]. Circulating memory cells can be reduced in RRMS following treatment with 

mitoxantrone or IFN-β, naïve cells increased in the peripheral compartment following IFN-β and 

whole B cell counts rise following natalizumab as the α4-integrin blockade causes an accumulation in 
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the circulating mature and immature B cells – all demonstrating that the B cell peripheral 

compartment is susceptible to redistribution of the subsets within it [253]. 

 

Interactions between MSCs and B cells 

Effects of MSCs on B cells are somewhat disparate. Two studies showed that immunoglobulin (Ig) 

production was abrogated by MSCs but that this effect required assistance from T cells rather than 

being a direct effect on B cells [254, 255]. It was thought that MSCs could modulate activating 

pathways of B cells - naïve B cell activation requires three signals comprising B cell receptor (BCR) 

activation (via an anti-Ig), T cell co-stimulatory help (via CD40/CD40L) and either appropriate 

cytokines or TLR activation in contrast to memory cells that can be activated in the absence of BCR 

stimulation, requiring only TLR activation or T cell help. However, Traggiai et al. showed that MSCs 

promoted the proliferation and differentiation of naïve and transitional cells without BCR triggering 

(the third signal) being required – potentially risking expansion of an autoreactive B cell pool. The 

MSCs also enhanced the proliferation and differentiation of memory B cells [256]. MSCs have been 

shown to increase the viability of B cells but arrest them in the G0/G1 phase, thus inhibiting the 

differentiation into Ig-producing plasma cells – an effect that was shown to be cell-contact dependent 

or indirect through inhibition of plasmacytoid DCs (pDCs) which induce B cell maturation though 

other groups have advocated a role for membrane vesicles [257-260]. In addition to inhibiting Ig 

production, MSCs appear to affect the chemotactic properties of B cells with down-regulation of 

CXCR4, CXCR5 and CCR7 expression [257]. Schena et al. showed that pre-exposure of MSCs to 

IFN-γ was necessary for the immunosuppressive effect on B cells – a situation similar to that 

proposed for T cells [261]. Unlike with activated B cells, MSCs increased the survival and 

proliferation of isolated naïve, transitional and memory cells [256]. In-vivo data is also conflicting 

with MSC use in an SLE model leading to either reduced or increased levels of anti-dsDNA IgG 

antibodies [262]. Interestingly, MSC injections into EAE mice increased, amongst other changes, 

CD1dhiCD5+ regulatory B cells which may have contributed to the improved resolution of EAE 

directly and also indirectly by enhancing regulatory T cell activity [263].  

 

4.1.3.  Dendritic cells 
 

Dendritic cell subsets 

DCs are the archetypal and most potent of APCs, specialised for the uptake, transport, processing and 

presentation to T cells with three subsets of DCs being recognised: plasmacytoid DCs (pDCs) and two 
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types of myeloid DCs (mDCs) – the phenotype and activation state of which determines the 

regulatory signals transmitted and hence directs the adaptive immune response [264]. Indeed, it has 

been shown that CD11c+ mDCs are the only APC required for the initiation of adoptive transfer EAE 

and their increased numbers correlates with increased disease severity [265].  

DCs can be derived from haematopoietic bone marrow progenitor cells but the mDCs are thought to 

arise from monocytes (from which macrophages are also derived). These immature DCs, that circulate 

in the blood until activated, mature following contact with a cognate-specific antigen leading to their 

migration to the lymph nodes where they act as APCs to resident helper T and B cells. The transition 

to a mature DC is accompanied by upregulation of CD80, CD86 and CD40 that enhances their 

efficiency in activating immune cells. Tolerance to self-antigens is thought to be maintained by 

mature but quiescent DCs [266]. CD86 is expressed at basal levels by mDCs but not pDCs and is 

upregulated after stimulation only in the former subtype – compatible with the tolerogenic function 

ascribed to immature pDCs [267]. The production of IL-12 helps govern the T-cell cytokine 

polarisation and is predominantly secreted by mDCs as opposed to pDCs which produce large 

amounts of interferon-alpha (IFN-α). In the CNS, it is the peripherally-derived mDCs that 

preferentially skew differentiation of myelin-specific CD4+ Th-cells towards the Th17 lineage [268]. 

Whilst pDCs can prime Th1 and Th2 cells, they also induce both CD8+ and CD4+CD25+ regulatory 

T cells [269]. 

 

Dendritic cell changes in MS patients 

The presence of DCs in MS lesions has been demonstrated [270]. There have been studies showing 

alterations in the innate immune response in MS patients when compared to healthy controls 

suggesting targets for immunotherapy. CSF examination of patients with MS has revealed that mDCs 

are more mature and express higher levels of HLA-DR, CD80, CD86 and CD40 [271]. Patients with 

MS also have higher titres of blood-derived mDCs expressing CD80 and secreting IL-12 and TNF-α 

than healthy controls [272]. Dendritic cells differentiated in-vitro from blood monocytes taken from 

MS patients secrete higher levels of the pro-inflammatory cytokines IL-6, TNF-α and/or IL-23 than 

from healthy controls [273, 274]. On the other hand,  pDCs from MS patients have shown impaired 

maturation with lower expression of CD86 and delayed upregulation of CD86, CD83 and CD40 after 

stimulation as well being less able to generate FoxP3+ T cells compared to controls [275]. Toll-like 

receptors (TLRs) serve as ‘pattern recognition molecules’ on DCs and influence maturation and 

function. Human pDCs only express TLR-7, -8 and -9 and stimulation of TLR-9 with agents 

mimicking microbial agents led to reduced secretion of IFN-α influencing mDCs and NK cells which 

could impair inhibition of the inflammatory response. Such stimulation of PBMCS led to higher 

expressions of TLR-1, -2, -4, -5 and -8 in MS patients compared to controls and along with evidence 
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of enhanced expression of TLR-3 and TLR-4 in inflamed CNS tissues of MS brains compared to 

controls might explain disease susceptibility and how common infectious agents trigger MS attacks 

[269]. Another study has shown decreased circulating pDCs in patients with chronic progressive MS 

compared to those with RRMS or healthy controls and that MS-derived DCs showed enhanced IL-12 

production and expression of migratory molecules CCR5 (on mDCs) and CCR7 (on pDCs) after TLR 

stimulation indicating a pro-inflammatory state [276].  

The currently licensed pharmacological treatments already demonstrate the clinical value in targeting 

the innate immune system. IFN-β, secreted by pDCs, was the first drug licensed for RRMS and the 

mechanisms of actions include inhibiting DC-mediated Th17-cell differentiation and down-regulation 

of Th17 cell-polarising cytokines whereas GA has been shown to influence DC-mediated T-cell 

polarisation, favouring Th2 development by increasing IL-10 and decreasing IL-12 production in 

monocyte-derived dendritic cells [277-279]. In animal models of EAE, GA promoted the 

development of type-2 APCs which induced differentiation of Th2 and regulatory cells and the 

adoptive transfer of such type-2 APCs was able to reverse EAE and suppress pathogenic T-cell 

development [280]. Natalizumab has also been shown to markedly reduce the DCs in cerebral 

perivascular spaces and whilst none of these therapies specifically target dendritic cells, any possible 

changes in DC subtype, frequency and maturation state do merit examination with MSC therapy 

[281]. 

 

Interactions between MSCs and dendritic cells 

To date, MSCs have been shown to interfere with differentiation of DCs from both CD34+ 

haematopoietic precursors and monocytes as well as their maturation and function [31, 282]. Jiang et 

al. showed that MSCs inhibited (albeit reversibly) the differentiation of CD14+ monocytes into DCs 

and this occurred either via cell-contact or via soluble factors [282]. In addition to inhibiting this 

initial commitment of monocytes to DCs, differentiated DCs either retained the immature phenotype 

or, in the case of already matured DCs, had a significantly decreased expression of HLA-DR, CD1a, 

CD80 and CD86 [282, 283]. MSCs also suppressed IL-12 production by DCs which led to decreased 

T cell activation and proliferation [282]. MSCs were shown to reduce the capacity of DCs to stimulate 

T cell proliferation and their secretion of IFN-γ [31]. Co-culturing of DCs with MSCs led to an 

increased production of IL-10 which promoted T cell anergy [284]. MSCs induced mDCs into a 

subset with immunoregulatory properties and that inhibitory function was shown to be mediated by 

the production of Tregs as well as T cell anergy [285, 286]. In contrast to these in vitro studies, Chiesa 

et al. revealed that the in vivo administration of murine MSCs impaired TLR-4 induced activation of 

DCs which inhibited secretion of cytokines, rapidly - within 20 minutes of MSC administration - 
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blocked migration to lymph nodes (by down-regulation of CCR7 and CD49dβ1) and impaired 

antigen-presentation to CD4+ T cells and cross-presentation to CD8+ T cells [287].  

 

4.1.4.  Monocytes 
 

Monocyte subsets 

Monocytes are short-lived innate cells in the peripheral blood – they originate from a common 

myeloid precursor in the bone marrow and circulate in the bloodstream for 1 - 3 days before migrating 

into tissues and developing into macrophages and mDCs [288]. Their role in pathophysiology of 

inflammation is thought to be related to discrete functional subsets but it is only relatively recently 

that monocyte heterogeneity is being appreciated. They have a number of functions – (i) 

phagocytosis, (ii) antigen presentation but are much less efficient than DCs and (iii) cytokine 

production including TNF-α, IL-1β, IL-6, IL-12 and IL-10 [289, 290].  

Three main subtypes exist based on the difference in surface marker expression: classical 

(CD14++CD16-) which represent 80 - 90% of blood monocytes and produce IL-10 rather than TNF-α 

or IL-1 after LPS stimulation in vitro, intermediate (CD14++CD16+) shown to possess the highest 

capacity to produce TNF-α in response to LPS and present antigen to T-cells and are considered pro-

inflammatory and lastly, non-classical (CD14dimCD16++) monocytes [291-295]. There are also other 

differences such as HLA-DR and CCR5 expression which has been reported highest for intermediate 

monocytes [296]. The non-classical monocytes have a higher propensity to differentiate into DCs 

which are better able to induce T cell proliferation and macrophages generated from CD16-positive 

monocytes have been shown to possess higher phagocytic activity when compared to those derived 

from classical monocytes [297]. Naïve blood monocytes in mice were also shown to be intrinsically 

suppressive of T cell responses [298]. 

 

Monocyte changes in MS patients 

Activated monocytes are abundant in MS lesions and migration of T cells across the BBB is 

facilitated by monocytes [299, 300]. Whilst an increase in intermediate monocytes was noted in 

rheumatoid arthritis that predicated poorer responses to therapy as well as shaping T cell responses by 

favouring Th17 differentiation, not a great deal is known about differences within monocytes in MS 

[301]. Kouwenhoven et al. attempted to define phenotypic properties and cytokine secretion of 

monocytes in MS patients and found that there were elevated levels of IL-12 and IL-6 secreting 

monocytes in MS patients compared to healthy controls as well as higher expression of the co-
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stimulatory molecule CD86 on MS monocytes. Higher expressions of CD80 were associated with 

patients with a longer history of MS (>10 years) and in patients with moderate-to-severe disability 

scores (EDSS>3) [302]. It was shown that IL-12 was mainly produced by the CD16+ monocyte and 

IL-10 by the classical monocyte and both subtypes in MS produced more IL-6 than healthy controls 

[303].  Ex-vivo studies have indicated that CD16+ subpopulations are reduced in the peripheral blood 

of MS patients although the intermediate type was enriched in the CSF and facilitated T cell migration 

[304]. 

 

Interactions between MSCs and monocytes 

Studies demonstrating that MSCs impair the differentiation of monocytes into dendritic cells or 

macrophages are available but there are few regarding the interactions between MSCs and monocytes 

and their subsets – in part because monocytes are short-lived. Du Rocher et al. published in 2012 that 

MSCs impaired the differentiation of classical monocytes into intermediate monocytes in MLRs and 

that this was accompanied by decreases in IL-6 and IL-1β [305]. Other studies indicate that MSCs can 

both induce tolerogenic monocytes that will then shift CD8+ T cells towards a more suppressive 

phenotype but also that there is ‘cross-talk’ in the opposite direction such that monocyte secretion of, 

for example, IL-1β, IL-10 or CCL18 ‘license’ MSCs to secrete inhibitory cytokines (such as TGF-β1 

or PGE2) that suppresses T cells and leads to downregulation of their activation markers or which 

promote the generation of Tregs [306-309]. 

 

4.1.5.  NK cells 
 

NK cells are an important component of innate immunity both for their cytolytic activity and for 

production of pro-inflammatory cytokines such as IFN-γ and TNF-α as well as chemokines. NK-

derived IFN-γ is particularly important for shaping adaptive immune responses especially polarisation 

towards a Th1 response in the lymph nodes but IFN-γ and TNF-α are also involved in DC maturation 

[310-312]. In vitro, human BM-MSCs were shown to be able to inhibit the IL-2 and IL-15 driven 

proliferation but not cytotoxicity of freshly isolated NK cells but when they were co-cultured with IL-

2 or IL-15 activated NK cells, MSCs were able to inhibit cytotoxicity, cytokine production, release of 

granzyme B and affect the expression of activation receptors on NK cells [210, 313]. 
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4.1.6.  Classical NKT cells 
 

Classical NKT cells, also known as Invariant Natural Killer T (iNKT) cells, are a distinct population 

of T cells that express an invariant aβ TCR but also have characteristics of  NK cells and bridge the 

gap between adaptive and innate immunity [314]. Although they comprise a small population in 

human peripheral blood, they are important for their immunoregulatory role especially in maintaining 

peripheral T cell tolerance – quantitative or functional deficits have been recognised in pre-clinical 

models of autoimmune disease [314-317]. In vivo activation of NKT cells (using the 

glycosphingolipid α-galactosylceramide, αGC) protected mice from EAE by shifting from a Th1 to a 

Th2 immune response via secretion of the regulatory cytokines IL-4 and IL-10 though Furlan et al. 

demonstrated that it was the IFN-γ that was necessary for αGC-induced protection from EAE [318-

321]. A different model associated EAE protection with CNS-infiltration and cytotoxic killing of 

encephalitogenic T cells by the IFN-γ- and granzyme secreting-NKT cells whilst other groups 

implicated tolerogenic DCs [322, 323]. MSCs have been shown to inhibit the proliferation of NKT 

cells in the in vitro setting and inhibit IFN-γ production by activated NKT cells [324]. 

 

4.1.7.  γδ T cells 
 

γδ T cells also possess innate and adaptive characteristics and have been seen in the CSF and in MS 

lesions [325]. EAE models are conflicting as to whether their role is protective or pathogenic which 

may be dependent on their activation status. There are also subsets of γδ T cells – the major ones in 

humans expressing Vδ2+. It has been shown that the absence of γδ T cells results in a decrease in the 

production of inflammatory cytokines such as IL-1, IL-6, TNF-α, lymphotoxin and IFN-γ at the 

height of disease (which could be a direct effect or alternatively due to secondary effects on other 

effector T cells or DCs) and their absence also results in fewer infiltrating cells into the CNS [325]. 

As with NKT cells, in vitro data has shown that MSCs inhibit the γδ T cell expansion but did not 

inhibit their antigen presentation to CD4+ T cells [324]. 

 

4.1.8.  Mucosal-associated invariant T (MAIT) cells 
 

Understanding of the role played by mucosal-associated invariant T cells (MAITs) in the pathogenesis 

of MS has been more contemporaneous – these innate-like lymphocytes are characterised by a semi-

variant TCR rearrangement (Vα7.2-Jα33), are CD161highIL-18Rα+, possess tissue-homing receptors, 

produce IL-17 and are abundant in blood  [326, 327]. 
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It was known that IL-17 producing cells dominated the perivascular spaces of active MS lesions and 

then an eloquent study published in Brain showed that the gene expression of CD161 was 

differentially expressed in CD8+ T cells between disease-discordant monozygotic twin pairs, that 

such cells were CCR6+, produced IFN-γ and accounted for all the IL-17 producing T cells within the 

CD8+ subpopulation [191, 328]. This population comprising CD3+CD8+CD161+ cells was expanded 

in MS patients compared to healthy controls, could reflect disease activity in MS patients, was found 

in the CSF samples of MS patients and in the immune infiltrates of active lesions in autopsy MS 

brains and, consistent with presumed relevance in MS, was shown to be almost completed abrogated 

in patients with clinical amelioration after AHSCT although one group had suggested a protective role 

for these effector cells following a mouse EAE study although they later found that MAITs had a 

pathogenic role in a murine model of arthritis [328-333]. The group also found that IL-17 production 

by MAIT cells could be elicited after exposure to IL-23 without TCR stimulation and that their 

proliferation could be induced with IL-1β alone [332]. Such Vα7.2-Jα33 expressing cells have also 

been found in the CD4-CD8- (i.e. double-negative, DN) population of T cells [327]. 

No studies to date have examined the effects of MSCs on MAIT cells. 

 

4.1.9.  In vivo effects of MSCs in humans 
 

Human data on effects of MSCs on immune cells in vivo is limited – most of the information available 

focusses on safety and clinical outcomes. Jitschin et al. reported on alterations in the cellular 

compartments following treatment with MSCs in allogeneic HSCT but limited themselves to CD4+ 

and CD8+ subsets, FoxP3+ T cells, B cells, DCs and NK cells as well as humoral alterations [334]. 

Another HSCT study only examined Tregs, CD4+, CD8+ and CD19+ cells whilst Mohajeri et al. only 

examined FoxP3 gene expression post-MSC therapy in MS patients [47, 335]. Llufriu et al. had the 

closest similarity of trial design to STREAMS as it was based on the consensus of the International 

Mesenchymal Stem Cells Transplantation Study Group (IMSCTSG) but investigated effects of an 

intravenous infusion of MSCs only on Th1, Th17, nTregs, iTregs and B cells in nine RRMS patients 

[54].  
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Summary  

It has been shown above that a whole constellation of cells of the immune system are involved in the 

pathogenesis of MS and there have, in most cases, been demonstrations of MSC influences on these 

different immune cell types but given that a multitude of MSC actions have been described in vitro 

and in animal studies - some of which are conflicting – and since data from clinical studies is limited, 

a detailed longitudinal immunophenotypic analysis was undertaken in STREAMS to enumerate cell 

types. MSCs have also been shown to suppress the proliferation, interferon-γ production and 

cytotoxicity of CD4+ and CD8+ cells which allows a plausible way to assess whether this occurs after 

MSC infusions in MS patients using a quantitative functional ex-vivo assay.  

There was good rationale for possible changes in the number and function of immune cells as 

mentioned above and the STREAMS trial afforded an opportunity to perform, in detail, an 

“immunome”-analysis that could provide valuable information as to the pathogenesis of the disease, 

mechanism of action of MSCs and indeed – in the future perhaps – monitoring of any instituted MSC 

therapy.  
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4.2. Aims of chapter 
 

Hypothesis 2: It is hypothesised that the intravenous administration of MSCs will lead to a shift from 

a pro-inflammatory to an anti-inflammatory milieu in the bloodstream. 

 

The overall aim of this chapter is to determine whether MSCs have a detectable (and beneficial) 

immunological effect in the bloodstream following their intravenous infusion.  

 

The specific aims are therefore:  

 

1. To enumerate changes in the immune cells of the adaptive and innate immune system at 

defined time-points (Weeks 0, 4, 12 and 24 post-infusion for each 6 month arm of the cross-

over trial). 

 

 

2. To enumerate changes in the immune cells of the adaptive and innate immune system 

additionally at Weeks 36 and 48 for the patients treated with MSCs at Week 0 (the ‘Early-

MSC’ group). 

 
 

3. To measure changes in the same cell populations over the time-points Weeks 0, 4, 12 and 24 

in five healthy controls as comparison. 

 

 

4. To measure changes in the intracellular cytokine production of IFN-γ by T-cells at Weeks 0, 

4, 12 and 24 post-infusion. 
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4.3. Experimental Design 
 

4.3.1.  Methods  
 

Fluorochrome antibody panels were designed to enumerate the cell populations and all panels were 

optimised for antibody concentration and fluorescence-minus-one controls (FMOs) were used to 

check gating boundaries to ensure minimal non-specific binding. They were then validated in three 

healthy controls to ensure they could consistently demonstrate the immune cell populations that were 

to be monitored during the trial. 

80mls of peripheral blood from the trial patients was collected in EDTA tubes at Wks-8, 0, 4, 12, 24, 

28, 36 and 48. The tubes were centrifuged at 1400rpm for 10 minutes and 20 (1ml) aliquots of sera 

were stored at -800C.  

The PBMCs were separated using Histopaque-1077® (Sigma) density gradient centrifugation, washed 

twice with PBS and re-suspended in staining buffer (SB).  

1.5 x 106 PBMCs were transferred to 5 wells in a 96 well plate and centrifuged at 1500rpm for 10 

minutes. Each cell pellet was incubated with the required surface monoclonal antibodies (mAb) for 

the populations to be enumerated at 40C for 30 minutes, washed twice in SB, fixed in 100µl of 

Fluorofix®buffer (Biolegend) for 10 minutes, washed twice with SB and then re-suspended in 500µl 

of SB.  

In the case of Tregs, after the initial washing, cells were incubated with 100µl of Treg 

fixation/permeabilisation buffer (Ebioscience) for 45 minutes at room temperature (RT), washed in 

permeabilisation buffer (PB; Ebioscience) before being incubated with Foxp3 at dark RT for 45 

minutes. The cells were washed twice again with PB and re-suspended in SB.  

For the intracellular staining, 8 x 106 PBMCs were each re-suspended in 4mls of RPMI-1640 

(containing 2mM L-glutamine and 10% FBS) in a 6-well plate. To the stimulated well, 50ng/ml of 

PMA and 1µM of ionomycin was added. After 1 hour, Brefeldin (final concentration 3µg/ml) was 

added to both control and stimulated wells and the sample was incubated for a further 5 hours at 370C 

and 5%CO2. The cells were then washed with cold RPMI medium, centrifuged and the pellet stained 

with surface antibodies as described above. After this, the sample was fixed in 100µl of fixation 

buffer (Ebioscience) for 20 minutes at RT, washed twice with PB before staining with anti-cytokine 

mAbs for 45 minutes (dark, RT) and then washed in PB.  

All the samples were acquired on the BD Fortessa flow cytometer within 24 - 48 hours. The resulting 

data was analysed using the FlowJo software (Version 10.6) program. 
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4.3.2.  Statistical Analyses 
 

Each specific cell population identified via the complement of markers (listed in chapter 2) and using 

the gating strategy (discussed in chapter 2) was expressed relative to the appropriate population (often 

live PBMCs or other parent population) on FlowJo (Version 10.6). Replicates were not performed for 

each patient at the time-points partly as the sample was finite and immunophenotyping is sufficiently 

accurate so as not to need repeat measures.  

Data for each acquired cell population was then analysed using Graphpad Prism (Version 7.0 for 

Windows, Graphpad Software, San Diego, CA, USA). Data from all 6 or 12 patients was expressed as 

mean +/- SEM between time points. For comparisons within the MSC-treated group over Weeks 0 - 

24, a 2-way ANOVA with a post-hoc Dunnett’s multiple comparisons test, comparing all groups to 

the control column (Week 0), was performed. A 2-way ANOVA with post-hoc Sidak’s multiple 

comparisons test was performed to compare differences between treated and untreated patients at each 

of the four time points over Weeks 0 - 24. A one-way ANOVA for the unmatched/unpaired samples 

was used to compare the means of each time-point to the control column (typically Week 0 but Week 

24 in the case of the second-half of the crossover trial for the other six MSC-treated patients) with 

post-hoc Fisher’s LSD test being performed without a correction for multiple comparisons test as each 

comparison – with Week 0/24 as the control - stood independently. 
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4.4. Results 
 

4.4.1.  Immunomodulatory effects of MSCs on the Innate Immune System 
 

The monocyte population was identified based on the forward (FSC) and side scatter (SSC) on Flowjo 

and single cells gated. The dead monocytes were then excluded using a Live/Dead stain. The total 

monocyte population was defined as HLA-DR+ and being negative for lineage markers (CD3, CD19, 

CD20 and CD56). The monocyte subsets were subsequently defined by CD14 and CD16 expression: 

classical (CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14dimCD16++). 

The frequency of total monocytes was expressed as a percentage of the gated live PBMCs while the 

subset frequencies were calculated as a percentage of the total live monocyte gate.  

There was no statistically significant change in the frequency of total monocyte cells or monocyte 

subsets at Weeks 4, 12 and 24 post-first infusion when compared to baseline at Week 0 (Figure 4.1, 

p>0.05 for all comparisons). The non-significance persisted for time-points beyond 24 weeks (Weeks 

36 and 48) for the ‘Early-MSC’ group (data not shown). As expected, there was also no statistical 

difference between the treated and non-treated groups at all time-points in the first 6 months.  

The data from the second-half of this cross-over trial was not analysed in this way as the ‘Early-MSC’ 

group would not be a ‘true’ untreated group as they had received MSCs at Week 0 and there may be a 

‘carry-over’ effect. For the total monocytes, there was a significant change at Weeks 28 and 48 after 

the MSC infusion was given at 24 weeks in the ‘Delayed MSC’ group (p=0.0306 and p=0.0458 

respectively) (Figure 4.2A) but was non-significant by Week 36 (p=0.2393). Clearly, the ‘Early MSC’ 

group did not confirm these findings (Figure 4.1) and indeed the change was not seen in any of the 

monocyte subsets (Figure 4.2 B-C). In addition, when the data was collated for all 12 patients once 

treated with MSCs (giving greater power than the six patients), there was no significant change in 

total monocytes or any of the subsets (Figure 4.3) despite this improved power. 
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Figure 4.1: Frequencies of monocytes and monocyte subsets for Weeks 0 - 24 

Total monocytes, defined as Lineage-HLA-DR+CD14+ cells (A) were expressed as a percentage of 
the total live PBMCS whilst the monocyte subsets - classical (B; CD14++CD16-), intermediate (C; 
CD14++CD16+) and non-classical (D; CD14dimCD16++) - were expressed as a percentage of the total 
monocyte population for the four time-points from the first infusion which constituted MSCs for the 
‘Early MSC’ group and ‘sham’ or placebo for the ‘Delayed’ MSC group. No statistical difference was 
found at any time-point from baseline in the MSC- or placebo-treated groups nor was there any 
significant difference between the two arms at any corresponding time-point. 
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Figure 4.2: Frequencies of total monocytes and monocyte subsets for six patients after the MSC 
infusion received at Week 24 

Frequencies of total monocytes (defined as Lineage-HLA-DR+CD14+) and the three defined 
monocyte subsets (classical: CD14++CD16-, intermediate: CD14++CD16+ and non-classical: 
CD14dimCD16++) for six patients who received the MSC infusion at Week 24 with populations 
subsequently followed for six months. There was a statistical difference noted at 4 and 12 weeks after 
the infusion for the total monocyte population but this was not replicated in any of the subsets over 
that time period. 
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Figure 4.3: Frequencies of total monocytes and monocyte subsets for all 12 patients after their 
MSC infusion  

Frequencies of total monocytes (defined as Lineage-HLA-DR+CD14+) and monocyte subsets 
(classical: CD14++CD16-, intermediate: CD14++CD16+ and non-classical: CD14dimCD16++) are 
shown over six months for all 12 patients receiving MSC infusions, six of whom would have received 
MSCs as the first infusion and six of whom received it as the second infusion. Despite the positive 
result seen in Figure 4.2A above, no statistical difference was found when all 12 patients’ data was 
compared. 

 

 

As dendritic cells (DCs) have a size that falls between the monocytes and lymphocytes, the FSC vs 

SSC gate included both these populations. Single, live cells were then gated. HLA-DR+, Lineage- and 
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CD14- gates identified the total DC population. The surface markers CD123 and CD11c allowed 

differentiation between plasmacytoid DCs (CD123+CD11c-) and myeloid DCs (CD123-CD11c+); 

this latter group was further subcategorised using CD16 and CD1c into mDC CD16+ and mDC 

CD1c+ cells.  

The total dendritic cell population was calculated as a percentage of the live PBMC gate whilst the 

sub-populations of pDC, mDC, mDC CD16+ and mDC CD1c+ cells were expressed relative to the 

whole dendritic cell population. 

There was no change in the total dendritic cell population seen in the ‘Early MSC-treated’ group over 

either the first six months (Figure 4.4A) nor even for extended follow-up of 12 months (Figure 4.4B). 

There was no significant difference between treated and untreated patients at any time-point over 

Weeks 0 - 24 (Figure 4.4A). There was no change within the second MSC-treated group (Figure 4.4C) 

and as expected, no significant difference at any time-point when data from all 12 patients was 

examined over six months after their MSC infusion (Figure 4.4D). 
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Figure 4.4: Frequencies of total dendritic cells expressed as a percentage of total live PBMCs 

Frequencies of dendritic cells (Lineage-HLA-DR+CD14-) are shown for both MSC- and sham-treated 
infusions over Weeks 0 - 24 (A), over the entire trial period for the first MSC-treated group (B) and 
for the second MSC-treated group over Weeks 24 - 48 (C). D shows the frequency of dendritic cells 
for all 12 MSC-treated patients in both arms of the crossover trial up to 24 weeks post-MSC infusion. 
No statistical difference was found in any of these comparisons. 

 

 

 

In addition, when similarly analysed, there was no statistically significant differences found in the 

pDC or mDC populations (Figures 4.5 and 4.6 respectively). 
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Figure 4.5: Frequencies of pDCs as a proportion of the total dendritic cell population 

Frequencies of pDC cells (defined as Lineage-HLA-DR+CD14-CD123+CD11c-) in both MSC-and 
‘sham’-treated arms of the crossover trial revealed no significant change over Weeks 0 - 24 or 
difference between the two groups at any time-point (A). There was no change during longer follow-
up for the ‘Early MSC-treated’ group (B), for the ‘Delayed MSC-treated’ group (C) or any difference 
found for all 12 MSC-treated patients during 24 weeks of follow-up (D). 
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Figure 4.6: Frequencies of mDCs as a proportion of the total dendritic cell population 

mDC (defined as Lineage-HLA-DR+CD14-CD123-CD11c+) frequencies were compared between 
MSC- and ‘sham’-treated groups at Weeks 0 - 24 (A) and shown for six-months for each group (A). 
The mDC frequencies were tracked for 12 months for the ‘Early MSC-treated’ group (B), six months 
for the ‘Delayed MSC’ group between Weeks 24 - 48 (C) and then collated for all 12 MSC-treated 
patients (D). No statistical change was found at any time-point in these comparisons. 

 

 

When the two sub-populations of mDCs were analysed, no significant differences were found in the 

CD16+ group (Figure 4.7). However, in the CD1c+ population, there was a statistically significant 

reduction at Week 36 when compared to Week 0 in the ‘Early MSC-treated’ group (p=0.0291 using 
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ordinary one-way ANOVA) (Figure 4.8B). The ‘Delayed MSC-treated’ group did not have such a 

follow-up time-point for comparison due to the cross-over design of the trial. However, this change 

was not seen in the parent mDC population (Figure 4.6) as might be expected. When the data for 12 

MSC-treated patients was analysed (Figure 4.8D), a borderline statistical significant reduction was 

seen at 12 weeks post-MSC infusion (p=0.0478) but again this change was not seen in the parent 

mDC population (Figure 4.6) and not at the 12 week time-point in either the ‘Early-’ or ‘Delayed-

treated’ MSC group (Figures 4.8A and D). 
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Figure 4.7: Frequencies of the mDC CD16+ populations expressed as a proportion of the total 
DC population. 

The CD16+ sub-population of mDCs (defined as Lineage-HLA-DR+CD14-CD123-CD11c+CD1c-
CD16+) showed no significant change in either the ‘Early-’ (A) or ‘Delayed-MSC’ group (C) nor was 
there any significant difference with prolonged follow-up of the six patients in the ‘Early-MSC’ group 
(B) or at any time point when all MSC-treated patients in both arms were considered together (D). 
There was also no difference between the MSC and ‘sham’ groups in the first half of the trial (A). 
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Figure 4.8: Frequencies of mDC CD1c+ cells as a proportion of the total dendritic cell 
population. 

There was no statistically significant change up to 24 weeks post-MSC infusion (A and C) and nor 
any difference between the MSC and ‘sham’ arms in the first part of the cross-over trial (A). For the 
six patients treated with MSCs at the outset of the trial (Week 0), there appeared to be a significant 
reduction in mDC CD1c+ cells (defined as Lineage-HLA-DR+CD14-CD123-CD11c+CD16-CD1c+) 
at Week 36 (p=0.0291 using ordinary one-way ANOVA) (B) and when all 12 MSC-treated patients 
were analysed, a significant difference was seen at 12 weeks post-MSC infusion (D) with p=0.0478. 
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The Natural Killer cells were defined as CD3-CD56+ whilst the NKT cells were defined as 

CD3+CD56+ after gating on the live lymphocyte singlets population. Neither cell population revealed 

any significant change for any of the comparisons performed as above (Figures 4.9 and 4.10). 

 

 

 

 

Figure 4.9: Frequencies of NK cells as a proportion of the live PBMC population 

NK cells (defined as CD3-CD56+) monitored during the trial showed no significant differences at any 
time point between the MSC-and ‘sham’-treated arms in the first six months (A) nor any change at 
any time point up to 48 weeks in the MSC-treated groups (B), in the ‘Delayed MSC’ group (C) or 
when data for all 12 MSC-treated patients was analysed (D); p>0.05 in all cases.  
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Figure 4.10: Frequencies of NKT cells expressed as a proportion of the live PBMC population 

NKT cells (defined as CD3+CD56+) showed no significant difference in frequency in either of the 
MSC-treated groups – ‘Early’ (A and B) or ‘Delayed’ (C) nor when all 12 MSC-treated patients were 
analysed (D). There was no difference at any time point between the MSC and ‘sham’-treated patients 
at Weeks 0 - 24 (A). In all comparisons performed, p>0.05. 

 

 

In another other innate-like lymphocyte population, analysis showed that there was no significant 

change in the number of MAIT cells after the MSC infusions (Figure 4.11) in the ‘Early’ (Figures 

4.11 A and B) or ‘Delayed’(Figure 4.11C) groups or even when all 12 patients’ data was pooled for 

24 weeks post-infusion (Figure 4.11D). 
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Figure 4.11: Frequencies of MAIT cells expressed as a proportion of live CD3+CD8+ population 

The MAIT cell (defined as CD3+CD8+CD161+Vα7.2+CCR6+IL-18R+) frequencies obtained during 
the trial showed no significant changes at any time point between the MSC-and ‘sham’-treated arms 
in the first six months (A), at any time point up to 48 weeks in the MSC-treated group (B), in the 
‘Delayed MSC’ group (C) or when data for all 12 MSC-treated patients was collated (D); p>0.05 in 
all cases.  

 

 

Finally, gating performed using the “MAIT” panel determined a population of CD3 (bright) CD56+ T 

cells that represented gamma-delta (γδ) T cells. This subset showed no significant change in its’ 
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frequency after the MSC infusions nor in the ‘placebo’ group i.e. Delayed MSC group over Weeks 0-

24 (Figure 4.12). 

 

 

 

 

Figure 4.12: Frequencies of CD3 (bright) CD56+ T cells, representing γδ T cells, expressed as a 
proportion of live PBMCs 

The population frequencies of CD3 (bright) CD56+ T cells showed no significant difference between 
the MSC and ‘sham’ arms at any time point between Weeks 0 - 24 (A) and there were no significant 
changes in this subset at any time-point up to 48 weeks in the ‘Early MSC’-treated group (B), in the 
‘Delayed MSC’ group (C) or when data for all 12 MSC-treated patients was collated (D); p>0.05 in 
all cases.  
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4.4.2.  Immunomodulatory effects of MSCs on the Adaptive Immune System 
 

A detailed immunophenotypic analysis of cell types belonging to the adaptive immune system was 

also undertaken – attempting to cover a range of cell subsets within the T and B cell types as 

efficiently as possible with the designed fluorochrome panels shown in chapter 2. 

The lymphocyte gate was used on the FlowJo plot, singlets gated followed by exclusion of dead cells. 

The total CD4+ T cells were calculated as a percentage of the live (singlet) lymphocyte population 

(Figure 4.13) but each CD4+ subset was then subsequently expressed as a proportion of their parent 

population, CD3+CD4+ (Figures 4.14 – 4.20).  

There were no significant differences between the two randomised groups at any time-point over the 

first six months (Figure 4.13A) but on the extended follow-up of the ‘Early-MSC’ group, there 

appears a gradual decrease in the CD4+ frequency (apparent also in Figure 4.13A) but at Week 36, 

this becomes statistically significant, p= 0.0101 (Figure 4.13B). There is only 24 weeks data for the 

‘Delayed-MSC’ group so one cannot see if that would be replicated in the second treatment group 

(Figure 4.13C). However, there is a trend towards decreasing CD4+ counts seen after MSC treatment 

in this delayed group that was not present when they were untreated over the first six months (Figure 

4.13A) and therefore seen when all 12 MSC-treated patients are considered together (Figure 4.13D). 
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Figure 4.13: Frequency of CD4+ cells expressed as a percentage of the live lymphocyte 
population  

CD4+ cell frequency was not statistically different between the MSC-treated and -untreated arms in 
the first 24 weeks (A) and whilst there was a decrease in CD4+ in the MSC-treated patients, this only 
reached significance at Week 36 (B). The finding of a decrease was replicated following the MSC 
infusion in the ‘Delayed’ group (C) and when all 12 MSC-treated patients were considered together 
(D) but did not reach statistical significance. 

 

 

The Th1 cells were defined as CD3+CD4+CXCR3+CCR6-CCR5+. Their frequency shows a similar 

significant reduction at Week 36 (p=0.0273) but this was a more precipitate drop from Week 28 rather 

than the gradual change seen with the total CD4+ (Figure 4.14B). The pattern in mean cell 

frequencies of the treated vs untreated groups appeared to mirror each other in the first six months and 
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there were no statistical differences between the groups (Figure 4.14A). However, the ‘Delayed MSC’ 

group appears to show an increase (non-significant) over the first 12 weeks after the infusion (Figure 

4.14C) but there is no extended data for this group - this influences the pattern seen in the whole 12 

patient group (Figure 4.14D).  

 

 

 

Figure 4.14: Th1 cell frequency expressed as a proportion of the parent CD3+CD4+ population 

The pattern of Th1 (defined as CD3+CD4+CXCR3+CCR6-CCR5+) change in the MSC-treated group 
is mirrored by the placebo-treated group over the first six months of the trial and without any 
significant differences at any time-point (A). In the MSC-treated group, there is a statistically 
significant reduction in Th1 frequency (p=0.0273) at Week 36 (B) but this is not seen when the 
second cohort of patients is treated with MSCs at Week 24 (C) and significance is also lost when all 
12 patients’ data is analysed together (D). 
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Th2 cells were defined as CD3+CD4+CXCR3-CCR6-CCR4+. The cell frequency is not significantly 

changed in the ‘sham’ arm over the first six months (Figure 4.15A) nor in the ‘Early MSC-treated’ 

group over 12 months where the mean Th2 frequency appears fairly stable (Figures 4.15 A and B). 

Whilst the ‘Delayed MSC-treatment’ group shows a decrease over the first 12 weeks, followed by an 

increase at Week 48 (opposite to the changes seen for Th1 above), no differences reached statistical 

significance (Figure 4.15C) and therefore, as expected from the latter two results, the Th2 results 

when all 12 MSC-treated patients are considered, the line graph mirrors that of the ‘Delayed-MSC-

treated’ group (Figure 4.15D). 

 

 

 

Figure 4.15: Th2 cell frequency expressed as a proportion of the parent CD3+CD4+ population 

Th2 cell (defined as CD3+CD4+CXCR3-CCR6-CCR4+) frequency is stable for the ‘sham’ arm over 
the first six months (A) and for the ‘Early MSC-treated’ group over the first 12 months (A and B). 
Similarly, there is no statistically significant change for the six ‘Delayed MSC’ patients considered 
(C) nor when all 12 patient’s data is examined (D); all p values >0.05.  
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Th17 cells were defined as CD3+CD4+CXCR3-CCR6+ and their frequency does not significantly 

change, as expected, in the ‘sham’ arm over the first six months nor are there any significant 

differences between the two arms at any time-point (Figure 4.16A). In the ‘Early MSC-treated’ group, 

there is a general downwards trend over 12 months apparent after Week 4 with a steeper drop at Week 

12 without reaching statistical significance (Figure 4.16B) but this is not replicated at all in the 

‘Delayed MSC-treatment’ cohort (Figure 4.16C). 

 

 

 

Figure 4.16: Frequency of Th17 cells expressed as a percentage of the parent CD3+CD4+ 
population 

Th17 cell (defined as CD3+CD4+CXCR3-CCR6+) frequency showed no statistical change in the 
‘sham’ arm (A), ‘Early MSC-treated’ group (B), ‘Delayed MSC-treated’ group (C) nor when the data 
is analysed for all 12 patients after their MSC infusion, whether given at Week 0 or Week 24 (D).  
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Analysis of the CD4+ T cells according to the historical groupings of naïve, central memory, effector 

memory and effector populations was also undertaken using the CCR7 and CD45RA cell surface 

markers.  

The subsets were defined as CD3+CD4+CCR7+CD45RA+ for naïve cells, 

CD3+CD4+CCR7+CD45RA- for central memory cells, CD3+CD4+CCR7-CD45RA- for effector 

memory and CD3+CD4+CCR7-CD45RA+ for effector memory cells. 

There was no discernible change for any of the usual comparisons for CD4+ naïve (Figure 4.17) or 

central memory populations (Figure 4.18).  
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Figure 4.17: Frequency of CD4+ Naïve cells expressed as a proportion of the CD3+CD4+ 
population 

The CD4+ naïve cell population (CD3+CD4+CCR7+CD45RA+) showed no differences within or 
between the ‘sham’ and ‘MSC-treated’ group over the first six months (A) nor changes within the 
second MSC-treated group (C). There was no significant change with longer follow-up over 12 
months of the first MSC-treated group (B) nor when data from all MSC-treated patients was pooled 
(D).  
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Figure 4.18: Frequency of CD4+ Central Memory cells expressed as a proportion of the parent 
CD3+CD4+ population 

The CD4+ central memory cell subset (defined as CD3+CD4+CCR7+CD45RA-) population did not 
change significantly when patients were given MSCs at Week 0 over six or 12 months (A and B), 
MSCs at Week 24 (C) or a ‘sham’ infusion at Week 0 (A).  

 

 

Whilst the CD4+ effector memory cells also showed no significant change across all the comparisons 

(Figure 4.19), there was a general trend towards a decrease by Week 12 in both the ‘Early-’ and 

‘Delayed’ MSC treated groups (Figures 4.19 B and C respectively), also evident when data was 

pooled for all 12 patients (Figure 4.19D). This was not seen in the placebo group (Figure 4.19A). 
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Figure 4.19: CD4+ Effector Memory cell frequencies expressed as a proportion of the parent 
CD3+CD4+ cell population 

There was no change in the CD4+ effector memory (CD3+CD4+CCR7-CD45RA-) cell frequency 
between the ‘sham’ or MSC-treated arms over Weeks 0 - 24 at any time point (A) nor any change 
after treatment with MSCs in either the ‘Early’ (B) or ‘Delayed’ (C) group and nor when the six 
month post-MSC infusion data was pooled from both groups (D).  
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The CD4+ effector subset population also showed no statistical differences across all comparisons 

performed (Figure 4.20). Although there appears a sharp drop by Week 4 in the first MSC-treated 

group (Figure 4.20B), there was a large variation in the frequencies of the cell type in the patients 

which skewed the baseline result at Week 0. This apparent decrease, in any case, is not seen in the 

second MSC-treated group (Figure 4.20C). 

 

 

 

Figure 4.20: Frequencies of CD4+ Effector cells expressed as a proportion of the CD3+CD4+ 
parent population 

There was no statistical change in the frequencies of CD4+ effector cells (which were defined as 
CD3+CD4+CCR7-CD45RA+) post-infusion over six months for the ‘sham’-treated patients (A) or 
after MSC infusions (A, C and D) even with 12-months follow-up of the ‘Early MSC’ group (B).  
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The CD8+ T cells were also analysed as a total population and then according to the same four 

subsets using the aforementioned markers (Figures 4.21 - 4.25).  

The total CD8+ T cells showed a statistical difference between Weeks 24 and Weeks 28 in the six 

patients receiving an MSC infusion on the second occasion at Week 24 (Figure 4.21C; p=0.044) and 

whilst there was no such statistical difference in the ‘Early MSC’ group, nevertheless there was a 

trend towards a decrease from Weeks 0 - 12 (Figure 4.21B) and which was still evident when data 

from all 12 patients was pooled (Figure 4.21D) – this trend was not seen after the placebo infusion 

(Figure 4.21A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 
 

 

 

 

Figure 4.21: Frequency of CD8+ T cells expressed as a proportion of the total live lymphocytes 

There was no significant change in the total CD8+ T cell frequency, expressed as a proportion of the 
live lymphocyte population, in either the ‘sham’ or MSC-treated groups from Weeks 0 - 24 (A) or 
over longer follow-up for the latter group (B). However, there was a statistically significant decrease 
(p=0.044) in the ‘Delayed’ MSC group (C) which was lost when the MSC data was pooled (D).  

 

 

The CD8+ naïve subset showed no significant differences or discernible trends across all comparisons 

performed; p>0.05 in all cases (Figure 4.22).  
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Figure 4.22: Frequencies of Naïve CD8+ T cells expressed as a proportion of the CD3+CD8+ 
population. 

There was no significant difference between the ‘sham-’ and ‘Early MSC-’ treated arms at any time-
point nor over time within the two groups (A). The MSC infusion had no effect on the circulating 
naïve CD8+ (defined as CD3+CD8+CCR7+CD45RA+) population (B - D) in either the ‘Early-’(A) or 
‘Delayed-’(C) MSC-treated patients; p>0.05 in all cases including for longer follow-up of the ‘Early 
MSC’ group (B) or when data was pooled for these 12 patients (D). 

 

 

Similarly, the CD8+ central memory and effector memory T cell subsets showed no convincing 

change over the study period (Figures 4.23 and 4.24 respectively).  
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Figure 4.23: Frequency of CD8+ Central Memory T cells expressed as a proportion of the 
CD3+CD8+ parent population  

There was no change in the CD8+ central memory (CD3+CD8+CCR7+CD45RA-) T cell frequency 
during the trial either after ‘sham’ (A) or after the MSC infusions (B - D), even when six-month data 
was pooled for the 12 patients after their MSC infusions (D).  
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Figure 4.24: Frequency of CD8+ Effector Memory T cells expressed as a percentage of the 
parent CD3+CD8+ population 

The CD8+ effector memory (CD3+CD8+CCR7-CD45RA-) population showed no statistically 
significant changes and was independent of the infusion given, ‘sham’ (A) or MSCs in either ‘Early’ 
or ‘Delayed’ arms over six months (A and C) or over the entire 12 months for the ‘Early MSC’ group 
(B). Data from both MSC- treated groups over six months also showed non-significance (D).  

 

 

In contrast, the CD8+ effector T cell population showed a statistical decrease in the ‘Early MSC’ 

group between Week 0 and 12 (p=0.0471) although this was not replicated in the second cohort of 

MSC patients treated at Week 24 (Figure 4.25). 
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Figure 4.25: Frequency of CD8+ Effector T cells expressed as a percentage of the parent 
CD3+CD8+ population 

There was no statistically significant change in the CD8+ effector cell (CD3+CD8+CCR7-CD45RA+) 
frequency between the ‘sham’ and ‘Early MSC’ treated groups at any time point (A) nor after MSCs 
given at Week 24 as the second infusion (the ‘Delayed’ group; C). In the ‘Early’ MSC group, there 
was a statistically significant reduction (p = 0.0471) by Week 12 but this significance did not persist 
beyond this time-point and was lost when all 12 MSC-treated patients were considered together (D). 
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The total B cell population and subsets within it were analysed – this included Bregs 

(CD19+CD24hiCD38hi), B10 regs (CD19+CD1dhiCD5+), naïve (CD19+CD10-CD27-IgD+), switched 

memory (CD19+CD10-CD27+CD38-IgD-), non-switched memory (CD19+CD10-CD27+CD38-

IgD+), transitional (CD19+CD24hiCD38hiCD10+CD27-), plasma cells (CD19+CD10-CD27+CD38hi 

IgD-CD138+) and plasmablasts (CD19+CD10-CD27+CD38hiIgD-CD138-); changes are shown in 

Figures 4.26 - 4.34.  

 

The total B cell frequency, expressed as a proportion of the parent lymphocyte population (after 

gating on the live and singlet population), did not change significantly over the course of the trial for 

either of the two MSC-treated cohorts (Figure 4.26). 
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Figure 4.26: Frequency of the CD19+-expressing B cells expressed as a proportion of the parent 
lymphocyte population 

B cells (CD19+) were gated from the live lymphocyte population. There was no statistically 
significant change after the ‘sham’ and MSC infusion treated cohorts between Weeks 0 - 24 or 
between these two groups at any time-point (A). The six ‘Early’ MSC-treated patients showed no 
significant change in the total B cell population even after the extended follow-up of 12 months (B). 
The second cohort of six patients, infused with MSCs at Week 24, confirmed these findings (C) and 
there was also no significant change when the larger cohort of 12 MSC-treated patients was 
considered together (D). 

 

 

Two types of regulatory B cells were examined – Bregs phenotypically characterised as 

CD19+CD24hiCD38hi and B10 regs phenotyped as CD19+CD1dhiCD5+.  
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There was no change in any of the comparisons for the Bregs (Figure 4.27). 

 

 

 

Figure 4.27: Frequency of Bregs (CD19+CD24hiCD38hi) expressed as a proportion of live CD19+ 
cells 

The CD19+CD24hiCD38hi cells, Bregs, were expressed as a proportion of their live parent CD19+ 
population. There was no change in their frequency after the sham infusion at Week 0 (A), after the 
MSC infusions at Week 0 (A) or Week 24 (C). The lack of difference persisted for the longer period 
of follow-up (12 months) for the ‘Early’ MSC arm (B) and when all 12 patients’ six month post-MSC 
infusion data was collated (D).  

 

 

B10 regs, however, show that there is a significant difference (p = 0.0196) by Week 48 after the MSC 

infusion at Week 0 in the ‘Early’ treated group (Figure 4.28B). This increase appears to be against the 

general trend seen over the preceding 24 weeks (where levels are stable) although there had been a 
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mild increasing B10 reg frequency over the first 12 weeks post-MSC infusion in the ‘Early’ group and 

from the fourth week post-MSC infusion in the ‘Delayed’ group (Figures 4.28A-C). It is possible that 

this result may have been influenced by the fact that there were two missing data items (poor staining 

result) at Week 48 which may have skewed the data.  

 

 

 

Figure 4.28: Frequency of B10 regs expressed as a proportion of the parent CD19+ population  

The CD19+CD1dhi CD5+ cells, B10 regs, were expressed as a proportion of their parent CD19+ 
population. There were no significant differences following either a ‘sham’ or MSC infusion at Week 
0 (A) or after the MSC infusion at Week 24 (C) over six months; p>0.05 in all cases. However, for the 
‘Early MSC-treated’ group, there was a statistically significant increase at Week 48 when compared 
to Week 0 (B), p=0.0196. The B10 reg data was missing for two patients at Week 48 so the 
representation is only for four patients at that time-point. There was no significant difference when 
data from all 12 MSC-treated patients was considered within six months of infusion (D). 
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Figure 4.29 shows the frequency of the naïve B cells for the trial patients without there being any 

statistically significant result between any comparisons at any time-points after the infusions. There 

appeared to be a trend towards increasing levels over the first 12 weeks after the MSC infusion seen 

in the ‘Early MSC-treated’ group but this is less convincing for the second (‘Delayed’) MSC-treated 

group.  

 

 

 

Figure 4.29: Frequency of Naïve B cells expressed as percentage of the parent CD19+ 
population  

Naïve B cell (CD19+CD10-CD27-IgD+) frequencies were compared between MSC- and ‘sham’-
treated groups at Weeks 0 - 24 (A) and shown for six-months for each group (A). The naïve B cell 
frequencies were tracked for 12-months for the ‘Early MSC-treated’ group (B), six months for the 
‘Delayed MSC’ group between Weeks 24 - 48 (C) and then collated for all 12 MSC-treated patients 
(D). No statistical change was found at any time-point, p>0.05 in all cases. 
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The memory B cell compartment was subdivided into the switched and non-switched memory B cells 

(Figures 4.30 – 4.31). There was no significant effect on these subset compartments when analysed 

using one-way ANOVA (p>0.05 in all cases).  

 

 

 

Figure 4.30: Frequency of Switched Memory B cells expressed as a proportion of the parent 
CD19+ population  

The switched memory B cell (CD19+CD10-CD27+CD38-IgD-) compartment showed no statistical 
change in the frequency of these cells in the ‘sham’ arm (A), ‘Early MSC-treated’ group (B), 
‘Delayed MSC-treated’ group (C) nor when the data is analysed for all 12 patients after their MSC 
infusion, whether given either at Week 0 or Week 24 (D).  
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Figure 4.31: Frequency of Non-Switched Memory B cells expressed as a percentage of their 
parent CD19+ population 

There is no significant change in the non-switched memory B cell (CD19+CD10-CD27+CD38-IgD+) 
frequency after the ‘sham’ infusion (A), MSC infusion at Week 0 (A and B), MSC infusion at Week 
24 (C) nor when the data is analysed for all 12 patients after their MSC infusion, whether given at 
Week 0 or Week 24 (D).  
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The plasma B cells again show no significant changes in their population frequency within the B cell 

pool (Figure 4.32).  

 

 

 

Figure 4.32: Frequency of Plasma B cells expressed as a percentage of the parent CD19+ 
population 

There was no significant difference in the frequency of the plasma B cell (CD19+CD10-CD27+ 
CD38hiIgD-CD138+) population when comparing effects after the ‘sham’ and MSC infusion at Week 
0 at any time-point nor between the groups (A) even after a longer follow-up period of 12 months 
after the MSC infusion (B). The second cohort of six patients also showed no change (C) and again, 
when data was compared for all 12 MSC-treated patients (D).  
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The frequency of the plasmablasts, differing from plasma cells by their non-expression of CD138, 

increased significantly (p = 0.0117) by Week 28, the increase commencing after Week 12 (Figure 

4.33). Although, not significant, a trend of increasing frequencies is seen earlier i.e. over the first 12 

weeks in the ‘Delayed MSC-treated’ group and disappears by Week 24 (Figure 4.33C).  

 

 

 

Figure 4.33: Frequency of Plasmablasts expressed as a percentage of the parent CD19+ 
population 

The plasmablast (CD19+CD10-CD27+CD38hiIgD-CD138-) frequency showed that there were no 
statistically significant differences after the ‘sham’ infusion at Week 0 nor during the first six months 
after the MSC infusion at Week 0 (A). However, there is a significant difference by Week 28 after 
this first MSC infusion (B) but there is no significant change after the ‘Delayed MSC-treated’ group 
although only six months’ data exists after this infusion (C). When the data from all 12 MSC-treated 
patients is examined for six months after the infusion, no significant differences emerge (p>0.05). 
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The final B cell subset analysed, the transitional cell, showed no significant changes over the course 

of the trial regardless of the infusion i.e. sham or MSC, the levels being quite stable (Figure 4.34). 

 

 

 

Figure 4.34: Frequency of Transitional B cells expressed as a percentage of the parent CD19+ 
population 

Transitional B cell (CD19+CD24hiCD38hiCD10+CD27-) frequency showed no statistical change in 
the ‘sham’ arm (A), ‘Early MSC-treated’ group (B), ‘Delayed MSC-treated’ group (C) nor when the 
data was analysed for all 12 patients after their MSC infusion, whether given at Week 0 or Week 24 
(D). 
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Tregs, expressed as a proportion of the parent lymphocyte population, showed no change after the 

MSC infusions in either cohort of treated patients (Figure 4.35). 

 

 

 

Figure 4.35: Frequency of Tregs expressed as a proportion of the parent lymphocyte population 

There was no change in the Treg (defined as CD3+CD4+CD25+CD127loFoxP3) population in the 
‘sham’ arm (A), ‘Early MSC-treated’ group (B), ‘Delayed MSC-treated’ group (C) nor when the data 
was analysed for all 12 patients after their MSC infusion, whether given at Week 0 or Week 24 (D). 
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Expression of certain markers on Tregs to indicate their activation state - was also examined (Figures 

4.36 – 4.38).  

There were no significant differences in the expression of CD62L, HLA-DR or CD39 by Tregs after 

treatment with MSCs. 

 

 

 

Figure 4.36: Frequency of CD62L-expressing Tregs as a proportion of the total Treg population 

CD62L expression was not significantly altered after the infusions in the ‘sham’ arm (A), ‘Early 
MSC-treated’ group (B), ‘Delayed MSC-treated’ group (C) or when the data was analysed for all 12 
patients after their MSC infusion, whether given at Week 0 or Week 24 (D); p>0.05 in all cases. 
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Figure 4.37: HLA-DR-expressing Tregs expressed as a proportion of the total Treg population 

The expression of the activation marker, HLA-DR, did not change after the ‘sham’ infusion (A) or 
after the MSC infusions given at Week 0 (data seen in A and B) or at Week 24 (C) over six months. 
No changes were seen beyond six months in the ‘Early’ MSC treated group (B) nor when the six 
months data from all 12 MSC-treated patients was combined (D).  
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Figure 4.38: CD39-expressing Tregs expressed as a proportion of the total Treg population  

As with the other activation markers, there was no significant change in the frequency of CD39+-
expressing Tregs after either the infusion of ‘sham’ infusion or MSCs (A). The MSC- treated groups 
comprised those receiving it at either Week 0 (A) or at Week 24 (C). The group, receiving MSCs at 
Week 0, had a longer total follow-up of 12 months with no significant changes seen during that period 
either (B). As expected from the latter results, when CD39+Treg frequencies for all MSC-treated 
patients following their respective infusion was collated for six months, there was no significant 
differences at any time-point compared to patient’s relevant baseline (D). 
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4.4.3.  Effect of MSC infusion on T cell effector function 
 

In addition to the numerical enumeration of different cell types using flow cytometry, an attempt was 

to characterise the effect – in a limited way – of MSCs on the effector function of the immune system 

and for the purposes of the study, secretion of the cytokine IFN-γ by T cells was chosen given it is the 

‘signature’ inflammatory cytokine of the Th1 cells primarily but is also secreted by Th17, CD8+ cells 

and MAIT cells. Due to the restriction of cell surface markers being used, it was only possible to 

examine the origin of the IFN-γ in a general way i.e. either by the CD4+ or CD8+ pool rather than by 

specific subtypes. Figures 4.39 and 4.40 show the results for the CD4+ and CD8+ populations 

respectively. 

As expected, IFN-γ-expression by CD4+ cells was not significantly affected by the placebo infusion 

given to half the trial patients at Week 0. However, there was also no significant alteration following 

the MSC infusions whether given at Week 0 or 24 (Figure 4.39).  

The IFN-γ expression by CD8+ cells also did not change significantly when similar comparisons are 

performed (Figure 4.40).  
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Figure 4.39: Frequency of IFN-γ-expressing CD4+ cells expressed as a proportion of the 
CD3+CD4+ population following stimulation of PBMCs for six hours with PMA and Ionomycin 

CD4+ cells expressing IFN-γ were enumerated following stimulation of PBMCs with PMA and 
Ionomycin for six hours followed by surface and intracellular staining. There was no significant 
change in the IFN-γ expression after the placebo infusion at Week 0 (A), in the six patients infused 
with MSCs at Week 0 and followed for 12 months (B), when six patients were treated with MSCs at 
Week 24 having received placebo at Week 0 (C) and nor when data from all 12 MSC-treated patients 
was collated (D). 
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Figure 4.40: Frequency of IFN-γ-expressing CD8+ cells expressed as a proportion of the 
CD3+CD8+ population following stimulation of PBMCs for six hours with PMA and Ionomycin 

CD8+ cells expressing IFN-γ were enumerated following stimulation of PBMCs with PMA and 
Ionomycin for six hours followed by surface and intracellular staining. There was no significant 
change in the IFN-γ expression after the placebo infusion at Week 0 (A), in the six patients infused 
with MSCs at Week 0 and followed for 12 months (B), after six patients were treated with MSCs at 
Week 24 having received placebo at Week 0 (C) and nor when data from all 12 MSC-treated patients 
was collated (D); p>0.05 in all cases (using ordinary one-way ANOVA). 
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4.4.4.  Phenotypic analysis of PBMCs in six healthy controls and MS patients   
 

The comparisons in the previous sections focussed on the differences occurring in MS patients in the 

trial with six of those patients receiving a placebo infusion over the first six months before the MSC 

infusion was given at Week 24, effectively serving as a “control” for the active treatment i.e. MSCs. 

As an extensive longitudinal analysis of cell types was being undertaken, six healthy individuals were 

recruited and a longitudinal analysis undertaken of the same cell subtypes to examine if there would 

be any change over 6 months, effectively a second “control” to the study. In this section, for 

comparison, the data for the MS patients receiving the placebo infusion is re-presented. The same 

aforementioned cell markers are used to define the cell subsets. 

 

Figure 4.41 shows the monocyte and the monocyte subsets (classical, intermediate and non-classical) 

at four different time-points i.e. baseline, Week 4, 12 and 24 in healthy controls and also the same 

data for the ‘Delayed MSC-treated’ MS patients who would have received a placebo/sham infusion at 

Week 0. There was no significant change within either group over the 24 weeks examined. 

Although there were no significant differences of the total dendritic cells in either the healthy controls 

or MS patients over the course of 24 weeks, the dendritic cell subsets were significantly altered – but 

only in the healthy controls; there were no significant differences seen in the untreated MS patients 

(Figure 4.42). pDC frequency was significantly increased at Weeks 4, 12 and 24 compared to Week 0 

(Figure 4.42C) and mDC frequencies were significantly decreased at all time-points compared to 

Week 0 (Figure 4.42E) which was reflected by decreases in both mDC CD16+ and CD1c+ cells 

(Figures 4.42 G and I).  

 

There were no significant changes in the NK cells over six months in either the healthy controls or 

untreated MS patients (Figure 4.43 A and B).  

The innate-like lymphocyte populations showed that, again in the healthy controls, there was a 

significant reduction in the NKT cells at Week 4 compared to Week 0 (p = 0.0243) but not in the 

untreated MS patients (Figures 4.43 C and D). However, the CD3 (bright) CD56+ T cell population 

frequency was unchanged in both groups (Figures 4.43 E and F) as was the MAIT cell frequency 

(Figures 4.43 G and H). 

There were no differences over six months in the CD4+ cell population subtypes (Figures 4.44 and 

4.45) – including the regulatory T cells - nor of the CD8+ cell subtypes (Figure 4.46) in either the 

healthy controls or untreated MS patients. The activation markers on Tregs were also unchanged with 
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the exception of CD62L which shows a significant reduction at Week 4 in the healthy controls only (p 

= 0.0116); data not shown. 

.
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Figure 4.41: Monocyte and monocyte subsets in six healthy controls and six MS patients 

Monocyte frequencies, expressed as a percentage of the live PBMC population, were unchanged over 
six months in both healthy (A) and untreated MS patients (B). There were also no significant 
differences over time in the classical (C and D), intermediate (E and F) and non-classical monocyte 
(G and H) subsets, frequencies being expressed as a percentage of the total monocyte population. The 
healthy controls are represented on the left and MS patients on the right of the diagram. 
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Figure 4.42: Dendritic cells and 
their subsets in six healthy 
controls and six MS patients 

Dendritic cell frequencies, 
expressed as a percentage of the 
live PBMC population, were 
unchanged over six months in 
both healthy (A) and untreated 
MS patients (B). In the pDC 
population, there were significant 
increases at all time-points 
compared to Week 0 in the 
healthy controls (C) but no 
change in the untreated MS 
patients over six months (D). The 
mDC and its’ subsets showed 
significant reductions compared 
to Week 0 but only in the healthy 
controls (E, G and I). 
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Figure 4.43: Frequency of NK cells and the innate-like lymphocytes (NKT, CD3 (bright)CD56+ 
T cells and MAIT cells), expressed as a proportion of PBMCs in six healthy controls and six MS 
patients 

All cell types were expressed as a percentage of the live PBMC population. NK cell frequencies were 
unchanged over six months in both healthy (A) and untreated MS patients (B). The NKT population 
showed a significant reduction (p=0.0243) at Week 4 compared to Week 0 in the healthy controls (C) 
but no changes in the MS patients (D). However, the CD3(bright)CD56+ and MAIT cells showed no 
significant changes over six months in either healthy controls (E and G) or MS patients (F and H).  
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Figure 4.44: CD4+ cells and 
their subsets in six healthy 
controls and six MS patients 

CD4+ frequencies, expressed as 
a percentage of the live PBMC 
population, were unchanged 
over six months in both healthy 
(A) and untreated MS patients 
(B). The naïve (C and D), 
central memory (E and F), 
effector memory (G and H) and 
effector (I and J) populations – 
all expressed as proportion of 
CD3+CD4+ population - were 
also not significantly different 
compared to Week 0 over six 
months. The healthy controls 
are represented on the left and 
MS patients on the right of the 
diagram. 
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Figure 4.45: Frequency of the Th and Tregs cells in six healthy controls and six MS patients 

The Th1, Th2 and Th17 cell types were expressed as a percentage of the CD3+CD4+ population. Cell 
frequencies were unchanged over six months in both healthy (A, C, E) and untreated MS patients (B, 
D, F). The Tregs, expressed as a percentage of the lymphocyte population, showed no significant 
reduction over six months in either the healthy controls (G) or MS patients (H); p>0.05 in all cases.  
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Figure 4.46: CD8+ T cells and 
their subsets in six healthy 
controls and six MS patients 

CD8+ T cell frequencies, 
expressed as a percentage of the 
live PBMC population, were 
unchanged over six months in 
both healthy (A) and untreated 
MS patients (B). The naïve (C and 
D), central memory (E and F), 
effector memory (G and H) and 
effector (I and J) populations – all 
expressed as proportion of 
CD3+CD8+ population - were 
also not significantly different 
compared to Week 0 over six 
months. The healthy controls are 
represented on the left and MS 
patients on the right of the 
diagram. 
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CD19+ total cells and the aforementioned B cell compartments showed no significant differences over 

six months in the healthy controls or untreated MS patients; Week 4 data for the transitional cells is 

missing due to inadequate staining (Figures 4.47 - 4.48). 

 

 

  

 

 

Figure 4.47: CD19+ B cells and 
regulatory subsets in six 
healthy controls and six MS 
patients 

CD19+ B cell frequencies, 
expressed as a percentage of the 
live PBMC population, were 
unchanged over six months in 
both healthy (A) and untreated 
MS patients (B). The CD5+ 
CD1dhi B10regs (C and D), 
CD24hiCD38hi Bregs (E and F) 
and transitional B cells (G and H) 
– all expressed as proportion of 
the CD19+ population - were also 
not significantly different 
compared to Week 0 over six 
months. The healthy controls are 
represented on the left and MS 
patients on the right of the 
diagram. 
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Figure 4.48: Frequencies of 
naïve-, memory-, plasma- B cells 
and plasmablasts in six healthy 
controls and six MS patients 

Naïve B cell frequencies, expressed 
as a percentage of CD19+ pool, 
were unchanged over six months in 
both healthy (A) and untreated MS 
patients (B). There were also no 
differences in the non-switched 
memory (C and D), switched 
memory (E and F), plasma (G and 
H) or plasmablasts (I and J) at any 
time-points compared to Week 0 
over six months. The healthy 
controls are represented on the left 
and MS patients on the right of the 
diagram. 
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IFN-γ-expression by CD4+ and CD8+ cells was not significantly affected in the healthy controls 

(Figure 4.49).  

 

 

 

 

Figure 4.49: Frequency of IFN-γ-expressing CD4+ and CD8+ cells expressed as a proportion of 
their parent population following stimulation of PBMCs for six hours with PMA and Ionomycin 

CD4+ and CD8+ cells expressing IFN-γ were enumerated following stimulation of PBMCs with 
PMA and Ionomycin for six hours followed by surface and intracellular staining. There was no 
significant change in the IFN-γ-expressing CD4+ cells at the three further time-points after Week 0 in 
either the healthy controls (A) or the MS patients given a placebo infusion at Week 0 (B). The 
frequency of IFN-γ-expressing CD8+ cells also did not change either in these healthy controls (C) or 
MS patients (D) over six months; p>0.05 in all cases. 
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4.5. Discussion 
 

There are only a few studies of effects of MSCs on the various immune subsets and even fewer in MS 

patients. These have tended to focus on a few specific subsets and have not utilised the possibilities 

provided by multicolour flow cytometry to accurately identify the subpopulations as in this study. 

It has been shown here that the administration of MSCs had affected some of the cellular 

compartments within peripheral blood to include monocytes, dendritic cells, CD4+ cells, CD8+ cells 

and B cells. However, only specific subsets were changed and on some occasions in only one cohort 

of treated MS patients (i.e. the ‘Early’ or ‘Delayed’ group) and at variable time-points. 

 

4.5.1.  Changes in the Treg cell populations  
 

In this study, there were no significant changes in the Treg population or in the expression of the 

activation markers. In the ‘Early’ MSC-treated group, Treg frequency appeared stable until Week 36 

when it decreased transiently but in the ‘Delayed’ MSC-treated group, there was a decrease in the 

fourth week followed by an increase at three months (non-significant). There were no recent relapses 

in the patients with the most significant reductions in Treg frequency to account for the mean drop 

seen and nor was there any significant increase in Tregs in the one patient in the ‘Delayed’ group who 

received methylprednisolone at Week 32, four weeks before peripheral blood sampling at Week 36 

[336, 337].  This is in marked contrast to the in vitro experiments demonstrating induction of Tregs by 

MSCs and clinical studies such as by Mohajeri et al. who found that the expression of FoxP3 

increased almost unequivocally after MSC injection in MS patients [47, 217]. However, although this 

group also used relapsing-remitting disease and had similar time-points of measurements, there were 

differences – in STREAMS there was blinding as to allocation of the MSC/placebo infusion until all 

the analyses of the acquired immunophenotyping data were complete whereas the aforementioned 

study was in the pilot phase and hence unblinded. It was given by a different route i.e. intrathecal as 

opposed to intravenous but perhaps most importantly, using solely FoxP3 gene expression in PBMCs 

is not so reliable – as although FoxP3 is considered a specific marker for Tregs, it is not exclusive to 

Tregs being also expressed, for example, by activated effector T cells [338]. 

The current data is also in contrast to Jitschin et al. who treated six steroid-refractory GvHD patients 

with intravenous (allogeneic) MSCs and found that the frequency of Tregs (defined as 

CD4+CD25medhi CD127loFoxP3+) was transiently higher in the MSC group (for up to three months) 

compared to the control group though they found no differences in CD62L+ Tregs as in this study 

[334]. Whilst they used a single-dose of the same mean dose of MSCs (2 x 106 cells/kg), there are 
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obvious differences in the disease being studied (GvHD is a systemic disease), the fact that it was 

blind as opposed to double-blind as in STREAMS but there are also very important considerations in 

the nature of their study - their HSCT patients were treated with a range of immunosuppressive 

therapies such as cyclosporin, methotrexate and sirolimus in the prophylaxis regimens, at infusion in 

most cases with steroids and in two MSC-treated patients, tacrolimus or sirolimus were given again 

“before or within 90 days of MSCs” which would inevitably make it hard to disentangle effects of the 

MSCs themselves not least because the “baseline” frequency of the cell type had not been measured – 

all comparisons were between MSC and control group at days 30, 90 and 180 but it would be 

important to know that there were no underlying differences between the two groups at the outset i.e. 

day 0. It is not clear as to why this was not done because blood samples were collected in their study 

before the MSC/placebo infusion. This would seem relevant because some of these therapies may 

have their own independent effects on Tregs. The immunosuppressive effect of tacrolimus, for 

example, has been attributed to enhancing the proliferation of Tregs in humans and in vivo human 

data has suggested that cyclosporin treatment results in higher levels of circulating Tregs [339, 340].  

A larger study – albeit open-label and non-randomised - of 47 GvHD patients in which 28 patients 

received MSCs also found that Treg (CD4+CD25+FoxP3+) frequencies were higher than in pre-

treatment and also higher than those in the non-MSC group at eight and 12 weeks post-treatment 

[335]. However, although the median dose of MSCs per infusion was lower (1 x 106 cells/kg), this 

was given weekly until the patients either responded completely or they had received a total of eight 

doses of MSCs – a median dose of four doses was received by the patients with the range being two to 

eight. In addition, their recruitment of patients required refractory GvHD despite seven days of 

steroids (the first-line treatment) but also five days of at least one second-line treatment which could 

include the options of mycophenolate, cyclophosphamide and methotrexate meaning that wash-out 

period was not adequate and whilst it could be argued that no statistical differences existed between 

the two groups in terms of pre-existing second-line immunosuppressants, a synergistic effect between 

MSCs and the immunosuppressant cannot be excluded i.e. the benefit cannot be solely attributed to 

the MSCs – although this would not of course diminish the utility of MSCs as a therapy for acute 

GvHD. There is also the issue that allogeneic MSCs were used and in this latter study, the MSC-

treated patients received MSCs from two or more donors which may be useful as it is unlikely that all 

MSCs are equal.  

Similar to our study, Llufriu et al. found no changes in nTregs (defined as CD4+CD25+FoxP3+) or 

iTregs (CD3+CD4+IL-10+) either [54]. 
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4.5.2.  Changes in the CD4+ and CD8+ cell populations  
 

Unlike the Tregs in this study, the total CD4+ cell frequencies showed a gradual downward trend in 

both ‘Early’ and ‘Delayed’ groups and at Week 36 (in the ‘Early’ group) there was a significant 

reduction compared to Week 0 – this significant point was similar for Th1 except that the downward 

trend seen in the ‘Early’ group was reversed to show an increase over six months in the ‘Delayed’ 

MSC group. This time-point also seems longer than one may expect MSCs to have had their peak 

effect following homing to lymphoid organs after infusion and given that their survival is brief 

(approximately 24 hours).  

The Th2 cell frequencies were stable in the ‘Early’ MSC group but in the ‘Delayed’ MSC group, 

showed a decrease over the first 12 weeks before increasing – in both the Th1 and Th2 cases, this 

influenced the profile seen when all data from 12 MSC-treated patients was considered.  

In the case of Th17, there was a gradual reduction in both MSC-treated cohorts although this trend is 

more evident in the ‘Early’ MSC group especially at Week 12 post-treatment.  

There was no clear trend for CD4+ naïve, central memory or effector subsets seen but whilst not 

significant, there appeared a downward trend for the CD4+ effector memory subtype – the peak effect 

seen by Week 12 post-infusion in both treated groups.  

 

For the CD8+ immune compartment, there was a trend towards a decrease in both groups up to Week 

12 post-MSC infusion which was significant by Week 4 in the ‘Delayed’ group (p=0.044) and whilst 

there did not appear to be a clear trend for naïve CD8+ cells, the central memory frequencies were 

generally higher post-infusion and the CD8+ effector memory cell frequencies were stable in the 

‘Early’ group but showed a decrease to Week 12 post-infusion in the ‘Delayed’ group. The CD8+ 

effector cells by comparison showed a more pronounced reduction in the ‘Early’ group – there being a 

significant decrease by Week 12 (p = 0.0471).  

 

On review of the ‘raw’ individual patient data, the patients “accounting” for the largest decrement in 

CD4+ and Th1 frequencies (at Week 36 in the ‘Early’ group) had not received steroids with the 

exception of Patient 4 but this was received eight weeks before the peripheral blood was sampled at 

Week 36 so the interference is unlikely to persist. The increase in Th1 seen in the ‘Delayed’ group 

was largely accounted for by Patient 6 who had had a protracted relapse at Week 23.5 and Patient 11 

who had had a relapse at Week 31. Patient 10 also almost had a 50% increase in Th1 cell frequency 

but in the absence of any reported relapses. Similar to Patient 6, Patient 1 had a relapse at Week 23 
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(pre-MSC infusion) but the Th1 levels remained stable – and although she received steroids at 

approximately Week 32, the Th1 frequency was only changed markedly at Week 48. These individual 

reviews demonstrate that the changes seen cannot be wholly attributed to whether the patient had 

relapses or received steroids, the two possible confounding factors to the immunophenotypic results. 

Consistent with the Th1 change, it is Patient 6 who shows the largest decrease in Th2 in the ‘Delayed’ 

group, masking the increase seen in some of the other patients.  

The gradual reduction in Th17 frequencies did not appear to be impacted by steroids given to Patient 

3 approximately two weeks before the sample was taken at Week 12 in the ‘Early’ group nor to 

Patient 1 to whom steroids were given at Week 32 in the ‘Delayed’ group. Nor did these potentially 

confounding factors appear to affect the CD4+ effector memory decreasing trend.  

 

The significant drop in total CD8+ at four weeks post-MSC infusion in the ‘Delayed’ group (p = 

0.044) is largely accounted for by the almost 70% change seen in Patient 6 but smaller decreases are 

seen in Patient 10, Patient 5 and Patient 11 of 20 - 30% and who have no documented relapses pre-

Week 28. There was no obvious correlation between this change and CD8+ naïve, central memory or 

effector memory cells. The CD8+ effector cell frequency decreases in almost all (5/6) patients in the 

‘Delayed’ group but most significantly in Patient 3 and Patient 4, both of whom have relapses prior to 

the Week 12 time-point and so this might partially reflect migration of these cells into the CNS. The 

trend towards an increase in CD8+ central memory and decrease in CD8+ effector memory (the latter 

at least in the ‘Delayed’ group) is potentially quite interesting as although both cell types are capable 

of producing cytokines, it is the effector cells that migrate into the brain tissue of MS patients – these 

trends could “hint” at MSC skewing of T cell subsets away from more differentiated effector cells but 

clearly a larger cohort is needed to see if this is the case and one may have also expected an increase 

or a trend towards an increase in the naïve proportion of CD4+ and CD8+ T cells. This change is 

perhaps at odds with Mikulkova et al. who had demonstrated that in MS patients, the CD8+TEM 

increase was seen with more minor disability [193, 194, 341]. In the few studies available for 

comparison, Jitschin et al. obtained a higher CD4+/CD8+ ratio in the MSC-infused patients, saw no 

differences in the naïve and memory subsets but in contrast to our data, saw an increased CD8+ 

effector cell frequency although they noted lower levels of activated CD4+ and CD8+ T cells [334]. 

The lymphocyte analysis in the study conducted by Zhao et al. showed that the CD4+/CD8+ ratio was 

again increased but whilst the CD4+ levels were not significantly different, the CD8+ T cell levels 

were significantly decreased by 8 weeks – but no further subset analysis was done [335]. Llufriu et al. 

was, as mentioned previously, the closest in design to STREAMS and found that there was a non-

significant decrease in Th1 (defined as CD3+CD4+IFNγ+) which actually also persisted over 6 

months post-MSC treatment and there were modest reductions in Th17 [54]. In contrast to 
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STREAMS, however, blood samples were analysed at only three time-points (as opposed to four) per 

six-months which can limit commentary of perceived trends and their immunophenotyping was 

limited in scope of cell subsets analysed (i.e. no data on CD8+ cells for example) and less stringent in 

the defining of a cell subset as compared to the 8 - 12 colour flow cytometry panels used in 

STREAMS. There were also other clear differences – for example, they allowed an MSC dose of 1 - 2 

x 106 cells/kg (although mean was 1.87 x 106) and they also gave 100mg methylprednisolone to 

prevent infusion reactions whereas only chlorpheniramine was given to STREAMS patients.  

There were no significant changes in the effector function – defined by IFN-γ secretion in this study – 

in either CD4+ or CD8+ T cells. 

 

4.5.3.  Changes in the B cell populations  
 

The limited ex-vivo B cell data available indicates that MSCs have little effect on B cell frequencies 

but these studies only appeared to stain PBMCs with CD19+ in the case of Zhao et al. and only 

additionally with IL-10 by Jitschin et al. [334, 335]. This limited flow cytometry was also performed 

by Llufriu et al. who by comparison found a trend towards an increase in what they defined as 

regulatory CD19+IL-10+ cells [54]. However, this does not specify the subset as a number of B cell 

types could express IL-10 such as naïve, CD5+CD1dhi (B10regs), CD24hiCD38hi (denoted Bregs in 

STREAMS), transitional cells and also some memory cells and as such is not so wholly useful to 

understand how MSCs may influence the immune compartments in vivo [342].  

The data obtained in the current study appears potentially more interesting – although the total B cell 

and transitional cell frequencies were unchanged and the Breg (CD24hiCD38hi) frequency appears 

slightly decreased, the B10 regs show a significant increase by Week 48 in the ‘Early’ MSC group. 

Whilst this significant result may have been affected by the loss of two data points, it is notable that 

the ‘Early’ group shows an increase in B10 regs over the first 12 weeks and in the ‘Delayed’ MSC 

group - after an initial decrease - there is an increase for the remaining follow-up period. The naïve B 

cell population shows a non-significant increase (which is transient in the ‘Delayed’ group) and there 

are reductions in the switched memory B cells and in non-switched memory B cells (‘Early’ group). 

There is large inter-patient variability in the plasma B cell levels but there appears to be a reduction in 

the ‘Early’ group and both groups show an increase in the plasmablasts (which reaches significance at 

Week 28 for the ‘Early’ group’). These changes could be construed as being suggestive of skewing of 

B cells towards a regulatory phenotype (indicated incompletely by the aforementioned study) but also 

that there appears to be skewing towards a less differentiated phenotype – a possible MSC action that 

was established by in vitro studies and the fact that the reallocation of B cells with an increase in 
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proportions of regulatory B cells with relative contraction of memory B cells was seen with IFN-β 

shows how this can be useful [343]. The fact that in vitro studies use quite different B cell 

populations, stimuli and high MSC:B cell ratios means it is probably expected to not see a marked 

effect in a small study but it may provide a useful starting point for further evaluation [262]. However, 

the small size prevents any definitive conclusions from being made. The Breg frequency decrease 

mentioned above was largely attributable to two patients in the ‘Delayed’ group – both of whom had 

relapses just prior to Week 24 and a reduction in Bregs associated with relapses has been recognised 

[344]. 

 

4.5.4.  Changes in the innate cell populations  
 

There was a significant decrease in the total monocytes in the ‘Delayed’ group at Week 28 and 48 but 

no change in the subsets was seen. There is no other clinical immunophenotyping data available for 

comparison.  

There were, however, more changes in the DC populations. Whilst there was no significant difference 

in the total DC population there appeared a trend towards a decrease in the ‘Early’ group. The pDC 

population showed no significant changes but there appeared a trend towards an increase in the 

‘Early’ group whereas the mDC population was inclined towards a decrease that was more evident in 

the ‘Delayed’ group – importantly, although the mDC CD16+ cells only showed a trend towards an 

decrease in the ‘Early’ group (after a minor increase at Week 4), it was the CD1c+ cells that showed a 

significant decrease at Week 36 in the ‘Early’ group but by Week 12 when all 12 patients were 

considered. Although, these changes are occurring at variable times and in two different cohorts (i.e. 

‘Early’ or ‘Delayed’), the general picture appears to be a trend towards increasing pDC and 

decreasing mDC especially the mDC CD1c+ population and given that mDCs have been considered 

to be the more pathogenic subtype and more likely to secrete IL-12 whereas the pDCs can induce 

Tregs as mentioned earlier, it is possible that this provides some evidence of skewing towards a less 

inflammatory milieu. Jitschin et al. saw no apparent effect on the myeloid cells although both were 

reported with a tendency towards an increase in MSC-treated patients [334].  

This group also found no significant change in the NK cell frequency though commented that MSC-

treated patients had lower NK cell numbers [334]. Similarly, there was no significant difference in the 

current study but there was a trend towards a decrease by Week 12 in both ‘Early’ and ‘Delayed’ 

groups.  
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In the current study, the proportion of NKT cells tended towards an increase in the ‘Early’ MSC 

group whereas the CD3 (bright) CD56+ T cells (representing γδ T cells) appeared to decrease over 

that period.  

There were no significant changes or trends in the MAIT population frequency in STREAMS.  

 

4.5.5.  Limitations of study 
 

This was a detailed immunophenotypic analysis of the immune compartments in RRMS patients 

following MSC therapy – and to date, appears the most comprehensive for any disease state available 

in the literature, but despite its’ breadth of coverage of cell subtypes it could – inevitably - not be 

completely exhaustive so there may well have been effects on other subtypes e.g. CD8+ suppressor 

cells that were not monitored in this study. 

There were sufficient time-points and the samples were analysed ‘fresh’ as opposed to risk any 

changes induced by cryopreservation although the advantage of standardising the acquisition of data 

on the flow cytometer was also lost – though this was mitigated by using compensation beads at each 

acquisition. It may be useful to see if these findings were replicated by using the cryopreserved 

PBMCs for each patient.  

However, there were other obvious and more important limitations to the study which have been 

already been alluded to previously - the most significant was the low patient numbers which 

combined with variability in the disease state as well as the possible change produced in any one 

patient means that detecting a significant immunological response would be difficult. Although the 

crossover design has an advantage in assessing whether any changes are “mirrored” in a second test 

group by virtue of having the ‘Early’ and ‘Delayed’ groups, this is less useful when the overall 

numbers are so small with only 13 patients in total. Then there are disadvantages that the study 

obtained only six months post-active treatment for half of the trial patients.  

When a large number of statistical calculations are computed, there is always the risk of having 

positive p values by chance but it is interesting to note that there were no significant results in the 

‘placebo/sham’ infusion for any cell type or at any time-point which is perhaps remarkable. The 

healthy control data, surprisingly, produced a number of significant changes and whilst one could 

dismiss these as “chance” findings, it remains possible that there were changes pertaining to the 

settings on the flow cytometer but it also demonstrates the variability in samples between one time-

point and the next and this has to be factored in when considering the trial MSC data. 
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4.5.6.  Summary 
 

This study demonstrates that it was feasible on a multicolour flow cytometer to explore a wide range 

of cell types with precision by choice of surface markers. This was always going to be an exploratory 

aspect of the trial design with the expectation of a large number of negative results. The existence of 

some significant data - at times comparable to other work (despite possibly differing conditions of 

MSC expansion) – is interesting. However, the results were not consistent – changes found in one 

treated group were not replicated in the other or occurred at different time-points raising the 

possibility of chance findings. There is therefore no definite evidence to suggest a skewing of the 

immune profile towards an anti-inflammatory one as originally hypothesised. It does need to be 

remembered that only one intravenous infusion was received by each of the patients and that benefit 

may be gained by repeating the infusion. In addition, despite attempting to “homogenise” the study 

population by virtue of recruiting only active RRMS patients, this was difficult to achieve as the 

intracellular milieu of the study group could be substantially different and it has already been shown 

that MSCs are influenced by their micro-environment and sometimes need to be “licensed” before 

they exert a protective/anti-inflammatory effect. Therefore, there clearly is scope for a much larger 

study to see if any of the “significant” findings are “real” and the collaborative network (MESEMS) 

will have further data on some of these cell subsets. It may be possible to explore, initially 

experimentally, whether one can ‘license’ the MSCs whilst expanding their population in the stem cell 

laboratory – this may then bypass the “problem” of dependence on the prevailing patient 

microenvironment.  

 

 

4.6. Conclusion 
 

To conclude, this study did not demonstrate any significant immunological effect of treatment with 

MSCs in the 13 RRMS patients in the STREAMS trial and could not therefore support the original 

hypothesis that MSCS would skew immune cell subsets towards an anti-inflammatory phenotype. 

Larger datasets provided by pooling data from the various contributing centres to MESEMS should be 

explored if possible. 
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5. Ex-vivo analysis of serum and CSF soluble factors after MSC 
infusion 

 

 

5.1. Introduction 
 

Inflammation in the central nervous system is mediated by immune cells but a critical role is played 

by soluble factors - including vasoactive substances, cytokines and chemokines - which are secreted 

by a range of invading immune cells as well as by resident cells in the CNS. These soluble factors are 

implicated in oligodendrocyte death, axonal degeneration and neuronal dysfunction which are the 

hallmarks of MS pathology [181, 345]. Indeed, it was shown that CSF from patients with MS 

contained soluble mediators which were able to induce axonal and neuronal damage in vitro [346]. 

Cytokines are a heterogeneous family of polypeptides that serve as signal transmitters between 

immune cells and the balance between pro- and anti-inflammatory cytokines from both innate and 

adaptive immune cells creates a particular ‘cytokine milieu’ that can determine the fate of immune 

cells, their polarisation and function. Particular cytokine “signatures” have become associated with 

specific T-cell subsets i.e. IFN-γ, IL-2 and TNF-α with Th1, IL-4, IL-5, IL-10 and IL-13 with Th2 and 

IL-17, IL-21 and IL-23 with Th17 [345]. 

Chemokines are a family of low molecular-weight chemoattractant cytokines (8 - 14kDa) which play 

an important role in the selected cell’s migration in response to the chemokine gradient but have 

additional functions, amongst others, of modulating cell adhesion, regulating lymphoid organ 

development and T cell differentiation [347, 348]. There are at least 50 known human chemokines 

and they are classified according to their amino acid composition especially with regards to the first 

two cysteine residues of a conserved tetra-cysteine motif – the CC and CXC chemokines are the two 

largest groups [349]. Table 5.1 summarises the four main families of chemokines and their general 

function. The chemokine receptor, of which there are at least 20, expressed on a cell surface 

determines the destination of that cell’s migration.  

 

Information regarding the role of any cytokine or chemokine in MS has been gained from a number of 

sources including immunohistochemistry of autopsy specimens and sampling of blood and CSF from 

patients. Experimental models have also provided some information as to the role of individual 

molecules but the results are far from invariable even for the those discovered ‘early’ e.g. IFN-γ in the 

MS research timeline. This information is summarised below. 
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Table 5.1: Chemokine classes categorised by biochemical structure 

 

 

 

5.1.1.  Cytokine changes described in MS patients  
 

Cytokine studies in patients involve measurement of cytokines in the peripheral blood, CSF or local 

expression in post-mortem specimens. A number of studies have examined the cytokine profile in MS 

patients and associations between cytokine levels and progression and/or activity of the disease and 
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whilst various data has arisen from this with some common themes emerging, it has not all been 

consistent. 

IFN-γ and IL-12 p40 were found to be increased in the peripheral blood and CSF of MS patients 

especially during acute exacerbations whereas IL-12 p35 was decreased in MS patients compared to 

controls [345]. It is known that IL-12 contributes to the therapeutic action of both cyclophosphamide 

which normalises IL-12 expressed by monocytes and IFN-β which inhibits IL-12 [350, 351]. 

Supportive data for the deleterious effect of IFN-y included the fact that MS patients’ PBMCs had 

increased IFN-γ production after PHA stimulation compared to patients in remission and 

administration of IFN-γ to MS patients in 1987 led to increased exacerbations making it unsuitable for 

therapeutic purposes whilst IFN-β, still used in MS treatment, was shown to decrease IFN-γ 

production in vitro as well as decrease frequency and severity of clinical exacerbations [345, 352, 

353]. 

IL-1β expression in PBMCS was found to be no different in MS patients compared to healthy 

controls in one  study yet Martins et al. used a multiplexed immunoassay to show significant increases 

in serum samples of 833 MS patients not only of IL-1β compared to healthy controls but also of IFN-

γ, IL-2, TNF-α, IL-4, IL-10 and IL-13 which was not influenced by disease subtype [354, 355]. The 

findings by Gallo et al. demonstrated increased IL-2 in both serum and CSF of clinically active MS 

patients whereas Sharief et al. only showed increased CSF (but not serum) IL-2 concentrations in MS 

patients compared to controls and this correlated with active disease [356-358].  

Higher levels of TNF-α in both the serum and CSF of MS patients compared to controls was found in 

other studies and in addition, CSF levels shown to correlate with lesion severity and disease 

progression though other data refuted the presence of TNF-α in CSF [359-361]. When Wen et al. 

examined levels of inflammatory cytokines in MS, they also found elevated levels of TNF-α in serum 

and CSF, of IL-17 and IL-23 in both fluid compartments but osteopontin was only elevated in the 

CSF and IL-6 was not significantly different to controls [362]. This group found that both osteopontin 

and IL-23 levels were correlated to IL-17 levels observed and IL-23 was also positively correlated 

with the EDSS. Serum osteopontin protein levels had previously been shown to be increased in 

RRMS patients and in particular those with relapses; patients with the SPMS and PPMS types were 

found to have levels comparable to control subjects [363, 364]. A larger study in 221 MS patients by 

Comabella et al. in 2005 found higher levels of osteopontin in relapsing MS patients compared to 

those in remission but also in RRMS and SPMS patients without progression compared to their 

counterparts with disease progression as evidenced in the previous year [365]. Hagman et al. found 

that whilst TNF-α was elevated in all MS patients, TNF-α and CCL2 were particularly elevated in 

PPMS patients confirming previous work in 1991 showing increased TNF-α in serum and CSF with 

increased intrathecal synthesis of CCL2 in PPMS [359, 361]. The macrophage migratory inhibitory 
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factor, MIF, was decreased in RRMS (in contrast to other work) but they found no significant 

changes in IFN-γ, IL-2, IL-6, IL-10, IL-12p70 or indeed in the chemokines CCL3, CCL4 or 

CXCL10 in any patient MS subtype [361]. Tumani et al. showed that the ratio of (IFN-γ + IL-2)/(IL-

4 + IL-10) was significantly elevated in patients experiencing a relapse compared to those who were 

relapse-free [366]. No such signature cytokine profile could be ascribed to MS patients at presentation 

in the study by Mouzaki et al. – whilst they found that CSF levels of IFN-γ, TNF-α, TGF-β1, IL-2, 

IL-4, IL-10 and IL-17 were lower than in serum (the only exception being IL-6), these levels did not 

differ significantly from non-inflammatory neurological diseases (NIND) or symptomatic controls 

with the exception of serum IFN-γ and TNF-α which were higher in  NIND [367]. In fact, their MS 

patients had a significantly lower serum Th1/Th2 ratio compared to NIND and other inflammatory 

neurological diseases (IND) and lower serum IFN-γ/IL-10 and CSF Th1/Th17 ratios than the IND 

group [367]. Kraus et al. found no correlation between their studied cytokines (TNF-β, IL-4, IL-10 

and IFN-γ) and cytokine receptors (TNFR-1 and TNFR-2) with brain lesion load [368]. In contrast, 

Khoury et al. found increased levels of sTNF-R1 and sTNF-R2 in patients with chronic progressive 

MS which correlated with both the EDSS increase and appearance of new GELs [369]. In SPMS 

patients treated with cyclophosphamide/methylprednisolone, there was increased expression of IL-4 

secretion by CD3 stimulated PBMCs compared to their counterpart untreated patients [370]. IFN-β 

has been reported to alter levels of a number of other cytokines in addition to IFN-γ i.e. decreasing IL-

4 but increasing IL-10 [371].   

Abnormalities in the other members of the IL-10 cytokine family have also been demonstrated. Serum 

levels of IL-22 were elevated in MS patients, particularly in relapsing MS patients, and frequency of 

Th22 cells (secreting IL-22) was increased in both peripheral blood and CSF [372, 373]. Rolla et al. 

also showed that expansion of the Th22 population was associated with IFN-β therapy resistance 

[373]. 

IL-35, a member of the IL-12 family, has been shown to be decreased in the serum of RRMS patients 

compared to healthy controls and a further study showed an increase in IL-35 levels after IFN-β 

therapy  [374, 375]. 

IL-11 has been thought to be involved in the development of early MS as it was the most significantly 

increased cytokine (7.5 fold) along with IL-9 (13.7-fold) in the serum of CIS patients who also 

showed increases in IL-17A, IL-17F, IL-21 and IL-22 (Th17 cytokines) and IFN-γ but decreased 

levels of IL-4 compared to healthy controls [376]. The same group showed that all these cytokines 

(with the exception of IL-22) were also up-regulated in the CSF of CIS patients – and in the case of 

IL-11 by 26.7 fold – but IL-10 was down-regulated [376]. Both IL-11 and IL-17A increased 

significantly in the relapse phase compared to remission in the same patients [376]. Zhang et al. also 

demonstrated that IL-11+ CD4+ cells were significantly increased compared to healthy controls as 
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were CD4+ cells producing the Th17 cytokines and IFN-γ whereas the percentages of CD4+ cells 

producing the Th2 cytokines, IL-4 and IL-10, were much lower in the CD4+ cells from CIS patients 

compared to matched healthy controls [376].  

There have been few studies of IL-16 in MS patients but a recent paper in 2017 showed that the mean 

serum levels of IL-16 were significantly higher in MS patients compared to healthy controls; this 

confirmed the results published by Nischwitz et al. in 2014 who also showed that serum IL-16 levels 

were reduced after two months of IFN-β1a therapy [377, 378]. In addition, Farrokhi et al. 

demonstrated that polymorphisms of the IL-16 gene were associated with an increased susceptibility 

to MS [377]. 

Serum levels of IL-32 were also found to be significantly different in a large study between MS 

patients and controls which contraindicated a previous – albeit smaller - study that only showed 

increased IL-32 in neuromyelitis optica (NMO) patients [379]. 

Martins et al. justified the increase in both pro-inflammatory and anti-inflammatory cytokines seen in 

their study with a view that in MS, inflammatory and restorative processes would often be occurring 

simultaneously [355]. 

B-cell Activating Factor (BAFF) had been shown to be higher in the CSF of MS patients during a 

relapse indicating a deleterious role but other studies demonstrated similar serum BAFF levels in 

untreated MS patients and healthy controls [380, 381]. However, Kannel et al. showed that BAFF was 

significantly higher in MS patients compared to healthy controls but unaffected by relapses however  

treatments such as IFN-β (but not GA in their study) and immunosuppressants such as mitoxantrone 

(but not short courses of glucocorticoids) raised BAFF levels – this latter finding of a BAFF treatment 

response to IFN-β had been reported by others and in addition that the increased BAFF levels was 

associated with a decrease in autoantibodies to myelin basic protein [380]. IFN-β treated patients who 

relapsed were shown to have lower BAFF levels than those who remained stable [380]. An increase in 

BAFF levels in response to GA has been, however, reported in other work and also with alemtuzumab 

– in the latter case, serum BAFF levels increased 3-fold in the first month and remained significantly 

elevated compared to baseline at all time-points up to 12 months but there were no changes in the 

proliferation-inducing ligand (APRIL) [380, 382]. Ascribing a negative effect, therefore, to BAFF 

appears inaccurate and this view is supported by the failed ATAMS (Atacicept in Multiple Sclerosis) 

study (involving the combined blockade of BAFF/APRIL which exacerbated CNS inflammation) and 

the failed phase 2 trial of a BAFF blocker; the latter trial would argue against the Baert et al. view that 

failure of atacicept was solely due to antagonism of APRIL [380, 383, 384].  

Whilst Desplat-Jego et al. demonstrated that the transmembrane form of TWEAK (TNF-like weak 

inducer of apoptosis) was expressed in monocytes derived from MS patients but not in non-MS cases, 
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they found that levels of the soluble form of TWEAK in serum and CSF were similar in MS and non-

MS patients [385]. There is no MS data for the other members of the TNF superfamily, CD30 

(TNFRSF8) or LIGHT (TNFRSF14). 

High levels of chitinase-3-like 1 (CHI3L1) have been associated with neurological disability in 

RRMS and neurofilament light chains (NF-L) with disability and radiological markers of 

inflammation such as T2 lesions and GELs [386, 387]. More recent data has shown that elevated 

levels of both these markers are associated with cognitive impairment in early MS – in the case of 

CHI3L1 on the Trail Making Test A and Word List Generation for NF-L, indicating decreased 

attention and information processing speed as well as executive dysfunction [388]. Hinsinger et al. 

demonstrated that CSF CHI3L1 levels increased with disease stage and as shown by other work, 

could predict conversion from CIS to RRMS with similar trends for serum CHI3L1 [389, 390]. 

CHI3L1 levels were higher in RRMS patients not responding IFN-β in contrast to those responding to 

the therapy [391]. 

 

In summary, a number of cytokine changes have been described in MS patients and in some cases, 

shown to be associated with inflammation or disability but the results are not all consistent and it is 

clear that for some cytokines, little data exists.  

 

5.1.2.  Pre-clinical studies of soluble mediators measured in STREAMS 
 

Pre-clinical models and in particular, the EAE model, allow individual cytokines and their pathways 

to be altered in order to study their role. This has included single cytokine knockouts, transgenic mice 

and via up-regulation or suppression of cytokine activity which has yielded important information. 

Such data available for the cytokines included in the immunoassays in STREAMS is outlined below. 

 

5.1.2.1. TNF superfamily 
 

TNF-α is a soluble 17-kDa protein composed of 3 identical subunits and the prototypical pro-

inflammatory cytokine produced by T-cells, macrophages, astrocytes and microglia with significant 

evidence to ascribe it a pathogenic role in MS [392]. TNF-α was identified in post-mortem MS tissue 

and has been shown to induce IL-1 secretion, enhance monocyte cytotoxicity as well as participate in 

oligodendrocyte death  resulting in destruction of the myelin sheath demonstrating that it has both 

direct and indirect involvement in the demyelinating process [393]. TNF-α expression in CNS 
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correlates strongly with the disease course in EAE and TNF-α injections significantly prolonged EAE 

and resulted in a more severe cellular infiltration in the spinal cord [345]. Despite striking data 

showing a protective effect of a recombinant TNF-α fusion protein inhibitor in different EAE models, 

TNF-α blockers were not effective and indeed, in the case of lenercept (a recombinant soluble TNFR1 

fusion protein) exacerbated the disease and led to new MS-like lesions on MRI in patients treated with 

etanercept (TNFR2 fusion protein) or infliximab (anti-TNF-α antibodies) – in the latter two cases, 

demyelinating neuropathies have also been reported [392, 394]. Subsequent data has shown that mice 

lacking the TNF-α gene can develop a more severe form of EAE i.e. its role is redundant and that 

TNF-α can also play a beneficial role [395]. 

There are two types of TNF-α receptors: TNF-R1 and TNF-R2. It is known that TNF-R1 knockout 

mice develop a milder course of EAE in contrast to TNF-R2 knockouts which develop a more severe 

course of EAE as compared to wild-type mice. It is also known that TNF-R1 plays a role in T cell 

apoptosis and may be important in immune regulation [345].  

Data on CD30 (TNFRSF8), which can be highly expressed on CD4+, CD8+, B, NK cells and 

macrophages, regarding its role in inflammation is much less extensive [396]. 

LIGHT (homologous to lymphotoxin) is a TNFSF molecule expressed on activated lymphocytes and 

its binding to the LTβ receptors can lead to the regulation of DC and macrophage activity [396]. A 

LTβ receptor-Fc protein (thus blocking LIGHT) was shown to reduce disease in models of MS as well 

as other autoimmune conditions [396].  

The tumour necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) is synthesised as a 

transmembrane protein but is then secreted as a soluble cytokine following proteolytic processing. It 

has been described to have a number of pro-inflammatory and cell death-inducing activities following 

binding to its receptor, the fibroblast growth factor-inducible 14 (Fn14) and signalling through the 

NF-ΚB and MAPK pathways; such activities have included stimulating production of cytokines and 

chemokines, increasing BBB permeability and inducing neurodegeneration [397]. IFN-γ had been 

identified as a potent inducer of TWEAK in monocytes [397]. TWEAK mRNA expression had been 

shown to be increased in animal models and in 2008, Serafini et al. demonstrated that TWEAK was 

upregulated in MS brains (but generally undetectable in normal white matter samples) with 

perivascular and meningeal macrophages, astrocytes and microglia identified as the main sources – 

the increase was related to the degree of inflammation and demyelination [397]. TWEAK was shown 

to increase EAE severity and anti-TWEAK monoclonal antibodies reduced immune cell infiltration 

into the CNS and severity of EAE [398]. 

A proliferation-inducing ligand (APRIL) mainly acts on plasma cells and drives isotype switching and 

survival. APRIL was produced by a subset of CD68+ macrophages and localised to acute and chronic 
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active plaques. It accumulated in astrocytes in active lesions and induced an IL-10 dependent anti-

inflammatory response; astrocytes pre-treated with APRIL were able to inhibit T cell proliferation 

using in vitro MOG-peptide stimulation assays but this APRIL-mediated inhibition was abrogated by 

an IL-10 antagonist [384]. Astrocyte depletion exacerbated EAE and provides supportive evidence for 

the important of IL-10 secretion following induction by APRIL [384]. Additionally, injections of 

recombinant APRIL either via the intraspinal or intravenous route significantly reduced disease 

severity – even when the injections were given at disease onset [384]. This body of pre-clinical 

evidence would support a protective effect of APRIL. 

B-cell Activating Factor (BAFF) is a major survival factor for B cells. As it was shown to accumulate 

in active demyelinating MS lesions, EAE was exacerbated in BAFF-receptor-deficient mice and that a 

BAFF antagonist ameliorated EAE, it was presumed that BAFF was associated with more severe 

disease though the clinical data, as described above, does not support this [380, 383, 399]. 

 

5.1.2.2. IL-17 family of cytokines 
 

IL-17, the signature cytokine of Th17 cells, has five distinct homologs IL-17A-F and is expressed 

following induction by IL-6 and IL-23. IL-17+ T cells are abundant in acute and chronically inactive 

MS lesions [400]. IL-17 induces secretion of CCL2, IL-6 and IL-8 as well as reactive oxygen species 

(ROS) by the BBB endothelial cells, induces CXCL2 and IL-6 by microglia and IL-6, IL-1β and nitric 

oxide (NO) by astrocytes – actions which enhance inflammation [401]. It also disrupts the tight 

junction protein expression and affects endothelial cell contractility which disrupts the BBB [401]. It 

works synergistically with TNF-α (in part because it induces TNFR2) to cause oligodendrocyte death 

[401]. IL-17 is not essential for development of EAE as IL-17 deficiency or antibody neutralisation of 

IL-17 only ameliorated EAE severity but a clinical study of secukinumab (anti-IL-17 antibody) led to 

reduced lesion activity on MRIs of MS patients [402, 403]. 

 

5.1.2.3. Class 2 cytokines 
 

IL-10, IL-19, IL-20, IL-22, IL-26, IL-28A and IL-29 all belong to the IL-10 cytokine family with an 

α–helical secondary structure. 

IL-10 (CSIF) is produced by monocytes, macrophages, DCs, Th2 and B cells. It can inhibit the 

production of cytokines such as IL-1, TNF-α and IL-12,  inhibit T cell proliferation in vitro and 

decrease antigen presentation by monocytes, macrophages and dendritic cells [404, 405]. Animal data 
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showed that administration of human rIL-10 or over-expressing IL-10 in mice led to EAE resistance 

and IL-10 deficient mice developed a more severe form of EAE [345]. Spontaneous recovery from 

EAE as occurs in wild-type mice did not occur with IL-10 deficient mice, indicating the non-

redundancy of IL-10 [345]. 

IL-22 is predominantly produced by Th17 and Th22 cells but can also be produced by CD11c+ DCs, 

NKT and CD8+ T cells [404, 406]. In contrast to IL-10, it has pro-inflammatory properties and can, as 

with IL-17, induce IL-11 secretion, contribute to BBB breakdown and lymphocyte infiltration [407, 

408]. EAE studies note high levels of IL-22 during the induction phase but these levels drop sharply 

with recovery [406]. IL-22 is clearly redundant though as IL-22 deficient mice were fully susceptible 

to EAE [409]. 

IL-19 and IL-20 are both produced by monocytes and thought to act as anti-inflammatory cytokines in 

MS. IL-26, located on chromosome 12, remains poorly investigated. It is known to be secreted by 

Th17 cells [410]. A recent abstract presented at ACTRIMS (‘Interleukin-26, a TH17-Associated 

Cytokine, Enhances BBB Integrity: Significance for MS’; Peelen et al. ACTRIMS 2018) 

demonstrated CD4+IL-26+ cells in the perivascular infiltrates in MS brain tissue and the 

heterodimeric IL-26R on blood vessels of MS brain tissue. This group demonstrated that in human 

primary BBB endothelial cell (hBEC) cultures, expressing IL-26R, administration of recombinant 

human IL-26 (rhIL-26) led to reduced permeability whilst in EAE, rhIL-26 treatment given before 

disease onset reduced extravasation of IgG and fibrinogen into the spinal cord and led to reduced 

disease severity despite it being a Th17 cytokine. 

IL-28 and IL-29 are both located on chromosome 19 and were identified by human genome screening. 

They are induced by viral infection and thought to possibly influence the T cell cytokine profile [411]. 

IFN-α2 and IFN-β are both type 1 IFNs. IFN-β was identified in 1957 and IFN-β gene knockout mice 

are much more susceptible to EAE [412]. It is thought to act primarily on myeloid cells and can also 

alter expression of chemokines such as CCL1, CCL2, CCL7, CXCL10 and CXCL11 in blood and 

CSF which then restricts entry of immune cells into the CNS [404, 413]. 

IFN-γ, a type 2 IFN, is produced by activated CD4+ and CD8+ T-cells and NK cells and serves to 

activate macrophages, produce nitric oxide from arginine, induce MHC class 1 and MHC class 2 

antigen expression, allow T-cell homing to the CNS and enhances the transcription of TNF-α – 

actions that have a major role in MS inflammation. CNS expression of IFN-γ is present at the onset of 

EAE, increases as the disease peaks and decreases during remission [345]. Its overexpression in mice 

CNS led to a progressive demyelinating disease but IFN-𝛾𝛾 knockout mice led to a worsening of EAE, 

indicating that it also had a regulatory role including a down-regulation of IL-17 and GM-CSF [345, 

414]. 
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5.1.2.4. Interleukins 
 

IL-1α is constitutively produced by many cell types especially endothelial and epithelial cells. It is a 

potent inflammatory cytokine that can be increased by inflammatory stimuli and then induced in T 

cells, macrophages but also in neutrophils [415]. Both the 31kDa precursor and 18kDa mature form 

are biologically active which may explain why in brain injury the expression of IL-1α can precede IL-

1β [415]. 

IL-1β triggers similar biological processes to IL-1α but has been more extensively investigated. It is a 

pro-inflammatory 17-kDa cytokine after cleavage of the pro-form, mainly expressed by microglial 

cells and infiltrating macrophages, and promotes oligodendrocyte death in tissue culture [416, 417].  

Its antagonist, IL-1Rα, has been shown to suppress EAE in DA rats [416]. Rossi et al. demonstrated 

that that IL-1β signalling was enhanced with inflammation and led to increased glutamate-mediated 

synaptic excitability and neuronal death [418]. 

IL-2 is produced by CD4+ and CD8+ T cells after activation by APCs and induces further 

proliferation and clonal expansion of T cells, proliferation of B cells and IgG2 antibody production 

[419]. T cells expressing IL-2 were detected in demyelinating MS plaques [419]. 

IL-4, produced by CD4+ T cells,  has been shown to inhibit IFN-γ production by Th1 cells in EAE 

and its administration in EAE models led to disease improvement with reduced demyelination as well 

as inhibition of pro-inflammatory cytokines such as IL-1 and TNF-α [355, 420]. However, it has also 

been shown that IL-4 deficient PLJ and C57BL/6 mice had a similar incidence and severity of EAE 

and in some cases, more severe disease [345, 421]. Increased expression of IL-4 has been found in 

both acute and chronic active MS lesions [417]. Intrathecal production of IL-4 has also been 

demonstrated in purified CNS mononuclear cells, most of which are microglia, and by germinal 

centre B-cells [367]. 

IL-6 is produced by mononuclear phagocytes, vascular endothelial cells, activated T cells and also by 

astrocytes and microglia in the CNS. Although its levels appear unchanged in MS patients as 

described above, it was found to be upregulated in different models of EAE and its overexpression led 

to a neurodegenerative pathology whereas anti-IL-6 administration reduced the incidence of EAE and 

furthermore IL-6 knockout mice were resistant to EAE [345]. 

IL-6 acts through an oligomeric receptor consisting of two subunits: gp80 or IL-6 receptor α (IL-6Rα) 

and gp130, both of which exist in membrane and soluble forms. Soluble IL-6Rα (sIL-6Rα) enhances 

IL-6 activity whilst gp130 inhibits. The gp130 subunit is shared by a number of different receptors for 

other cytokines including IL-11 and IL-27. Some of these “gp130 cytokines” have been shown to be 

differentially involved in regulating development of Th17 cells – with IL-6 directly promoting this via 
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the gp130/IL-6R complex but IL-27 suppressing a Th17 response through the gp130/IL-27Rα ligation 

at the level of macrophages and/or neutrophils [422].  

IL-11 is, as mentioned, a member of the IL-6-type cytokine family, based on their common use of the 

co-receptor gp130 with CD4+ cells representing the predominant source. It had assumed an anti-

inflammatory role following several studies showing it could inhibit NF-ΚB-mediated cytokine 

secretion in monocytes and macrophages as well induce apoptosis in myeloid dendritic cells but more 

recently it has been designated a pro-inflammatory role due to its ability to induce oxidative stress 

[376]. The 19q13 chromosomal region, containing the IL-11 gene, has been associated with increased 

MS susceptibility [376]. IL-11 was also shown to induce differentiation of Th17 cells from naïve 

CD4+ cells, expand the Th17 memory pool and induce production of Th17 cytokines [376]. This year, 

Zhang et al. used immunohistochemistry to demonstrate that IL-11+CD4+ cells were enriched in 

active MS lesions obtained from five patients using a stereotactic needle biopsy and in animal studies, 

showed that a single dose of IL-11 in EAE mice induced acute exacerbations, increased the clinical 

scores and increased the number of CNS-infiltrating IL-17A+CD4+ cells as well as IL-17A serum 

levels compared to control mice [407].  

IL-16 requires cleavage of its precursor molecule, pro-IL-16, which is released when T cells are 

stimulated with mitogens or IL-9 but is also synthesised by dendritic cells. It acts as a major 

chemoattractant for CD4+ T cells, monocytes and dendritic cells acting via the CD4 receptors on the 

surface of these immune cells [423]. Other functions include T cell cycle progression from G0 to G1 – 

but it is not sufficient alone to induce T cell proliferation instead requiring IL-2 or IL-15 [423]. In 

conjunction with other cytokines such as IL-1, IL-6, IL-8, IL-11, IL-17 and TNF-α, it acts as an 

immunomodulatory mediator at sites of inflammation [377]. In EAE mice, increased levels were 

found in the spleen, lymph nodes, brain and microglia and there was evidence that CNS IL-16 levels 

could dictate infiltration of Th1 over Th2 cells in MS lesions – the highest levels of IL-16 were found 

in chronic lesions, followed by subacute and acute [377].  

IL-32 was first identified in activated NK cells and T lymphocytes but is also produced by monocytes 

and endothelial cells. In 2017, it was revealed that a T/C polymorphism in the promoter of the IL-32 

gene, located on chromosome 16, resulting in increased MS susceptibility [379]. IL-32 also induces 

the production of the pro-inflammatory molecules TNF-α, IL-6, IL-1α and CXCL2 [379]. It is perhaps 

interesting to note that EBV – or specifically the EBV latent membrane protein 1 (LMP1) - has been a 

potent inducer of IL-32 expression [379]. 

IL-34, secreted as a homo-dimeric glycoprotein consisting of 242 amino acids, was only identified in 

2008 through proteomic analysis and whilst it belongs to the short-chain helical hematopoietic 

cytokine family, it shows no domain, motif or sequence homology with the other family members 

[424]. It is constitutively expressed by neurons and has been shown to protect them against 
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excitotoxic-induced neurodegeneration [424]. It also enhances microglial neuroprotective functions 

by inducing the expression of heme-oxygenase-1 (HO-1, an antioxidant), induces microglial 

production of TGF-β1 and is thought to be able to restore the integrity of the blood-brain barrier by 

antagonising the actions of pro-inflammatory cytokines which downregulate tight junction proteins of 

the capillary endothelial cells [424]. IL-34 has not been extensively studied in MS but data from other 

immune disorders indicates that it could play both a pro- and anti-inflammatory role depending on the 

prevailing local microenvironment [424]. 

 

5.1.2.5. 4α helices 
 

IL-12 is a disulphide-linked heterodimer (p70) complex composed of a p40 and p35 subunit; although 

the p35 subunit is produced by most cell types, the p40 subunit is produced almost exclusively by 

cells of the myeloid lineage such as by monocytes, macrophages, myeloid dendritic cells and 

microglia in response to inflammatory stimuli and is responsible for the polarisation of Th1 cells [345, 

392]. IL-12 p40 is expressed in active MS plaques [345]. The findings of IL-12 mRNA being elevated 

at the onset of EAE, IL-12 p40 and IFN-γ synthesis being increased after the peak of T cell infiltration 

into the CNS and exacerbation of EAE with IL-12 administration emphasised its pro-inflammatory 

nature – mediated largely by IFN-γ though IFN-γ independent mechanisms exist as it was discovered 

that IL-12 administration exacerbated disease even in the presence of anti-IFN-γ antibodies [345]. 

Although it was found that IL-12p40 deficient mice were resistant to developing EAE, IL-12p35-

deficient mice were not EAE resistant and were more susceptible [392]. IL-23 shares the common IL-

12 p40 subunit and as well as interacting with the IL-23R, can bind to the IL-12 receptor β1 subunit 

[404]. It is an essential cytokine for the development and maintenance of the Th17 subset [404]. 

Despite the fundamental role of IL-23 as shown by the resistance of IL-23p19-deficent mice to EAE 

and the lack of any functional Th17 cells, the anti-IL-12p40 antibody (ustekinumab) failed to show 

any therapeutic benefit in a phase 2 trial in RRMS despite the fact that it was observed that 

daclizumab decreased CSF levels by about 60% in six months  [392, 425, 426]. 

IL-27, a heterodimeric cytokine composed of p28 and EBI-3, has been shown to suppress Th17 

development by binding to the gp130/IL-27Rα complex and also suppresses the secretion of Th17-

driving cytokines, IL-6 and IL-12/23p40 by accessory cells such as macrophages [422]. 

Overexpression of IL-27p28 in vivo, that antagonised gp130 signalling, ameliorated EAE pathology 

[422]. 
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IL-35 is a dimeric protein composed of IL-12α and IL-27β chains and it is secreted by Tregs, Bregs 

and regulatory CD8+ T cells and is a purely immunosuppressive cytokine unlike the other IL-12 

family members [427].  

 

5.1.2.6. Matrix metalloproteinases (MMPs) 
 

The disruption of the BBB is a key event in the pathophysiology of MS and the MMPs, extracellular 

matrix (ECM) degrading enzymes, are very relevant. They are a large family of Ca2+ and Zn2+-

requiring endopeptidases which become expressed in inflammatory conditions and can degrade all 

major components of the ECM which then allows infiltration of mononuclear cells into the CNS 

which also serve as a source of MMPs [428]. They can serve additional functions such as proteolysis 

of myelin components and proteolytic cleavage of cytokine precursors [428]. High levels of MMP-1, 

2, 3, 7  and 9 expressing cells have been detected in MS plaques and in the CSF of MS patients and 

Kouwenhoven et al. showed that monocytes from MS patients expressed higher levels of MMP-1, 3, 

7 and 9 compared to controls [428]. 

 

5.1.2.7. Other soluble factors 
 

sCD163: The scavenger receptor CD163 is selectively expressed by tissue macrophages and 

monocytes; the membrane form is cleaved by MMPs in response to inflammatory stimuli releasing 

soluble CD163 (sCD163) which can regulate cytokine production by macrophages [429]. 

Macrophages expressing CD163 have been observed in various stages of MS lesions [429]. It has also 

been shown that sCD163 was increased in MS patients and the membrane-bound form decreased 

compared to controls – this correlated with reduced plasma levels of inflammatory cytokines IL-6 and 

IL-12p40 [429]. High levels were also found in the CSF and a high sCD163 CSF/serum ratio was 

obtained in RRMS (and PPMS) patients indicating local production in the CNS [430]. 

Granulocyte-macrophage colony-stimulating factor (GM-CSF): A monomeric glycoprotein which is 

primarily produced by T cells and macrophages but also by NK cells and endothelial cells [404]. 

Animal studies have shown that depletion or blockade of GM-CSF in mice significantly improved 

EAE whilst transgenic induction of GM-CSF resulted in spontaneous CNS immunopathology [404]. 

CD4+ T cells from MS patients produce higher levels of GM-CSF and IFN-β therapy reduces GM-

CSF production [404]. A phase 1 trial of MOR103, a human antibody to GM-CSF, has shown 

promising results in MS [431]. 
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Macrophage migratory inhibitory factor (MIF): This innate cytokine is both constitutively expressed 

and released from cytoplasmic stores following stimulation e.g. by cytokines such as TNF-α and IFN-

β which can then stimulate both its own production as well as that of other pro-inflammatory 

cytokines thus promoting Th1 polarisation [361, 432]. It also activates macrophages and induces 

synthesis of NO and MMPs [432]. MIF has been shown to cause accumulation of encephalitogenic T 

cells in the CNS hence facilitating EAE development and a specific inhibitor of MIF ameliorated EAE 

[361, 432]. It is highly expressed in MS lesions and increased levels of MIF were observed in serum 

and in CSF of MS patients with active MS compared to controls though other data showed no 

difference in CSF levels between MS and NIND patients [432]. 

Chitinase 3-like1 (CHI3L1) glycoprotein, a member of the glycoside hydrolase 18 chitinase family 

that targets chitin but lacks enzymatic activity, is produced by a wide range of cells which includes 

macrophages and neutrophils [389, 391]. It has been detected in MS brains, largely expressed by 

astrocytes but also detected in CD68+ cells (microglia and infiltrating macrophages) found in MS 

plaques [389]. 

Osteocalcin: This is secreted solely by osteoblasts and plays a role in the skeletal metabolic 

regulation. However, in its uncarboxylated form, it acts as a hormone and has been shown to regulate 

anxiety and cognitive function [433]. 

Osteopontin (OPN) is a pleotrophic cytokine and was found to be abundant in MS plaques, 

particularly elevated in reactive astrocytes and microglial cells [363]. This phosphoprotein consists of 

314 amino acids and is produced by T cells, macrophages, DCs and NK cells. It is involved in 

macrophage and T cell recruitment to areas of inflammation and B cell activation. It has been reported 

to be involved in the polarisation of Th1 and Th17 responses and in the regulation of a number of 

cytokines in MS including IFN-γ, IL-17, IL-6, IL-12 and IL-10 [362, 365]. Mice deficient in OPN 

were resistant to progressive EAE and cells draining from the lymph nodes in these mice had 

impaired IL-12 and IFN-γ production but increased IL-10 production so providing evidence that OPN 

promoted a Th1 response [363].  

Pentraxin-3 (PTX3): Is a glycoprotein and member of the pentraxin superfamily characterised by a 

cyclic multimeric structure released by a number of cells including dendritic cells and endothelial 

cells in response to inflammatory signals. Plasma levels were found to be elevated in MS patients 

compared to controls and in relapse and there was a trend towards increased disease disability with 

higher plasma PTX3 [434]. However, Ummenthum et al. did not detect PTX3 in CSF of MS patients 

and whilst they demonstrated that PTX3 was elevated in the spinal cords of mice with chronic 

relapsing EAE, neither EAE time course or severity was affected by PTX-3 deficiency and systemic 

administration of PTX-3 did not alter these facets of EAE either [435]. 
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Thymic stromal lymphopoietin (TSLP), a member of the IL-2 cytokine family, was originally classed 

as a B cell growth and activating factor but affects a range of other cells [436]. TSLP has been shown 

to promote the development of tolerogenic DCs that can drive the differentiation of Tregs, up-regulate 

cell surface molecules and chemokine expression of DCs such as CCL17 (which is involved in Th2 

generation and attraction) and in addition, TSLP-primed DCs are involved in the priming of naïve 

CD4+ cells towards a Th2 lineage with consequent Th2 cytokine production [436]. TSLP can also act 

directly on T cells to promote this Th2 differentiation through induction of IL-4 gene transcription. 

TSLP has been shown to play an important role in immune tolerance in the gut [436].  

 

 

5.1.3.  Chemokine involvement in MS – data from pre-clinical and clinical studies 
 

Chemokine ability to direct immune cell invasion into the CSF is important for MS pathogenesis and 

it had been demonstrated that the temporal and spatial patterns of chemokine expression correlated 

strongly with the distribution of infiltrates in the CNS of EAE mice and was later confirmed in MS 

autopsy specimens  [348, 437].  

A number of studies have been performed to elucidate the role of the chemokines but the levels of 

three chemokines particularly - CXCL9 (monokine induced by interferon-γ, MIG), CXCL10 

(interferon-γ-inducible protein of 10kDa, IP-10) and CCL5 (RANTES) – were most consistently 

elevated in the CSF of MS patients especially in the relapse phase [348, 438, 439]. Supporting this 

data was the fact that CD4+ cells expressing the CXCR3 (for CXCL9 and CXCL10) were found to be 

enriched in the CSF compared to the peripheral blood and CD4+ and CD8+ cells expressing CCR5 

(for CCL5) were also more frequent in the CSF [348]. CXCR3+ and CCR5+ positive cells were 

abundant in MS lesions [348].  

In the study by Sorensen et al. the anti-monocyte chemotactic protein-1 (MCP-1/CCL2), largely 

expressed by astrocytes near inflammatory infiltrates, was modestly reduced in the CSF but the anti-

macrophage inflammatory protein-1α (MIP-1α or CCL3), produced by perivascular inflammatory 

cells, was not detectable unlike in a previous study in which it was detected in MS patients but not 

controls - albeit at low levels [348]. Mahad et al. demonstrated, and this was confirmed in a study in 

2013, that decreased CSF CCL2 concentrations were associated with MS relapses and a negative 

correlation between CSF CCL2 levels and CSF cell counts in the relapse phase has been shown, 

important as CCL2 primes T cells towards a Th2 phenotype [438] [440]. Animal data is variable as 

CCL2-deficient mice were very resistant to EAE but Karpus et al. found that CCL3 suppressed initial 

attacks of adoptive transfer EAE whilst CCL2 inhibited subsequent relapses [348, 441-443]. CCL1, 
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CCL4, CCL7, CXCL1, CXCL9, CXCL10, CXCL11 and CXCL16 have also been reportedly 

expressed in the CNS of EAE models [443]. CCR1 knockout mice, for which CCL3 and CCL5 are 

ligands, developed attenuated EAE [443].  

As already discussed in chapter 4, B cells play an essential role in the humoral immune response and 

the recruitment, clonal selection and expansion of B cells has been shown to require a number of 

specific chemokines and cytokines. CCL19, CCL21, CXCL12 and CXCL13 are constitutively 

expressed in lymphoid organs and have been shown to be important for B cell migration as well as for 

lymphocyte compartmentalisation and antigen presentation; some are also present in the CSF where 

they could signal to circulating lymphocytes that otherwise would ‘home’ to the lymphoid tissues  

[444, 445]. 

Transgenic mice expressing CCL19 developed normally and whilst CCL21-expresing mice developed 

infiltrates, these were largely devoid of lymphocytes indicating that CCL21 alone was insufficient for 

lymphocyte trafficking [445]. CCL19 had previously been shown to be increased in the CSF of MS 

patients and mRNA expression of this chemokine was high in MS lesions [446]. Whilst Kowarik et 

al. also found slightly higher levels of CCL19 in all samples of CIS, MS, other neuroinflammatory 

conditions and lyme neuroborreliosis compared to NIND cases, the differences were not significant 

[444]. They also found that CCL21 protein was not detectable in the CSF or in brain tissue 

homogenates although CCL21 staining was positive on endothelial cells highlighting differences with 

mouse models [444-446].  

CXCL13, produced predominantly by cells of the myeloid lineage, regulates homing of B and T cells 

to lymphoid follicles and its intracerebral expression was accompanied by the formation of lymphoid 

follicle-like structures in the meningeal tissues of relapsing EAE mice [444, 447]. These B cell 

follicles with germinal centres had been found in the meninges of SPMS patients and have been 

associated with cortical pathology [448, 449]. Krumbholz et al. demonstrated that CXCL12, a potent 

chemoattractant for monocytes and lymphocytes, was constitutively expressed on blood vessel walls 

in CNS parenchyma (indicating a possible role in leucocyte extravasation) and showed it was present 

in both active and chronic inactive MS lesions whilst CXCL13 was only present in the former [450]. 

In their work, both chemokines were elevated in the CSF of MS patients but only CXCL13 levels 

correlated strongly with intrathecal immunoglobulin production and presence of B cells, plasmablasts 

and T cells and may be responsible for maintaining the presence of these cells in inflamed lesions; this 

association is supported by the fact that all B cells and approximately 20% of CD4+ cells in the CSF 

expressed CXCR5 (the CXCL13 receptor) [444, 450]. CXCL12 is also thought to mediate axonal 

damage following cleavage by metalloproteases present in the MS lesions though others have 

postulated, based on EAE data, that CXCL12 may inhibit disease activity by maintaining the 

infiltrating cells in a perivascular location and by driving the development of regulatory T cells [450, 



281 
 

451]. However, Kowarik et al. did not find any significant differences in CXCL12 levels in CSF 

between MS and NIND cases [444]. This had been previously reported to be the case by Sellebjerg et 

al. who also found that CXCL13 was higher in all subtypes of MS as well as CIS compared to NIND 

controls and confirmed that the levels of this chemokine correlated with the CSF B cell count markers 

and disease activity in CIS and RRMS cases [451]. It also correlated with low expression of IL-10 and 

TGF-β1 mRNA [451]. The importance of CXCL13 was emphasised in a paper demonstrating that 

CXCL13 levels could predict conversion from CIS to definite MS and in the treatment response to 

high-dose methylprednisolone and natalizumab in which the levels decreased [451, 452]. Natalizumab 

was also shown to result in a marked decline in the CSF levels of CXCL9, CXCL10, CXCL11 and 

CCL22 [453]. 

These aforementioned chemokines (CXCL12, CXCL13, CCL19 and CCL21) along with 

“inflammatory” chemokines such as CCL2, CXCL9, CXCL10 and CXCL11 were examined in the 

serum and CSF in a pilot study of 33 MS patients and 12 normal controls – they found that CXCL12, 

CXCL13 and CCL19 levels in CSF were elevated in MS patients but CCL21 levels were either 

unchanged or decreased; the highest levels were found in relapsing MS patients, followed by stable 

MS and then SPMS [454]. A similar pattern emerged for CXCL9 and CXCL10 but in contrast to a 

study by Sorensen et al. the levels of CSF CCL2 were slightly elevated in MS patients [454, 455]. The 

serum levels of the chemokines in this panel were not changed in any group [454]. 

Matsushita et al. had measured 27 cytokines/chemokines as well as growth factors in CSF and 

additionally found that CXCL8 and CXCL10 levels were elevated in relapsing MS and NMO patients 

[440]. Bielekova et al. measured 18 soluble markers in the CSF of highly active MS patients and 

found that only CXCL8 (IL-8), IL-12p40 and CXCL13 were detectable in the majority of their 16 

patients and could be used as a combinatorial biomarker of active intrathecal inflammation; the other 

soluble factors measured were IL-6, IL-7, IL-10, IL-12p70, IL-17, IL-21, IL-23, granzyme B, IFN-γ, 

VEGF, oncostatin M, LT-α, TNF-α, CX3CL1 and  CCL19 [452]. The IL-12p40 appeared to have 

unique biological activity by acting as a chemoattractant for myeloid-lineage cells [452]. CXCL8 is an 

inflammatory chemokine, produced by a range of cells including monocytes, lymphocytes, 

granulocytes, fibroblasts, endothelial cells and astrocytes,  that attracts and activates neutrophils and a 

subpopulation of lymphocytes - cladribine treatment results in decreased CSF CXCL8 levels in 

addition to reduced serum and CSF CCL5 [452].  

Data is emerging on the roles of other chemokines. CCL1, a small glycoprotein, has been shown to be 

produced by FoxP3+ Tregs resulting in the up-regulation of its own receptor CCR8 and consequent 

proliferation of these immunosuppressive cells [456]. In addition to CCL2, CCL7 and CCL8 have 

also been detected in lesions with expression inversely correlated with age of plaques and genomic 

studies in MS families have revealed haplotypes in the genes of CCL2, CCL3 and CCL11-CCL8-
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CCL13 which were associated with multiple sclerosis [457]. The prototypic chemokine associated 

with Th2 responses is CCL11 (eotaxin-1) although IL-4 stimulates production of other chemokines 

such as CCL24 (eotaxin-2), CCL26 (eotaxin-3) and CCL13 (MCP-4) [458]. A CCL25 signalling 

pathway has been implicated in Th17 infiltration in EAE pathology and the first report emerged in 

2017 of an up-regulation of CCL27 in the CSF of MS cases [459, 460]. 

CNS expression of CXCL1 and CXCL2 is mediated by Th17 cells and these chemokines are 

necessary for neutrophil recruitment and EAE induction as neutrophil depletion prevented EAE but 

this could be overcome by transfer of wild-type neutrophils [461]. CXCL1 was shown to augment 

CNS disease in the murine model by enhancing neutrophil recruitment although another study 

suggested that CXCL1 was important for oligodendrocyte recruitment and differentiation [462, 463]. 

CXCL2, produced by infiltrating neutrophils and monocytes as well as resident microglia, was 

suggested to determine the lesion localisation in EAE mice in an IFN-γ dependent manner [464]. 

CXCL5 has been shown, along with CXCL8, to be overexpressed in patients with MS and serum 

levels of CXCL5 have correlated with BBB dysfunction [465]. CXCL16 is expressed by 

macrophages/monocytes and B cells and expression by astrocytes was increased after pro- 

inflammatory stimuli [466]. EAE clinical manifestations correlated well with the expression in the 

CNS whilst anti-CXCL16 neutralising antibodies attenuated the disease [466]. Higher levels of 

CXCL16 have been found in the plasma of RRMS patients compared to controls [466]. CX3CL1 

(fractalkine) is constitutively expressed in the membrane-bound form on neurons and endothelial cells 

but can be released – IL-1β, TNF-α and IFN-γ promote this whilst IL-4 and IL-13 inhibit its 

expression - and has been shown to be elevated in both the blood and CSF of MS patients [467]. In-

vitro, it has been shown to antagonise the function of CCL2 on monocytes and MMP-2 [468]. 

CX3CL1 significantly increased IFN-γ and TNF-α gene expression and IFN-γ secretion by CD4+ T 

cells derived from RRMS patients whilst up-regulating ICAM-1 (an adhesion molecule) expression 

on the surface of RRMS CD4+ cells which encouraged their recruitment into the CNS [443, 467].  

 

 

Table 5.2 lists all the soluble factors investigated in the STREAMS trial; these are organised where 

possible according to their structural class.  
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      Table 5.2: Soluble factors investigated in STREAMS  
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5.1.4.  Changes in soluble factors after MSC treatment in MS patients 

 

A number of immunoregulatory properties are ascribed to MSCs which have been discussed, in part, 

in Chapters 1 and 4. As MSCs can promote an immune deviation towards Th2 and Tregs in vitro by 

inhibiting differentiation of naïve T cells into Th1 and Th17, decrease B cell proliferation and 

immunoglobulin production in co-culture, affect differentiation and activation of DCs, it could be 

expected there would measurable alterations in the resulting cytokine/chemokine production i.e. 

decreases in IFN-γ, TNF-α, IL-12, IL-17 and IL-22 and increases in IL-10 for example [257, 469]. In-

vitro experiments have certainly indicated so – when supernatants of hMSCs were applied to activated 

PBMCs (of healthy donors), IFN-γ was decreased but there was, surprisingly, an increase in IL-17A 

and a decrease in IL-10; this effect was accentuated by pre-treatment with IL-1β [223]. Similar results 

for IFN-γ and IL-10 were obtained by flow cytometry as it was shown that TNF-α, IFN-γ and IL-2 

were decreased in all functional compartments of CD4+ and CD8+ T cells except for IFN-γ+ naive 

CD4+ cells, IL-10+CD4+ and CD8+ cells were decreased but in this study, there was a decreased 

percentage of CD4+ and CD8+ cells expressing IL-17 [224]. However, Cuerquis et al. demonstrated 

that unprimed MSCs caused a transient increase in IFN-γ and IL-2 synthesis by activated T cells 

[209]. Reduced secretion of IL-17A and TNF-α was also seen in splenocytes derived from MSC-

treated mice following stimulation [470]. 

Data from clinical studies is limited as most have, as expected in the early stages of any potential 

therapeutic modality, focussed on safety and clinical and radiological efficacy but this is now 

emerging.  

Mohyeddin et al. published the first study of cytokine changes after MSCs in 2013 [471]. Their 25 

progressive MS patients defined as SPMS or PPMS patients who had ≥1-point change on the EDSS or 

inflammatory disease activity in the previous year, had received one intrathecal dose (mean 29.5 x 

106) of MSCs [471]. They found no differences in the serum levels of IFN-γ, TGF-β, IL-4, IL-10 and 

IL-6 (measured using ELISA kits) between samples taken at baseline and at months 1, 3, 6 and 12 

after intrathecal injection which was as they expected as long as the BBB was intact [471]. They did 

not measure CSF changes in cytokine changes but attributed the improvement or stability seen in 

almost 70% of their patients at 1-year follow-up due to paracrine effects of the injected MSCs [471].  

Li et al. used a different trial methodology and obtained a different outcome – they treated 23 patients 

with MS with corticosteroids but 13 patients also received intravenous hUC-MSCs (dosage 4 x 106 

cells/kg) fortnightly over six weeks [62]. They defined their patients as having either RRMS or SPMS 

who had deteriorated by ≥1-point on the EDSS over the previous year or with ≥2 relapses in the 

previous two years [62]. Serum levels of HGF, IL-4, IL-10, IFN-γ, IL-17 and TNF-α were measured 

at baseline and compared to levels obtained at 1, 2, 3, 6, 9 and 12 months – they demonstrated that the 
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serum levels of HGF were significantly different between hUC-MSCs and controls at 1, 2 and 3 

months post-treatment, IL-4 and IL-10 increased significantly over the first three months whilst IL-17 

and TNF-α decreased significantly over that period, correlating with improved EDSS [62]. IFN-γ, 

however, increased in the hU-MSC group with levels significantly different at months 2 and 3 from 

controls. Any differences in cytokine levels had disappeared by 6 months [62].  

An abstract published in 2014 reported decreased intracellular and extracellular IFN-γ production, 

increased intracellular IL-4 from CD4+ T cells and extracellular IL-10 in PBMC/MSC co-cultures 

(following antigenic stimulation) using PBMCs from MS patients who had been treated with an 

intravenous infusion of autologous MSCs compared to their baseline PBMCs – they had not measured 

serum concentrations of these cytokines though (ISNI conference Abstract number 218 

doi:10.1016/j.jneuroim.2014.08.518).  

 

 

Summary 

Inflammation is orchestrated by interactions between cytokines and chemokines as well as other 

soluble factors and MS, as it has been shown above, is associated with altered patterns of such 

molecules although the data can be contradictory and one has to acknowledge that the EAE model 

(and the results) may not be fully relevant in MS. Numeric changes in the immune cell compartments 

were described in chapter four but given that these immune cells are responsible for the vast array of 

cytokines secreted in the serum and CSF, it is important to see if the MSC infusion resulted in any 

change in the soluble factors found in either the serum or CSF which could be independent of cell 

frequency and indicate possible mechanisms of action of the MSCs and in particular, as to whether 

there was any “immune deviation” following their infusion which could be manipulated in future 

work. 
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5.2. Aims of chapter 
 

Hypothesis 3: It is hypothesised that the intravenous administration of MSCs will result in a shift from 

a pro-inflammatory to an anti-inflammatory milieu in the bloodstream. 

 

In chapter 4 we aimed to determine the effect of intravenous MSC administration on the adaptive and 

innate immune compartments in terms of enumerating changes and functionality of effector cells (by 

production of inflammatory cytokine, IFN-γ).  

 

The overall aim of this chapter is to determine whether MSCs have a detectable (and beneficial) 

immunological effect on the cytokines, chemokines and other soluble factors in the serum and CSF 

following their intravenous infusion.  

 

The specific aims are therefore to:  

 

1. To measure the concentration of 73 soluble markers in the serum and CSF using the BioPlex 

Multiplex assay at 3 matched time-points: baseline, Week 20 and Week 44 to assess any treatment 

effect of MSCs 

 

2. To measure the concentration of 11 soluble factors in the serum at five time-points – at baseline and 

then after MSC infusion (48/72 hours, 4, 12 and 24 weeks) using the MSD multiplex assay to assess 

treatment effect of MSCs 
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5.3. Experimental Design 
 

5.3.1.  Sample Collections 

 

The collection and processing of peripheral blood and CSF samples at the various time-points has 

previously been described (Chapter 2). Serum and CSF samples had been stored at -800C until 

required. 

CSF samples were also sent to the hospital laboratory for routine CSF work-up including a CSF cell 

count, protein, glucose and oligoclonal bands; CSF samples were paired with serum. 

 

5.3.2.  BioPlex multiplex assay  
 

In order to measure the presence and levels of several cytokines in paired CSF and serum obtained 

from the placebo and treated MS patients the BioPlex multiplex (multi-ELISA) technology was 

performed using two different BioPlex immunoassays: Bio-rad #171AL001M (37-plex; Pro Hu INF 

Panel 1) and #171AK99MR2 (40-plex; BP Pro Human Chemokine Panel) according to the 

manufacturers’ instructions. The soluble factors in the two kits used are listed in Table 5.2 (IL-1α and 

IL-17A were only tested using the MSD multiplex assay). The multiplex assay was performed by Dr 

R Magliozzi and Dr S Rossi at the University of Verona, Italy, according to procedures previously 

optimised both on CSF and serum analysis [472, 473]. 

Samples were prepared according to the manufacturer’s instructions. For each examined MS patient, 

15µl of serum and 50µl of CSF were used. 

For optimal comparability, all CSF samples were measured on a single multiplex plate and all serum 

samples were measured on a single multiplex plate for each kit. CSF samples were applied undiluted 

while serum samples were pre-diluted 1:4 for the highest value of the total protein concentrations. 

Samples were run in duplicates and the multiplex plates were measured on a BioPlex® MAGPIX 

system. Standard curves and values were calculated using the Bio-Plex X200, Software Manager 6.1 

The detection limits for the analytes are provided in Appendix 9.3. 
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5.3.3.  MSD multiplex assay 

 

Three different MSD® Multi-Spot Assay systems were customised to analyse the 11 soluble factors 

chosen: the Pro-inflammatory Panel 1 (human) V-PLEX kit (#K15049D) for IFN-γ, IL-1β, IL-2, IL-4, 

IL-6, IL-10 and TNF-α, the Cytokine Panel 1 (human) V-PLEX kit (#K15050D) for IL-1α, IL-12/IL-

23p40 and IL-17A and the Chemokine Panel 1 (human) V-PLEX kit (#K15047D)  for CXCL10 (IP-

10); all were provided for in MSD’s 10-spot, 96 well plate format. Three plates were required for each 

kit to accommodate all the patients’ and health controls’ serum samples at the different time-points. 

The MSD plates are pre-coated with capture antibodies on independent and pre-defined spots. Kits 

were supplied with the individual detection antibodies for each assay required as well as standards for 

calibration.  

Calibrator dilutions, detection antibody and serum samples were prepared (and diluted 2-fold) 

according to the manufacturer’s instructions. 50µl of standards and samples (patient and healthy 

controls) - run in duplicates - were used in each well.  

The plate was read on the MSD instrument which calculated the standard curves and values in pg/ml. 

 

 

5.3.4.  Statistical Analyses 

 

For the data obtained from the Bioplex Multiplex assay, multiple t tests were performed between the 

12 untreated (baseline) - treated values of all patient samples for both serum and CSF. Comparisons 

were also performed using only data from the six ‘Early-treated’ group (baseline/Week 0 and Week 

20 data) and also within the placebo group (using baseline/Week 0 and Week 20 data). Statistical 

significance was obtained using the Holm-Sidak method with alpha=0.05. 

For data obtained using the MSD Multiplex assay, a 2-way ANOVA with Dunnett’s multiple 

comparisons was used to examine for differences within each group (i.e. within the 12 MSC-treated 

patients and six placebo patients) from the baseline (Week 0). Multiple t tests with the Holm-Sidak 

method (where alpha=0.05) were again used to compare levels of the soluble mediators at each time-

point between MSC- and placebo-treated MS patients and then between placebo-treated (MS) patients 

and healthy controls. 

Graphpad Prism (Version 7.0 for Windows, Graphpad Software, San Diego, CA, USA) was used for 

all analyses.  
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5.4. Results 
 

5.4.1.  Data from the Bio-plex Assays 

 

Two panels from Bio-plex were utilised to obtain data on concentrations of a total of 73 soluble 

mediators (43 cytokines/soluble mediators and 30 chemokines listed in Table 5.2) in both the serum 

and CSF of the 12 trial participants at three time-points during the trial – Week -8, Week 20 and 

Week 44 – when CSF had been collected in addition to blood samples.  

Ratios were calculated for both serum and CSF post-infusion at Week 20 and Week 44 – an increased 

Week 20/Week -8 or Week 44/Week 20 ratio (or indeed Week 44/Week -8 ratio in the case of the 

‘Early MSC-treated’ group) would indicate an increase in that molecule after the MSC infusion in that 

compartment. As there would be inevitable dynamic fluctuations in their levels, heat maps were 

generated to indicate ratios <0.5 and >1.5, generally considered a significant change in the literature, 

as shown in Figures 5.1 – 5.4. 

Figures 5.1 and 5.2 show the serum and CSF ratios of the 43 soluble mediators after MSC infusions. 

In the case of the ‘Early’-MSC treated group, who received the infusion at Week 0, ratios were 

derived from the Week 20/Week -8 data (so that serum and CSF collected were matched) and in the 

case of the ‘Delayed’- MSC treated group, who received the MSC infusion at Week 24, ratios were 

derived from the Week 44/Week 20 samples – again, time-points at which the LPs were performed 

and matched blood samples were obtained. Similarly, Figures 5.3 and 5.4 illustrate the data for the 30 

chemokines assayed in serum and CSF respectively. In all cases on these heat maps, for consistency, 

rows 1 - 6 represent the ‘Early-treated’ MSC group, rows 7 - 12 represent the ‘Delayed-MSCs’ group 

and rows 13 - 18 represent the six patients in the ‘placebo’ group. The data for the latter group (ratio 

of serum or CSF concentrations at Week 20/Week -8) is derived from the ‘Delayed’ group who 

receive a sham/placebo infusion at Week 0. On all the heat maps, any ratio >1.5 is represented by a 

red gradient. In the case of the serum data, any ratio <0.5 is represented by a yellow gradation 

(Figures 5.1 and 5.3) but by green for the CSF data (Figures 5.2 and 5.4). 

Despite optimisation, a number of soluble mediators were either undetectable or out-of-range in the 

bioassays as seen in Figures 5.1 – 5.4. In both serum and CSF, levels of the cytokines IL-32, IL-34, 

IL-12p40, IL-20, MMP-3 and the chemokine MIP-3a (CCL20) were not detected. GM-CSF, LIGHT, 

IL-27, IL-26, IL-24 was not detected in any patient serum sample and the chemokine eotaxin 

(CCL26) was only detected in one patient’s sample at Week 44. In the CSF, a number of other 

cytokines such as IL-11, IL-28A, IL-29, IFN-α and MMP-2 were below threshold and ratios were 

only able to be calculated for <50% of patients. A number of chemokines were also not detected – this 
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included CCL17, CCL27, CXCL2, CXCL6; in the case of MCP (CCL7), CCL13, MIG (CXCL9) and 

CXCL11 only approximately 25-50% of patients had detectable levels. These soluble mediators were 

not linked to the MSC treatment and a similar pattern emerged for serum and CSF of the six patients 

treated with placebo as their first infusion (as seen on Figures 5.1 – 5.4). 
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 Figure 5.1: Heat map of serum ratios of 43 soluble mediators in 12 MSC-treated patients 

Serum ratios of the treated/untreated concentrations (pg/ml) of the 43 soluble mediators in the 12 MSC-treated patients are shown on this heat map. 
For the ‘Early-treated’ MSC group (Rows 1 - 6), this was a ratio of Week 20/Week-8 values but Week 44/Week 20 ratios for the ‘Delayed-treatment’ 
MSC group (Rows 7 - 12) as the MSC infusion was received at Week 24. Rows 13 - 18 represent the placebo for the ‘Delayed’ MSC group with 
serum ratios derived from Week 20/Week-8 data. No statistical difference was found for any soluble mediator in either the MSC- or placebo-treated 
groups. 
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 Figure 5.2:  Heat map of CSF ratios of 43 soluble mediators in 12 MSC-treated patients 

Concentrations of the 43 soluble mediators including cytokines were expressed in pg/ml and CSF ratios of the treated/untreated values are shown on 
this heat map. For the ‘Early-treated’ MSC group (Rows 1 - 6), this was a ratio of the Week 20/Week-8 values but Week 44/Week 20 for the 
‘Delayed-treatment’ MSC group (Rows 7 - 12) as the MSC infusion was received at Week 24. Rows 13 - 18 represent the ‘sham’ or placebo for the 
‘Delayed’ MSC group with CSF ratios derived from Week 20/Week-8 data. No statistical difference was found for any soluble mediator in either the 
MSC- or placebo-treated group except for TSLP. 
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Figure 5.3: Heat map of serum ratios of 30 chemokines in 12 MSC-treated patients 

Concentrations of the 30 chemokines were expressed in pg/ml and serum ratios of the treated/untreated values are shown on this heat map. For the ‘Early-
treated’ MSC group (Rows 1 - 6), this ratio was derived from Week 20/Week-8 values but Week 44/Week 20 for the ‘Delayed-treatment’ MSC group (Rows 
7 - 12) as the MSC infusion was received at Week 24. Rows 13 - 18 represent the placebo for the ‘Delayed’ MSC group with serum ratios derived from Week 
20/Week -8 data. No statistical difference was found for any serum chemokine in either the MSC- or placebo-treated group. 
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Figure 5.4: Heat map of CSF ratios of 30 chemokines in 12 MSC-treated patients 

Concentrations of the 30 chemokines were expressed in pg/ml and CSF ratios of the treated/untreated values are shown on this heat map. For the ‘Early-
treated’ MSC group (Rows 1 - 6), this was a ratio of the Week 20/Week-8 values but for the ‘Delayed-treatment’ MSC group (Rows 7 - 12) this was the ratio 
of Week 44/Week 20 values as their MSC infusion was received at Week 24. Rows 13 - 18 represent the placebo for the ‘Delayed’ MSC group with CSF 
ratios derived from Week 20/Week -8 data. No statistical difference was found for any CSF chemokine in either the MSC- or placebo-treated group.
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From the heat maps, it can be seen that there is no striking change in the soluble mediators in either 

the CSF or serum compartments. In the serum, the cytokines TWEAK and MMP-1 appear to be 

increasing in the placebo group whilst MCP-3 and CCL27 appear to be increasing in the MSC-treated 

group; the levels of MCP-3 appear to be lower in the placebo group at Week 20. In the CSF, IL-1β 

appears to be decreasing at Week 20 in the placebo group but CXCL13 appears to decrease at Week 

20 where data is available. However, when the six patients in the ‘Early’-MSC group are reviewed 

solely, the pattern of change is different for the serum soluble mediators (Figure 5.1 Rows 1-6) with at 

least 4/6 patients showing increases of >50% in IFNα2, IL-35, IL-11 and TSLP. 

A statistical comparison was carried out between 12 paired samples of ‘Untreated - Treated’ (Week -8 

to Week 20 for the ‘Early’ group and Week 20 to Week 44 for the ‘Delayed’ group) and no significant 

difference was found for any soluble mediator in the serum or CSF using multiple t tests on PRISM 

(which performed the unpaired t test, correcting by the Holm-Sidak method). However, a paired t test 

found that TSLP was significantly decreased in the CSF of MSC-treated vs placebo group (p<0.0001). 

 

5.4.2.  Data from the MSD Assay 

 

A total of 11 serum soluble mediators were examined at five time-points using the MSD multiplex 

assay to include 0, 0 +48/72 hours, 4, 12 and 24 weeks post-infusion. This included the inflammatory 

cytokines IFN-γ, TNF-α, IL-1α, IL-1β, IL-2, IL-6, IL-12/IL-23p40 and IL-17A as well as the 

chemokine CXCL10. The “Th2” response cytokines included IL-4 and IL-10. The MSC treatment 

group included samples from six patients between Week 0 and Week 24 in the ‘Early-MSC’ group 

and six patients between Weeks 24 – 48 in the ‘Delayed-MSC’ group. Control samples included the 

six ‘Delayed’ patients treated with placebo between Weeks 0 - 24 and five healthy controls who had 

samples taken at all the same time-points except for the 48/72hours time-point. Figure 5.5 shows the 

results obtained from the MSD assay. 

For 7/11 soluble mediators i.e. IFN-γ, TNF-α, IL-1β, IL-2, IL-6, CXCL10 and IL-4, there was a 

significant increase in the concentration seen in the placebo group at Week 0 + 48/72 hours that 

disappeared by Week 4. In all of these cases, except for TNF-α and CXCL10, there was also a 

significant difference between the MSC-treated and placebo group at that time-point whereas there 

had been no differences between the two cohorts at Week 0 (caused by the significant increase in the 

placebo values at Week 0 + 48/72 hours); p<0.05 in all cases. For IL-1α, there was a significant 

difference between MSC-treated and placebo at Week 4 (p = 0.0234). There were no significant 

differences between the MSC-treated and placebo groups at other time-points and indeed, there were 

no significant differences in the levels of these cytokines and chemokines between untreated MS  
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patients (the placebo group) and healthy controls – however, it can be seen that two cytokines IL-17A 

and IL-1α were undetectable in the five healthy controls compared to the MS patients.  

 

Figure 5.5: A comparison of the changes in the serum concentrations (pg/ml) of cytokines 
and chemokines as measured using the MSD multiplex assay in patients treated with MSCs 
or placebo and in healthy controls 

Changes in 11 soluble mediators in the serum at baseline, 48/72 hours post-infusion, 4, 12 and 24 
weeks are shown in the bar graphs for 12 MSC-treated patients (blue bars), six MS patients given a 
placebo/sham infusion (red bars) and five healthy controls (green bars). No samples were taken for 
serum analysis from healthy controls at the 48/72 hour time-point 
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5.5. Discussion 
 

A large array of soluble mediators (75 in total) were examined in STREAMS in the multiplex assays 

(BioPlex and MSD) – evidence from pre-clinical and clinical data was available for the large majority 

of these markers in MS although it was not all consistent - to see if there were any changes with MSC 

treatment. The BioPlex multiplex assay is the most comprehensive biochemical profile in the 

literature currently in both CSF and serum in MSC-treated patients as the number of studies is low.  

Despite this being a cross-over trial design, data was available for up to six months post-MSC 

infusion for the MSD multiplex assay which from the limited information in the published literature, 

appears to be adequate [62]. 

No changes were found in any of the soluble mediators in the CSF or serum between treated and 

untreated patients with the exception of TSLP in the CSF. This is in contrast to the study by Li et al. 

who found a Th17/Th1 to Th2 shift in the serum – whilst the route was still intravenous, they had 

used hUC-MSCs as opposed to BM-MSCs which potentially could be relevant. However, they did use 

double the dose as in STREAMS (4 x 106 cells/kg vs 1 - 2 x 106 cells/kg) and at three time-points as 

opposed to a single infusion [62]. Their study is in contrast to that by Mohyeddin et al. but that group 

had used the intrathecal route and therefore had not expected to observe any serum changes unless 

there was BBB dysfunction [471]. Unfortunately, they had not measured CSF changes in the 

cytokines and no other study to date has done so either.  

STREAMS had also evaluated 11 soluble mediators using the MSD Multiplex assay – again, unlike 

Li et al. we have a partial confirmation that there were no significant changes in the cytokines and 

chemokines after Week 4 although our BioPlex V-PLEX Assay did not have a Week 4 or 12 time-

point; in particular, there were no changes in IFN-γ, TNF-α, IL-17A, IL-4 or IL-10 levels as evaluated 

in their study (Figure 5.5); again the dose, frequency and to a lesser extent the source of MSCs could 

be relevant as one may expect changes in STREAMS as all 12 patients had RRMS and were 

categorised as ‘highly active’ on recruitment needing to demonstrate both a GEL within 3 - 6 months 

of recruitment as well as clinical relapses. As alluded to in chapter 3, however, it may be relevant that 

this scenario (of being highly active) would not be the case for the patients in the ‘Delayed’ cohort 

who would receive their MSCs almost 7 - 8 months after screening. Therefore, statistical comparisons 

were made also only using the ‘Early’ cohort compared to the placebo group but it made no difference 

– though the numbers of patients that can be compared is small (data not shown). In this MSD 

Multiplex assay, an additional time-point at 48/72 hours post-infusion had been used to prevent 

missing any possible early, transient changes that could occur before the MSCs homed to the lungs.  
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It is therefore interesting to note that 7/11 soluble factors were increased in the placebo group 

compared to Week 0 (baseline) within 48/72 hours of the (sham) infusion; no such change was seen in 

the data for 12 MSC-treated patients and all such differences in the placebo group resolved by Week 

4. Given the fact that the baseline was from samples 48/72 hours earlier it is unlikely that these 

predominantly inflammatory cytokines had increased due to a relapse phase or that these were 

artefactual changes/technical differences given that the serum samples were all thawed on the same 

day for analysis and processed on the same plate. The change would seem ‘real’ given the consistency 

of its occurrence at that early time-point and it could indicate an immunomodulatory effect of the 

MSCs as such a change did not occur in the MSC-treated group – it is well known that the infusion of 

DMSO can cause adverse reactions including allergic reactions, a process that would require release 

of cytokines, hence cryoprotectant-removal strategies have been evaluated in HSCT and MSC 

infusions to attempt to mitigate that effect [132]. However, these cytokine changes did not translate 

into any additional adverse events reported by the placebo patients (see Chapter 3). Unfortunately, 

this time-point was not available with the BioPlex Multiplex assay. As mentioned above, there were 

no differences seen in the serum between the placebo (or untreated MS patients) and healthy controls 

which is contrast to previous reports. Although there is much data about cytokine changes in MS 

patients, translation of this knowledge into therapeutics has been poor and this may well be due to a 

number of reasons such as heterogeneity of the disease (as clearly there is redundancy in the 

cytokine/chemokine pathways) and inter-patient differences. However, study design varies 

significantly making it hard to reach definite conclusions about the significance of any differences 

found – for example, different MS subtypes have been examined at different stages of the disease and 

with variable clinical activity but it would be naïve to assume that the cytokine/chemokine role is 

univariate in MS. Comparators have been either healthy controls or IND/NIND which influences 

interpretation [367]. The numbers generally in such studies is limited but even larger studies have 

included patients on treatment despite it being clear that they can influence cytokine levels – indeed, 

in the study by Kallaur et al. only 5/156 patients were treatment naïve [474].  

We had no CSF data of healthy controls vs MS patients using the BioPlex Multiplex assay as various 

cytokines/chemokines have been reported to be up-regulated in the CSF of MS patients, notably 

CXCL13 and increased time-points would have been helpful but probably not practical [475]. There 

are some that argue that although CSF should better reflect the inflammatory process given the 

proximity to MS lesions, the flow pattern of CSF means that the sample obtained from the lumbar 

subarachnoid space would not accurately reflect the production of inflammatory markers in the 

supratentorial regions – which is the most relevant location in most RRMS patients [474]. 

Of relevance, and in support of the point above regarding validity of available data, is the very 

recently published meta-analysis of 226 studies encompassing 13,526 MS patients [476]. It was found 

that 13 CSF cytokines and 21 blood cytokines were increased in MS vs controls – this latter group 
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included both healthy controls and ‘other diseases’ – the latter mainly used for CSF sample 

comparisons. CXCL13 and CXCL8 showed the strongest differentiation for CSF markers between the 

two groups whilst IL-2, IL-23, IL-17 were better blood markers. Although there were strong 

differences in other biomarkers such as CCL19 and CCL3 in the CSF and for IL-12p40, CCL20, IL-

17F in the blood, the number of studies was small (only between 3-7 studies). Of note, they did find 

that blood IL-12p40 and IL-10 increased after treatment in MS though CCL2, CXCL13, IFN-γ and 

IL-17 did not appear to. CSF CXCL13 was the only marker in CSF to have enough studies on which a 

meta-analysis could be performed and these levels were significantly decreased in MS patients after 

treatment [476]. 

It should be noted that we saw no IL-12p40, IL-28, IL-29, MMP-2, MMP-3, CCL17, CCL26 

(eotaxin-3), CCL20, CXCL2 or CXCL6 in the CSF although others had reported a more abundant 

cytokine and chemokine profile and this may have been affected by technical differences – any delay 

in CSF processing (which leads to an increase in the in vitro activation of the immune cells in the CSF 

sample) or release of the cellular content during cryopreservation of unspun CSF would result in an 

increased detection of cytokines [452]. We tried to ensure this was avoided by placing the CSF 

immediately in ice after collection and spinning the sample within 30 - 60 minutes of collection to 

remove cells and debris. To improve quality, we also ensured that any samples used in the assays had 

not been thawed before. Burman et al. found a number of cytokines and chemokines that could not be 

detected including IL-1β, IL-2, IL-4, IL-17A, CCL11 (eotaxin), CCL3 (MIP1α), IL-22, GM-CSF and 

IFN-γ which we had detected and they found that CCL22, CXCL10, CXCL1 and CCL5 were higher 

in RRMS compared to controls [477]. 

Levels of thymic stromal lymphopoietin (TSLP) – largely an epithelial cell-derived cytokine and a 

member of the IL-2 cytokine family - in the CSF were significantly different between baseline and 

MSC-treated values (p<0.05), with TSLP decreasing in CSF after treatment. Although the serum 

TSLP increased in the serum this did not reach significance; the decreased CSF/serum ratio indicating 

that this was likely due to decreased local production – indeed the CSF/serum ratio decreased by at 

least by 50% in six patients (data not shown). TSLP has been shown to activate DCs and strongly up-

regulate markers on mDCs (the main target for TSLP although the receptor for TSLP is also 

expressed on T-, B- and NK-cells) such as MHC class 2, CD80, CD83 but this does not lead to the 

production of inflammatory cytokines but rather large amounts of the chemokines IL-8 and eotaxin-2 

(CCL24) which attract neutrophils and eosinophils but also CCL17 and CCL22 which attract Th2 

cells [478]. However, we saw no changes in these chemokines in the CSF. TSLP also has 

physiological functions such as CD4+ T cell homeostasis in the peripheral mucosa-associated 

lymphoid tissues and in the selection of Tregs although we saw no significant changes in the serum 

levels of TSLP nor in peripheral Treg frequency (see chapter 4), though this has been reported by 

other groups after MSC treatment [47]. TSLP and its promotion of Th2 responses has been more 
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extensively studied in lung- and skin-specific conditions but there is some evidence to suggest that 

TSLP could actually promote inflammation in Th1/Th17 associated autoimmune diseases – in which 

case the decreased CSF TSLP could be beneficial - but its role in MS is still being defined [479]. In 

2015, it was shown that TSLP- knock-out mice had a delayed onset and attenuated form of EAE with 

a reduced number of encephalitogenic Th1 cells in the CNS whilst the lymph node cells expanded less 

efficiently and levels of IFN-γ, TNF-α and IL-6 were reduced [480]. It is clearly important to 

investigate this further – by both seeing if this finding is replicated in other MSC-treated patients (via 

a possible collaboration with other centres in MESEMS who had also obtained CSF samples) and to 

examine expression of TSLP in MS brain tissue. 

 

Limitations of the study 

One of the biggest limitations to this study is the small size with only 12 comparisons in the treated vs 

untreated groups although this is similar to Li et al. and so it would be interesting to see the outcome 

of any collated studies (increasing the numbers) from the MESEMS group as some of the centres are 

also investigating cytokine/chemokine profile alterations after MSC therapy and as there were similar 

protocols, this would represent a relatively homogeneous group [62, 75].  

Another limitation was the lack of examination of control samples both from other neurological 

conditions and from healthy individuals. 

Despite the number of soluble mediators examined in the serum and CSF, there are others that could 

not be included in the panels.  

The TNF superfamily is much more extensive than the eight members examined and other family 

members for example, OX40 (CD134) and CD40L have been implicated in MS [481]. MMM-9, 

despite being found in MS lesions and consistently altered in MS patients, was also excluded [428]. 

Cytokines such as IL-3, IL-15, IL-18 and TGF were not evaluated. IL-3, produced by CD4+ T cells 

and microglia, has been found in the CNS during the acute phase of EAE and up-regulated in the CNS 

of MS patients on microarray analysis although others noted a decrease in IL-3 expression during 

relapses compared to the remission phase [345]. IL-13, primarily secreted by activated Th2 cells, 

down-regulates IL-1β, IL-12 and TNF-α. It has been shown to suppress the development of EAE in 

rats by primarily targeting cells of the monocyte/macrophage lineage [482]. IL-15, produced by 

activated blood monocytes, macrophages, dendritic cells and glial cells, is deemed a pro-inflammatory 

cytokine with similar biological properties to IL-2 (their receptors share the β and γ chains although 

the IL-15R α-chain is unique) and is able to induce T cell proliferation, NK cytotoxicity as well as B 

cell maturation [483, 484]. Rentzos et al. found significantly higher serum and CSF IL-15 levels in 



301 
 

MS patients compared to controls but this was not affected by MS subtype (although Kivisakk et al. 

had reported greater IL-15 mRNA expression in SPMS patients) and could not correlate it to disease 

activity or disability scores unlike in some other studies [483, 484]. IL-18 is considered a pro-

inflammatory cytokine as it can induce IFN-γ production, an effect that is supported by IL-12. IL-18 

has also been shown to induce IL-8, IL-1β and TNF gene expression and synthesis in freshly isolated 

PBMCs. Mice deficient in IL-18 were found to have suppressed IFN-γ production despite IL-12 being 

present [354]. Huang et al. showed that the expression of IL-18 was significantly increased in chronic 

progressive and relapsing MS patients in remission (but not significantly during relapses) compared to 

healthy controls [354]. The TGF family consisting of TGF-α and TGF-β (TGF-β1, TGF-β2 and TGF-

β3) was also not examined. TGF-β is produced by T cells, activated monocytes, astrocytes and 

microglia. It acts to control lymphocyte and NK cell maturation, T cell proliferation and macrophage 

activation. TGF-β1 also inhibits TNF-α production whilst TGF-β2 decreases lymphocyte migration in 

vitro. Injections of TGF-β1 or TGF-β2 at the time of immunisation in EAE (but not at peak of 

disease) or at disease onset in the latter’s case was shown to be protective although diminishing TGF-

β signalling within T cells (TGF-β1 gene deletion from activated T cells) has been shown to result in 

abrogation of Th17 cell differentiation and almost complete protection from EAE [345, 485]. TGF-β 

expression has shown to be decreased in MS brains and TGF-β mRNA in PBMCs from RRMS 

patients is also decreased [345, 417]. 

Despite these limitations, some useful data has been obtained from this extensive analysis of soluble 

mediators post-MSC treatment. Other soluble factors can be studied as there is redundancy in the 

cytokine networks and there may well be disease state and ethnic differences that need to be better 

understood. 
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5.6. Conclusions 
 

There was no significant change in any of the serum or CSF soluble factors as measured with the 

BioPlex Multiplex assay except for TSLP but the data from the MSD Multiplex assay of 11 serum 

analytes indicates that any change is early (within days). This suggests that a more extensive analysis 

should be carried out using serum from earlier time-points and sampling strategies in MSC studies 

should factor in this aspect before one is able to conclude that there is no change in the remaining 

soluble factors. The significant decrease in CSF TSLP, not previously reported, is an interesting result 

given the emerging data regarding its function and should be further investigated. ‘Immune deviation’ 

as a strategy in MSC treatment will probably remain a foreseeable goal but there does need to be 

better understanding of the cytokine/chemokine networks in MS as well as any impact of MSCs on 

such networks.  
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6. Ex-vivo analysis of CSF neurofilament light (NFL) chain post-
MSC transplantation  

 

 

6.1. Introduction 
 

Neurofilaments (NF) are constituents of the axonal cytoskeleton and integral to maintenance of the 

calibre and morphology in myelinated axons – three different NF chains exist which are named 

according to their molecular weight i.e. heavy (200kD), medium (150kD) and light (68kD) chains. 

Axonal diameter (and therefore the speed of conduction) is determined by the number and extent of 

phosphorylation of the neurofilaments; this axonal structure is modulated by the myelinating Schwann 

cells [486]. Neurofilament light (NFL), shown to act as the ‘backbone’ on which NF-H and NF-M co-

polymerise, demonstrated the largest changes in CSF levels and has been used more widely for assay 

development, probably due to its size and solubility [487, 488]. Neurofilaments have been used as 

markers of neuronal injury in a number of neurodegenerative diseases such as cerebral infarction, 

ALS, Alzheimers and vascular dementia as well as MS [488, 489].  

Axonal damage is important in the pathogenesis of MS, being present  in areas of acute inflammation 

as well as in chronic lesions on brain tissue, and is thought to play an important role in disability 

accrual which is often irreversible [486]. The axonal loss seen histologically can be visualised as 

‘black holes’ or hypointense lesions on MR imaging which correlate with neurological disability 

[486]. Neurological disability is also associated with atrophy of the spinal cord, cerebellum and 

cerebrum on MRI [490]. Axonal degeneration is not fully understood but is thought to occur 

secondary to demyelination (demyelinated axons have a significantly smaller mean diameter than 

axons in normal tissue) and via direct damage to the cytoskeleton which may be mediated by 

inflammatory mediators such as TNF-α (as discussed in Chapter 5) and nitric oxide, NO [486, 491]. A 

direct autoimmune attack against the cytoskeletal components is suggested by the presence of IgG 

antibodies to NFL (anti-NFL) in the CSF which were shown to correlate with cerebral atrophy in 

RRMS [490]. Biomarkers of neurodegeneration would thus be important for assessing axonal damage 

but also for evaluating therapeutic strategies. 

Animal models have confirmed both that axonal degeneration is associated with demyelination and 

that increases in CSF (and serum) NFL correlate with ongoing neurodegeneration [486, 492]. Patients 

with all MS subtypes have elevated levels of neurofilament light (NFL) compared to healthy controls 

who usually have undetectable levels [488, 491]. The NFL levels were higher in relapses compared 

with stable disease and correlated with progression [491, 493]. Elevated CSF NFL levels in early 
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RRMS predict an unfavourable prognosis and more recently, have been shown to have prognostic 

value in CIS patients for further demyelinating events with a cut-off value of 500pg/ml [494, 495]. It 

has also been shown that treatment with fingolimod decreased NFL levels compared to placebo and 

such changes were associated with improvements in relapse rates and MR imaging. Natalizumab 

decreased NFL levels in the CSF of progressive patients and this was accompanied by both EDSS 

improvement and increases in the magnetisation transfer ratio (MTR) in cortical grey and normal 

appearing white matter [496]. These findings indicate that CSF NFL could be used as a biomarker of 

disease and response to treatment.  

In a number of the clinical studies completed to date (and detailed in Chapter 3), MSCs have been 

shown to either stabilise or improve the EDSS providing evidence for possible neuro-reparation [44-

48, 57]. Magnetisation transfer (MT) ratios reflect bound water and thus parenchymal structure so low 

ratios indicate structural damage [486]. The study by Cohen et al. - in which 17/24 patients 

demonstrated improved EDSS at three months – noted a trend towards increased MT ratios post-

treatment [57].  

However, changes in CSF neurofilament levels have not been examined after MSC treatment in any 

of the published work to date. 
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6.2. Aims of chapter 
 

Hypothesis 4: It is hypothesised that the intravenous administration of MSCs will lead to a reduction 

in the CSF neurofilament light (NFL) levels  

 

It has been shown that axonal damage occurs in MS at an early stage and this is reflected in the CSF 

NFL levels. Given that MSCs have been shown to have clinical benefit, the overall aim of this chapter 

is to determine whether MSCs result in any changes in the levels of this putative biomarker.  

 

The specific aims are therefore to:  

 

1. To measure the NFL levels in the CSF of the trial patients at baseline (Week -8), Week 20 and 

Week 44 to assess the occurrence of, if any, pre - post treatment changes. 

 

2. To assess if there is any correlation between baseline NFL (represented by the Week -8 values for 

all 12 patients and Week 20 for the ‘Delayed’ treatment group) and EDSS of the MS patients. 

 

3. To determine if there was any influence of relapses on the NFL levels. 
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6.3. Experimental Design 
 

6.3.1.  Sample Collections 
 

The patient CSF samples had been collected and processed as described before. They were stored at -

800C until required. 

 

6.3.2.  UmanDiagnostics NF-light® (Neurofilament light) ELISA 
 

Quantification of human NF-L protein in CSF was performed using a two-site solid phase sandwich 

ELISA that became commercially available in 2010 (UmanDiagnostics AB, Umea, Sweden) and 

according to the manufacturer’s instructions. The 1ml CSF vials previously stored at -800C were 

brought to room temperature. The CSF samples were diluted in a 1:2 ratio and 100µl of 

samples/standards were added to the wells in duplicate. The standards prepared ranged from 0 – 10 

000 pg/ml. For quality purposes, samples had not undergone any previous freeze-thaw cycles and did 

not visibly appear to be contaminated with blood. Plate readings were obtained using a microplate 

reader (Glowmax®, Promega) at 450nm and again at the reference wavelength of 600nm; the 

absorbance was calculated from the 450nm reading minus the 600nm reading. A standard curve was 

then constructed using a 4-parameter logistic (4PL) curve fit on an immunoassay software package 

(myassays.com) allowing NFL protein in samples to be obtained directly.  

The measuring range of the ELISA was 100 pg/ml – 10 000 pg/ml with a lower detection limit of 32 

pg/ml.  
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6.3.3. Statistical Analyses 
 

Paired t tests were used for comparisons at different time-points within the ‘Early’ and ‘Delayed’ 

MSC groups as well as between the 12 patients’ data in the untreated vs treated comparisons. An 

unpaired t test was used to compare differences between the mean NFL concentrations at baseline 

between the ‘Early’ and ‘Delayed’ groups.  

Spearman test was used to assess if there was any correlation between the baseline EDSS at Week -8 

and the baseline CSF NFL concentration.  

The Wilcoxon signed rank test was used to compare differences between the CSF NFL levels in the 

relapse vs non-relapse phases. 

Graphpad Prism (Version 7.0 for Windows, Graphpad Software, San Diego, CA, USA) was used for 

all analyses.  
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6.4. Results 
 

All sample values fell within range of the ELISA with the percentage coefficient of variation (%CV) 

between replicates being ≤15% in all cases (range 0.135 – 15; only 5/36 values being >10%). 

The mean of all the 12 patient CSF samples at baseline was 2749.1 pg/ml. The mean of the ‘Early’ 

treated group at trial entry (Week -8) was 3248.8 pg/ml as compared to 2249.3 pg/ml in the six 

patients in the ‘Delayed’ group; the difference was not statistically different (p=0.408). 

In the ‘Early’ treated group, the mean CSF NFL concentration six months later (post-treatment) 

decreased to 2282.7 pg/ml before slightly increasing to 2282.7 pg/ml by 12 months; both comparisons 

were non-significant with p=0.176 and p=0.419 respectively. 

 In the case of the ‘Delayed’ group, the mean CSF NFL concentration before infusion (i.e. the 

“treatment baseline” for that group at Week 20) was 2448.2 pg/ml and slightly increased further by 

the end of the trial, six months later and after the MSC treatment, to 2629.2 pg/ml; this was not 

statistically different (p=0.667). 

 

This data for the ‘Early’ and ‘Delayed’ groups is shown below in Figure 6.1  

     

There was no correlation between the baseline EDSS in all 12 patients at Week -8 and the CSF NFL 

concentration at Week -8 (r=0.109).  
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Figure 6.1 Concentrations of CSF NFL levels in the trial patients (in pg/ml)  

The CSF NFL concentration was obtained by ELISA at three time-points in the trial: Week -8 (trial 
entry), Week 20 (representing the 6-month post-MSC treatment levels for the ‘Early’ group and the 
‘baseline’ for the ‘Delayed’ group) and at Week 44 (representing the 12-month post-treatment 
responses for the ‘Early’ group and the six-month post-treatment for the ‘Delayed’ group).  

 

 

A comparison was then performed for all 12 patients between their untreated/baseline CSF NFL 

levels vs the post-MSC treatment levels (Figure 6.2). In this case, baseline/untreated is represented by 

Week -8 data for the ‘Early’ group but Week 20 for the ‘Delayed’ group. Post-treatment levels were 

obtained from the data at Week 20 for the ‘Early’ group and Week 44 for the ‘Delayed’ group. The 

mean CSF in the pre-treatment group was 2848 pg/ml vs 2358 pg/ml in the post-treatment group 

which was not statistically significant (p=0.297). 

It can be seen from Figure 6.2 that 8/12 patients showed a decrease in the CSF NFL levels – five 

patients belonged to the ‘Early’ treatment group. Two patients (in the ‘Early’ group) showed 

approximately a 50% decrease in the CSF NFL levels between the two time-points but the decreases 

in the other patients ranged from 10 - 25%.The patient with the largest fall in NFL levels (8256 pg/ml 

to 3539 pg/ml) received methylprednisolone at Week 16 for a relapse – four weeks before the lumbar 

puncture at Week 20. One patient (in the ‘Delayed’ group) showed over a 90% increase in the NFL 

concentration post-treatment with a further two patients showing an increase of 25%. In all three latter 

cases, the changes were not associated with a relapse or an EDSS increase.  
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Figure 6.2 Pre- and post-MSC treatment concentrations of CSF NFL levels in the trial patients 
(in pg/ml)  

The change in the CSF NFL concentration in each of the 12 trial patients is shown from their 
baseline/untreated level (in the ‘Early’ treated patients this is the ‘Week -8’ data but is the Week 20 
data for the ‘Delayed’ treatment group) to their treated level (Week 20 for the ‘Early’ group but Week 
44 for the ‘Delayed’ group). There was no significant difference found (p=0.297). It should be noted 
that the patient (‘Early’ group) with the sharpest decrease in NFL had been treated with 
methylprednisolone four weeks before the next lumbar puncture. 

 

 

Next, a comparison was performed to see if the CSF NFL values were different in the relapse vs non-

relapse stage. Although there were a total of 19 relapses in these 12 patients, there were only three 

time-points at which a lumbar puncture was performed therefore only eight relapses were identified 

which could be used to provide a ‘relapse’ value with a corresponding ‘non-relapse’ value. Relapses 

were chosen where they occurred within four weeks of the lumbar puncture and the non-relapse CSF 

value was the closest time-point to the relapse (unless a relapse had occurred at that time-point). In 

addition, the non-relapse time-point occurring in the same MSC treatment/non-treatment period was 

preferred to try and avoid an added compounding factor. This was possible for all except one patient. 

Six of the relapses used arose in the ‘Delayed’ group. 

It can be seen from Figure 6.3 that there is a trend towards a reduction in the NFL levels in the non-

relapse phase compared to the relapse phase and this decrease was seen in 6/8 cases; one ‘Early’ 

treated patient showed a very large increase but the ‘non-relapse’ value used was the baseline pre-
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MSC treatment – this patient’s NFL levels at both points after MSC infusion were significantly lower.  

There was no statistically significant difference between the relapse and non-relapse levels (p=0.383). 

 

 

 

Figure 6.3 Concentrations of CSF NFL levels (g/ml) in 8 patients in the relapse vs non-relapse 
states 

The CSF NFL for eight patients is shown at the relapse stage (or within 4 weeks) with the relevant 
non-relapse CSF NFL value (see text). There was no statistically significant difference between the 
relapse and non-relapse levels; p=0.383. 
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6.5. Discussion 
 

This study has provided the first CSF data for NFL concentrations pre-and post-MSC transplantation 

and whilst it showed a downwards trend post-MSCs (Figure 6.2), this did not reach significance – 

despite the steep decrease in one patient’s NFL levels between the pre-and post-treatment readings (if 

this patient was excluded, the p value changed from 0.297 to 0.668). However, it is not known how 

quickly NFL levels would decrease in response to steroids but it is likely to have played a role here 

given the steroids were received within four weeks of the lumbar puncture. In one other case, 

methylprednisolone was received within two weeks of the LP but the NFL level increased by 

approximately 12%. In the other instances of patients receiving methylprednisolone, the gap between 

steroid and LP was greater than four weeks (and in one case, was given immediately after the LP was 

performed).   

There does appear to be some differences between the ‘Early’ and ‘Delayed’ groups (Figure 6.1) – 

there is a non-significant decrease in the mean NFL concentration in the former group but a non-

significant increase in the latter. This difference persists even when the “outlier” (treated with 

steroids) is removed from the analysis. This is a similar finding to that in chapter 4 where changes 

were more likely in the ‘Early’ group hinting at a “window of opportunity” for treatment.  

There was no obvious correlation between CSF NFL levels and EDSS or relapses unlike reports 

published in the literature [493, 497-499]. Of course, there was limited data with respect to relapses. 

There was a relatively small number of patients and relapses but this was made further smaller as the 

CSF was sampled at set time-points as opposed to at the time of relapse (which would not be practical 

or desirable given the invasive nature of the procedure in any case). Therefore, the ‘relapse’ values – 

CSF values within four weeks of a relapse - could only ever be an approximate surrogate. 

The result found in this study confirms that reported for serum NFL findings recently published by 

Cohen’s group [500]. The clinical results of their phase 1 trial of IV MSCs in 24 patients have 

previously been discussed (Chapter 3). They found no statistical difference between pre- and post-

treatment NFL serum levels nor between serum NFL levels and relapses but they did find a significant 

correlation between serum NFL levels and GELs and new/enlarging T2 lesions which have not been 

addressed in this chapter [500]. A limitation of their study is that they allowed patients to continue 

with a first-line DMT during the trial (interferon-β or glatiramer acetate) and whilst a meta-analysis of 

NFL levels in MS patients reported no differences between MS patients on or off treatment, 

Novakova et al. found that CSF and serum NFL levels decreased with DMTs with greater reductions 

accompanying more efficacious therapy [498, 499, 501].  
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The group did have an advantage that they had a number of time-points post-infusion – in STREAMS, 

the only post-treatment time-point was 20 weeks after infusion. The invasive nature of LPs makes 

achieving this difficult and makes the argument for using a serum assay – which was not available at 

the time of the trial. The single-molecule array (Simoa) technology has been developed to allow 

quantification of the serum NFL levels and the data suggests that there is a strong correlation between 

CSF and serum levels [498, 502]. This would be a useful assay still to do despite the negative result 

from Cohen’s group – partly because the STREAMS patients were not on DMTs at the time of the 

trial (either being naïve or having appropriate drug wash-outs) and also because we had samples from 

an earlier time-point i.e. +48/72 hours post-infusion. Using the serum NFL assay would also be useful 

in future endeavours as samples could be easily obtained with relapses. 

The low numbers of patients in this study was obviously a limitation and the resulting lack of power 

could have precluded detecting a small difference. There were additional limitations. Although the 

samples were kept on ice and processed within an hour, the timing of sampling could have been 

improved although there were practical issues limiting this. Whilst the samples were usually obtained 

before midday, there were occasions when this was not the case – in two patients this was because the 

LP was performed by the radiology consultants at Charing Cross hospital so the timing was 

determined by other cases on their list (affected the sampling 50% of these times) and in two patients 

their very last LP (Week 44) took place in the afternoon.  A diurnal variation has been reported in 

CSF production (the maximal production of ~40ml/hour occurring at midnight with the lowest 

production of ~5ml/hour occurring about midday) meaning that CSF-derived proteins are likely to be 

at their peak around midday [489]. 

 

 

6.6. Conclusion 
 

Although there were trends towards a decrease in the CSF NFL levels measured after MSC treatment 

especially in the ‘Early’ group treated at Week 0, this was non-significant. No significant differences 

were found in untreated vs treated groups. However, the study was under-powered and could have 

missed a small treatment effect. The need for more time-points and ease of sampling would also 

support the use of a serum NFL assay (to monitor neuroaxonal damage) that has since become 

available and has shown strong correlation between serum and CSF NFL levels. 
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7. Investigation into MSC heterogeneity and response to MSCs in 
MS patients  

 

 

7.1. Introduction 
 

Multiple sclerosis is heterogeneous in its clinical presentation but also in its response to treatment 

which can vary between patients. This situation is no different with MSC therapy and whilst there 

may be factors intrinsic to the patient to account for that resistance, there have been differences 

described between MSCs (even from the same source i.e. bone marrow) that could affect their 

function and lead to a differential response in the patients. As autologous use of MSCs has been the 

more common approach than using allogeneic MSCs, it is important to be able to appreciate the 

degree of heterogeneity in MSC function and any factors influencing it – attempts could then be made 

to address these to improve therapeutic function. 

 

7.1.1.  The MSC “secretome” 

 

MSCs affect the innate and adaptive immune system in a number of ways either by affecting 

activation, differentiation or the release of cytokines and chemokines from immune cells that are 

involved in the pathogenesis of MS. These possible interactions have been discussed earlier in 

chapters 4 and 5. These immunomodulatory effects of MSCs are exerted through cell-to-cell 

interactions but also in part by the secretion of soluble factors which have largely been identified by in 

vitro experiments involving conditioned medium or transwell culture systems and using neutralising 

antibodies, silencing RNA and modified MSCs [503]. The trophic factors, cytokines, chemokines and 

extracellular matrix proteins secreted contribute to the paracrine actions of MSCs and constitute the 

“secretome” of the MSC. Some of these are constitutively produced by the MSCs and others after 

either “cross-talk” with immune cells or after “licensing” of MSCs in inflammatory conditions [18, 

503].  

 

Soluble factors which are thought to contribute to the immunosuppressive function of MSCs, some of 

which were investigated in this study, are discussed in further detail below. 
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Di Nicola et al. demonstrated that transforming growth factor β (TGF-β) and hepatocyte growth factor 

(HGF) secreted by MSCs mediated the suppression of T cell proliferation in a mixed lymphocyte 

reaction (MLR) though others did not replicate these findings and suggested that the mediator was 

dependent on the stimuli used with prostaglandins contributing to suppression in phytohemagglutinin 

(PHA) cultures but not in MLRs where IL-10 appeared to be involved [504-506]. 

Another study showed that TGF-β and prostaglandin E2 (PGE2), an eicosanoid derived from fatty 

acids, induced an increase in Treg cell frequency in PBMCs [217].   

PGE2 is regulated by the constitutively-expressed cyclooxygenase-1 (COX-1) enzyme and COX-2 

which is induced by pro-inflammatory stimuli [503]. PGE2 is able to regulate Th17 differentiation but 

has been shown also to mediate the anti-inflammatory properties of MSCs as it is able to inhibit Th1 

proliferation and IFN-γ secretion and increase the production of Th2 cytokines [503, 507]. MSCs 

inhibited, via PGE2, generation of DCs from blood monocytes and decreased the capacity of DCs to 

present antigen, produce IL-12, TNF-α and IL-1β and thus their ability to activate T cells [282, 284, 

503, 507, 508]. Transwell experiments indicated that the suppressive effect on DC differentiation was 

mediated, but not wholly, by IL-6 (secreted in large amounts by MSCs) and M-CSF production by 

MSCs [18, 503].  However, Nemeth et al. used a sepsis mouse model to show that the beneficial 

effect of BM-MSCs was mediated by PGE2 acting on circulating monocytes and tissue macrophages 

(mainly in the lung) through the prostaglandin EP2 and EP4 receptors; this attenuation of sepsis was 

abrogated either by macrophage depletion (source of IL-10) or by pre-treatment with anti-IL-10 

antibodies [509]. MSC-derived PGE2 and TGF-β each individually partially inhibited NK cell 

proliferation, CD56 expression as well as cytotoxicity and blocking both completely restored it [18]. 

Indoleamine 2,3-dioxygenase (IDO) is a rate-limiting enzyme involved in the catabolism of the 

essential amino acid tryptophan and can be induced by IFN-γ in MSCs. It can inhibit T cell 

proliferation, inhibit the differentiation of DCs and result in an expanded Treg population [18, 503]. It 

has been shown in a number of animal (transplant) models to induce immune tolerance with such 

animals having higher levels of kynurenine (the breakdown product) and a higher Treg population 

[503]. MSC inhibition of B cell proliferation was shown to be mediated by IFN-γ-stimulated IDO 

[510]. In 2012, Francois et al. demonstrated that the variability in the MSC-mediated suppression of T 

cell proliferation was linked to IDO expression in the MSCs of the healthy donors; as only 1-MT 

(inhibitor of IDO) abolished MSC ability to suppress T cell proliferation whereas blocking COX-2 

and TGF-β did not, they concluded that IDO was the main mechanism by which human MSCs 

inhibited T cell proliferation – at least in vitro [511]. They also showed that IDO indirectly inhibited T 

cell proliferation by monocyte re-programming, inducing the differentiation of monocytes to IL-10-

secreting CD206+ immunosuppressive (or M2) macrophages [511]. 
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The galectins are a family of 15 β-galactoside binding proteins which are also thought to regulate 

MSC suppressive function [512]. Galectin-1 and galectin-3 are constitutively expressed by human 

MSCs and are present on the outer plasma membrane as well as being secreted. They are thought to 

interact with their counterpart receptors on T cells resulting in a tolerogenic signals or induce 

tolerogenic DCs which inhibit T cells via IL-10 as inhibition of galectin-1 and galectin-3 expression 

reduced IL-10 in MLR culture supernatants [512]. Blocking galectin-3 alone reduced, but did not 

abolish, MSC immunosuppression of T cell proliferation but Sioud et al. further demonstrated that 

inhibiting both galectin-1 and galectin-3 almost completely abolished the immunosuppressive effect; 

the exogenous addition of β-lactose (which competes for galectin binding to cell surface 

glycoproteins) could reverse the effect [512]. However, it should be noted that the group used RNA 

interference to knockdown the expression in MSCs but the role of endogenously-produced galectins 

in T cells and DCs could not be accounted for [512]. Liu et al also proposed galectin-3 to be 

important for the immunosuppressive actions of hUC-MSCs [513]. Gieseke et al. demonstrated that 

inhibiting galectin-1 (again using silencing RNA) diminished the MSC suppressive effect on both 

CD4+ and CD8+ T cells [514]. 

MSCs are also a source of the chemokine IL-8 which can be induced by inflammatory cytokines and 

had a prominent role in angiogenesis. It was considered to mediate a pro-tumour effect but silencing 

of IL-8 in (placental) MSCs significantly impaired MSC proliferation, colony formation, 

differentiation capacity as well as immunosuppressive potential [515]. 

HGF is recognised as a neurotrophic factor in the developing brain and is predominantly produced by 

stromal cells; studies suggest that its receptor, c-Met, is expressed on microglia, astrocytes and 

oligodendrocytes and mRNA for both HGF and cMet were abundant in the hippocampi of human 

brain [516]. In addition to the neurotrophic role, it has also been shown to suppress inflammation by 

inducing tolerogenic DCs, Tregs and biasing towards Th2 responses whilst inhibiting T cell activation 

and IL-17 expression [517, 518]. In 2012, Bai et al. demonstrated that HGF secretion by MSCs was 

critical to promoting recovery in an EAE model by biasing T cells towards Th2 responses but also by 

stimulating remyelination via recruitment of endogenous neural and oligodendrocyte precursors. HGF 

is able to cross the BBB but its half-life is short [519]. It is interesting to note that HGF was found to 

be elevated in the CSF of MS patients which could reflect endogenous repair processes [519]. 

Brain-derived neurotrophic factor (BDNF), a 13kDa polypeptide, is known to be dysregulated in MS 

patients with lower levels found in the CSF and serum and a lower level being secreted by PBMCs, 

both within the T and monocyte cell compartments [520]. Blocking BDNF in PBMC supernatants 

reduced their neuroprotective effect [520]. Human MSCs also secrete BDNF and were shown to 

promote survival in rodent cortical neuronal culture in vitro whilst anti-BDNF antibodies attenuated 

that neuroprotective effect [521]. 
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Human leukocyte antigen-G (HLA-G) is a non-classic MHC class1b molecule that exists in seven 

isoforms and these have immunosuppressive activity being able to down-regulate T, B and NK cells 

and promote expansion of Tregs which inhibit T cell proliferation [503]. HLA-G5 is a soluble isoform 

secreted by MSCs but can also, by trogocytosis, be transferred – bound to membrane - to other cells 

such as lymphocytes thus mediating immunosuppression by cell-to-cell contact [503]. There appears 

to be a positive feedback loop with IL-10 such that pre-treatment of MSCs with IL-10 results in 

higher HLA-G5 levels and blocking HLA-G5 resulting in dose-dependent decrease in IL-10 in 

MSC/T cell co-cultures [503]. 

 

 

7.1.2.  Autologous use of MSCs in MS patients  
 

This trial used autologous MSCs as have most clinical studies in MS to date but there have been 

concerns that MSCs from MS patients could be different to those of healthy donors as studies in other 

autoimmune conditions such as systemic sclerosis (SSc), systemic lupus erythematosus (SLE) and 

rheumatoid arthritis (RA) indicated that MSCs were defective [119, 120, 122]. Del Papa et al. 

demonstrated that BM samples had a decreased number of stromal cells that formed fewer colony 

forming units (CFUs) with cells not reaching confluence and it was postulated that this could be as a 

result of the microvascular damage associated with SSc [120]. Similar poor clonogenic potential was 

noted with stromal cells from SLE and RA patients which also failed to support allogeneic progenitor 

cell growth – however, the stromal function improved in SLE after AHSCT supporting the idea that 

the defect was due to the presence of autoreactive T cells in the BM and improved with anti-TNF 

therapy in RA as stromal layers had been producing abnormally high levels of TNF-α [119, 122]. It 

was also suggested that the differences could be due to previous immunosuppressant therapies. 

However, Larghero et al. demonstrated that BM-MSCs from 12 SSc patients had similar phenotype to 

healthy controls and similar functional characteristics with respect to forming colony units, 

differentiating along the adipogenic and chondrogenic lineages, supporting haematopoiesis and also 

suppressing lymphocyte proliferation in MLRs or that induced by anti-CD3/anti-CD28 monoclonal 

antibodies [121]. This had confirmed earlier findings using BM-MSCs from three autoimmune 

patients (one RA, one SSc and one primary Sjogrens syndrome) showing that their MSCs were 

capable of inhibiting the proliferation of both autologous and allogeneic PBMCs [522].  

Papadaki et al. examined the BM of 15 MS patients and found that they had lower CFUs compared to 

controls and that this was inversely correlated with the presence of activated T cells - the CFUs 

increased significantly after the immunomagnetic removal of these T cells indicating that there was no 
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intrinsic defect per se in the stromal cells and therefore autologous use of MSCs was feasible [523]. 

Mazzanti et al. compared MSCs from 10 MS patients to six age-matched control donors undergoing 

orthopaedic surgery for osteopenic disorders and found no differences between them in phenotype 

including TLR expression, proliferation, in vitro differentiation, inhibition of T cell proliferation and 

DC differentiation – they only differed in CXCL10 (IP-10) production [116]. Similarly, Mallam et al. 

found no differences between the BM-MSCs from four MS patients and control MSCs from patients 

undergoing hip replacement although the mean age of the MS patients was 46.8 years vs 71 years for 

the non-MS cases [118]. However, not all data is in agreement with this – de Oliveira et al. 

demonstrated that whilst MSCs from 44 MS patients had similar osteogenic and adipogenic 

differentiation as healthy controls they were phenotypically changed (decreased expression of CD105 

and CD73), were senescent in culture, showed a reduced antiproliferative effect when co-cultured 

with allogeneic T cells, decreased secretion of IL-10 and TGF-β in the supernatants and had a distinct 

gene expression profile [524]. The group found that 618 genes were differentially expressed including 

a downregulation of TGF-β and HGF genes and modulation of the HGF pathway and that this 

difference did not normalise after AHSCT which would be against the idea put forward by Papadaki 

et al. that any differences were due to autoreactive T cells in the bone marrow  [523, 524].  

It can be seen that the data regarding the functionality of MSCs from MS patients is far from clear and 

it was important therefore to evaluate the MSCs in our patient cohort. There is clearly variability even 

within healthy donors as described by Francois et al. and experimental conditions have varied 

between the studies described above such as the passage number of MSCs [511, 524]. Age is clearly 

relevant as it is well established that MSCs from young/paediatric donors had greater proliferative 

capacity and given that we had access via the JGCCT to healthy paediatric donor samples, these were 

used as a comparator – in addition, one would argue that should allogeneic MSCs be considered, they 

will most likely arise from paediatric healthy donors [125, 126].  

 

7.1.3.  Role of monocytes and their relationship to MSC function 
 

Monocyte involvement in MS is far from understood but it is known that activated monocytes are 

abundant in MS lesions and aberrations in monocytes from MS patients have been reported with 

higher secretion of IL-6 and IL-12 in untreated MS compared to healthy controls – IL-12 serves an 

important role by linking the innate to the adaptive immune system [302]. Monocytes subsets now 

include an intermediate type (CD14++CD16+) in addition to the classical (CD14++CD16-) and non-

classical monocytes (CD14+CD16+) with functional differences being reported between them [297, 

525].  
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In MS, one study showed that the absolute numbers of the classical and non-classical monocytes was 

the same as healthy controls but no functional analysis was completed (and there was no analysis of 

the intermediate monocyte population). DMTs used in MS have been shown to affect monocyte 

frequency and function. Monocytes from patients treated with interferon-β differentiated less 

efficiently into DCs in the ex-vivo setting and glucocorticoids led to a profound depletion of non-

classical monocytes possibly accounting in part for the glucocorticoid-mediated immunosuppression 

[526, 527]. Other data has shown that interferon-β is able to induce HGF in both the main subtypes of 

monocytes and glatiramer acetate is able to induce monocytes to suppress T cell proliferation in EAE 

[528, 529]. Of interest, Slaney et al. reported the loss of intrinsically suppressive monocytes with the 

induction of EAE [298]. 

Therefore, monocytes appear to be key players in autoimmunity and given that monocytes and 

macrophages are necessary for MSCs to exert their effect, the mechanisms by which their actions are 

mediated should be further investigated [509]. 

Programmed death-1 (PD-1), a 55kDa type 1 transmembrane protein belonging to the Ig superfamily,  

was found to be expressed on mature T and B cells as well as activated cells of the myeloid lineage 

such as macrophages [530]. PD-1 provides an immunoinhibitory signal and the expression of this 

receptor has shown to be relevant in immune cell activation, tolerance and autoimmunity; the 

importance of which was revealed by the development of a lupus-like autoimmune disease by 

disruption of the PD-1 gene [530-532]. The possible relevance of this PD-1 pathway in multiple 

sclerosis has already been demonstrated by the use of PD-1 antibodies which accelerated EAE [533].  

B7-H1 and B7-DC (also named PD-L1 and PD-L2 respectively) are the ligands for the PD-1 receptor. 

PD-L1 is constitutively expressed in lymphocytes, macrophages and dendritic cells but in vitro 

experiments have shown that its expression can be induced by inflammatory cytokines [533, 534]. 

Importantly, PD-L1 is also constitutively expressed on MSCs.  

Polymorphisms in the PDCD1 gene have been associated with MS and in one study of German MS 

patients, an intronic 7146G/A polymorphism – either via altering the mRNA stability of PD-1 or its 

expression level - led to reduced PD-1 mediated inhibition of IFN-γ production [535]. Dendritic cells 

(DCs) genetically modified to overexpress PD-L1 have been shown to ameliorate clinical EAE and 

therefore the presence of MSCs expressing PD-L1 could be important [536]. Furthermore, it has been 

shown that IFN-β, a first-line disease modifying agent in MS, can upregulate PD-L1 on APCs in vitro 

and in vivo. These studies all highlight the importance of the PD1 - PD-L1 pathway as a rationale 

therapeutic target in MS and perhaps one which MSCs could exploit. 

Monocytes are known to express the PD-1 receptor on their surface [531]. Said et al. demonstrated 

that microbial products and inflammatory cytokines found in the plasma of HIV-infected patients led 
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to an increased expression of PD-1 on monocytes with a consequent increase in IL-10 which induced 

reversible T cell dysfunction [537]. Whilst such an upregulation of PD-1 in monocytes is detrimental 

in HIV or other viral infections, it could have beneficial consequences in MS i.e. increased IL-10 and 

subsequent T cell dysfunction. 

The mechanism of action of MSCs has not been fully elucidated. Galipeau’s group as discussed above 

proposed that MSC-mediated immunosuppression was linked to the degree of IDO upregulation 

following exposure to IFN-γ and varied between (healthy) donors [18]. However, it has been shown 

previously that IDO induction did not occur with defective PD-1/PD-L1 pathways [538]. PD-1 is also 

linked to another immunoinhibitory molecule, Tim-3, capable of regulating cytokine expression in 

monocytes and which has been shown to be dysregulated in MS [539, 540]. Some of these potential 

interactions were therefore worth exploring in this study. 

 

It can be seen that doubt remains over the degree of difference between MSCs from different donors, 

whether there are significant differences in MSCs from MS patients and whether monocytes, a largely 

unexplored subset, are affected phenotypically and functionally by MSCs. These aspects were 

explored in the work described in this chapter. 
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7.2. Aims of chapter 
 

Hypothesis 5: It is hypothesised that there will be significant variability in the levels of secreted 

factors from MSCs of MS patients which may impact on their function 

 

It has been shown that MSCs secrete a wide variety of soluble factors deemed important in the MSC 

mechanism of action but it is unlikely that these have been fully identified or are relevant in all cases. 

In addition, how and the degree to which these vary between patient samples is not fully known. The 

differing clinical outcomes in MS patients after receiving autologous MSCs has led to questions about 

the functionality of using patients own MSCs with different results published in the literature. There 

was therefore a need to explore the autologous MSCs used in the STREAMS trial to understand 

whether autologous use was truly an effective, viable option in MSC therapy.  

 

The specific aims in this chapter are therefore: 

 

1. To measure the soluble factors, to which the immunosuppressive action has been attributed, 

secreted by MSCs of the patients involved in the trial, consider differences to allogeneic donors and 

ascertain any effect of passage number. 

2. To examine the expression of IDO in MSCs of the trial patients. 

3. To examine if there are any differences in the patient MSC function by means of proliferation 

assays. 

4. To examine for any intrinsic differences in responsiveness of MS PBMCs to MSC action. 

5. To examine the effect of MSCs on monocyte (and subset) frequency, phenotype (including PD-1 

and Tim-3 expression) and function. 
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7.3. Experimental Design 
 

7.3.1.  MSC samples and culture 
 

The JGCCT provided fresh/frozen pilot vials of all the patients’ MSCs as either a primary (P0) or a P1 

passage with varying cell numbers. They also provided allogeneic samples from healthy paediatric 

donors to use as controls/comparators in experiments. The MSCs were used for a number of 

experiments and had to be plated and passaged following transfer to the group laboratory for 

immediate use (if sufficiently expanded), re-passaged to expand further and also to allow 

cryopreservation in human albumin solution (HAS)/10%DMSO for later use. When needed, MSCs in 

cryovials that had been stored in liquid nitrogen were thawed in the water bath (pre-heated to 400C), 

the tubes dried and sprayed with 70% ethanol and transferred to the sterile hood. The thawed cells 

were immediately transferred to a 50ml Falcon® tube containing warmed αMEM/5%FBS (to dilute 

the toxic DMSO), centrifuged at 1700rpm for 5 minutes, the supernatant discarded and then the MSCs 

re-suspended in 10ml fresh αMEM/PL. The MSCs were counted and plated in 75cm2 Corning® flasks 

at a density of ~2.5 x 105 cells/flask. If they had already been expanded in flasks and had reached 

adequate confluency, the ‘used’ αMEM/PL supernatant was transferred to a sterile 50ml Falcon® 

tube. The cells were washed gently with 10ml of warmed PBS and this was discarded. Trypsin (1x) at 

a volume of 3 - 5ml was then added to the flask to detach the adherent MSCs and the flask transferred 

to the incubator (370C, 5%CO2) for 5 minutes. Then 40 - 45ml of αMEM/FBS was added to the flask 

to inhibit the trypsin and the contents transferred to the Falcon® tube, centrifuged with the resultant 

MSC pellet being re-suspended in fresh αMEM/PL following which the cell count was established. 

For re-plating, 5mls of the ‘used’ αMEM/PL was added to 5ml of fresh αMEM/PL in the flask and 

MSCs seeded at an appropriate density. The remaining ‘used’ αMEM/PL was discarded. Flasks were 

kept in a sterile incubator at 370C and 5%CO2. A half-medium change of the αMEM/PL was 

performed at approximately day 7. No antibiotic was added to the flasks (similar situation to the 

clinical production at the JGCCT) so all sterility procedures had to be carefully observed to avoid 

contamination of the growing MSC cultures.  

 

7.3.2.  Obtaining and analysing the MSC secretome of patients’ MSCs 
 

MSCs from a total of 14 patients (including two that had failed to reach adequate MSC dose and were 

withdrawn from the trial) and three controls were expanded as described above. Passages 1 - 5 of the 

MSCs were plated in 75cm2 Corning® flasks at a density of 5000cells/cm2 i.e. a total of 375 000 
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MSCs; some samples had more than one passage available for comparison. Prior to harvesting (of P2 

– P6 samples) (confluency was ~70 - 90%), the αMEM/PL was removed and the adherent cells were 

gently washed three times with 10mls of warmed PBS to remove traces of platelet lysate and 10mls of 

fresh warmed αMEM (i.e. serum-free media) was added. The cultures were left for a further 72 hours 

at 370C, 5%CO2 before the supernatant was removed. This was sterile filtered (0.45µM syringe filter, 

ThermoScientific #171-0045) to remove cellular debris and then the filtered supernatant was 

aliquoted as 1ml samples into cryovials and stored at -800C until needed for the ELISAs. 

When all the supernatants from MSCs cultured in this experiment had been obtained for evaluation, 

ELISAs for Galectin-1 (R&D #DGAL10), Galectin-3 (R&D #DGAL30), CXCL8/IL-8 (R&D 

#D8000C), M-CSF (R&D #DMC008), TGF-β1 (R&D #DB100B), free BDNF (R&D DBD00), HGF 

(R&D #DHG00), prostaglandin E2 (R&D #KGE004B), IL-6 (R&D #D6050) and sHLA-G 

(BioVendor #RD194070100R) were performed according to the manufacturers’ instructions. 

Supernatant samples were diluted 3-fold for the PGE2 assay, 1.4-fold for TGF-β1 and 4-fold for 

galectin-1 with the remaining ELISAs using undiluted samples. All samples were run in duplicate 

wells on the same plate. The optical density (OD) of the wells was obtained within 30 minutes of 

adding the Stop reagent using a microplate reader (Glowmax®, Promega) set to 450nm with a second 

reference reading being performed immediately afterwards at 560nm. Wavelength correction was 

performed by subtracting the readings of 560nm from 450nm and the average zero OD was then 

subtracted from each well. Myassays.com software was utilised to generate a 4-PL curve and used to 

provide both the individual concentrations of the soluble mediator as well as the mean of the duplicate 

wells.   

 

7.3.3.  Western blot for Indoleamine 2, 3-dioxygenase (IDO) enzyme 
 

MSCs were pre-activated overnight with 100ng/ml IFN-γ and 3ng/ml TNF-α and the cells were then 

centrifuged at 4000rpm for five minutes at 210C before being lysed in RIPA buffer (Thermo 

Scientific) (500µl per 2 x 106 cells) containing protease and phosphatase inhibitors (HALT™ Thermo 

Scientific) and 0.5M EDTA solution (100X). After sonication for 30 seconds on ice and 

centrifugation at 14 000 rpm for 15 min at 40C, proteins in the sample supernatants were quantified 

using the BCA protein assay kit (Thermo Scientific Pierce). Equal amount of proteins were loaded 

and run on a 10% Bis-Tris gel (NuPAGE™, Invitrogen) and transferred onto the PVDF membrane 

(Bio-Rad). The protein ladder was also loaded according to the manufacturers’ instructions 

(PageRuler™ Plus prestained protein ladder, Thermo Scientific). The membrane was blocked using 

5% milk for one hour at RT and incubated with the primary rabbit monoclonal anti-IDO antibody 

(Ab76157, Abcam, 1:5000) and rabbit anti-human GAPDH antibodies (Ab181602, Abcam, 1:10000) 
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diluted with 5% milk overnight at 4°C followed by goat anti-rabbit HRP-conjugated secondary 

antibody (Abcam 1:5000). The protein bands were revealed using the ECL system (Amersham ECL). 

Densitometry analysis was performed using ImageJ to obtain mean density value for each band. The 

relative intensity was calculated by dividing the absolute intensity values of IDO for each sample by 

the corresponding GAPDH control band.  

 

7.3.4.  Investigation of IL-10 responses to LPS stimulation of allogeneic monocytes using 

patient MSCs 

 

It was previously noted that co-culture of MSCs with activated monocytes led to increased IL-10 

being detected in the culture supernatant when compared to monocytes in culture alone. 

To see if the activity of MSCs with respect to IL-10 production by monocytes varied depending on 

their source, patient MSCs were expanded as above. PBMCs had been previously isolated from 

leukocyte cones purchased from the NHS Blood & Transplant service (NHSBT) using Ficoll® 

density gradient and cryopreserved. They were now thawed, washed in PBS and re-suspended in 

RPMI/10%FBS with 1% antibiotic (Gibco). After counting the cells, monocytes were positively 

selected using CD14 microbeads (Miltenyi) according to the manufacturers’ instructions. Monocyte 

purity was checked to ensure it was >90% by staining a sample with CD14 antibody and acquiring it 

on the BD FacsCalibur. Then, allogeneic monocytes and patients’ MSCs in a ratio of 4:1 (i.e. 200 000 

monocytes with 50 000 MSCs) were plated in duplicate in a 48-well plate as well as two allogeneic 

donors (allo2 and allo4) with controls represented by monocytes and MSCs plated alone. Each well 

had a total volume of 1ml to which LPS was added at a concentration of 1µg/ml and the stimulation 

continued for 24 hours at 370C and 5%CO2. At this point the supernatant was removed, filtered and 

stored at -800C for the IL-10 ELISA. All supernatant samples were diluted 1:4 and performed in 

duplicate on the same plate; the BD OptEAI™ IL-10 Elisa kit was used (#550613) according to the 

manufacturers’ instructions. The plate was read at 450nm with a wavelength correction at 560nm 

using the VERSAmax® microplate reader and then the mean zero background absorbance was 

subtracted. Graphpad Prism was used to generate a 4PL curve (log[concentration] against the OD 

values) and the IL-10 concentration of the unknown samples interpolated.  
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7.3.5.  Investigation of the effect of MSCs on PBMC proliferation and IFN-γ expression 
by CD4+ and CD8+ T cells 

 

1. MSC suppression of PBMC proliferation 

PBMCs were isolated by Ficoll® density gradient from blood samples of untreated RRMS patients 

(Charing Cross NHS clinic) and healthy controls and suspended in warmed PBS containing 0.1% FBS 

at a concentration of 1 x 106 cells/ml. They were labelled with 5µM CFSE (Invitrogen) as previously 

described in chapter 2. 

CFSE-labelled PBMCs were re-suspended in culture medium (RPMI 1640 with 2mM L-glutamine, 

10% FBS and 100U/ml penicillin/streptomycin) such that there were 1 x 106 PBMCs/500µl. A 48 well 

plate was set-up with patient labelled PBMCS alone and labelled PBMCs in co-culture with MSCs 

(ratio 4:1) such that the total volume in each well was 1ml. The MSCs in this experiment were from 

one allogeneic donor (allo1 p4). Dynabeads (Invitrogen) were added to each stimulated well at a 

dynabead:PBMC  ratio of 1:2. Controls included stimulated but unlabelled PBMCS for an unstained 

sample (to provide the background staining) as well as stimulated PBMCs to allow single stains for 

compensation on the flow cytometer. The plate was then incubated at 370C, 5%CO2 for three days. At 

this point, the well contents were harvested and the dynabeads removed using Dynamag™. The 

supernatant containing the activated T cells was collected, washed twice and centrifuged at 1500rpm 

40C and the cell pellet stained with anti-CD3 PE (BD), anti-CD4 PerCP (BD) and anti-CD8 APC 

(BD) for 30 minutes at 40C. After washing twice with PBS, the pellet was re-suspended in PBS and 

the sample acquired on the BD FacsCalibur; the CFSE was detected on the FL1 channel. 

 

2. IFN-γ production by CD4+ and CD8+ T cells  

A second experiment was run in parallel with the above using the PBMCs from the same MS patients 

from clinic and healthy controls to examine IFN-γ production by activated CD4+ and CD8+ T cells. 

PBMCs were suspended in culture medium (RPMI 1640 with 2mM L-glutamine, 10% FBS and 

100U/ml penicillin/streptomycin) such that there were 1 x 106 PBMCs/1ml. Dynabeads (Invitrogen) 

were added to the stimulated well at a dynabead:PBMC  ratio of 1:2 with a corresponding volume of 

culture medium added to the control/non-stimulated wells. An additional five wells containing 1 x 106 

stimulated PBMCs were set-up for an unstained sample and single stains to allow for compensation 

on the flow cytometer. rhIL-12 (R&D) was added to all the wells at a concentration of 20ng/ml. The 

plate was then incubated for three days at 370C, 5%CO2. After the three days, the dynabeads were 

removed using the Dynamag™ and the cell pellet was re-suspended in fresh culture medium, re-
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stimulated (only the ‘stimulated’ wells) with dynabeads (1:2 ratio) and 1µl/ml brefeldin (1000x, 

ebioscience) was added to all wells after one hour and the plate incubated for a further three hours. 

The dynabeads were again removed, the cells washed in PBS and surface and intracellular staining 

with anti-CD3 FITC (BD), anti-CD4 PE (BD), anti-IFN PerCy5.5 (ebioscience) and anti-CD8 APC 

(BD) (or with single stains for the compensation controls) was performed following which the 

samples were acquired on the BD FacsCalibur. 

 

3. Suppression of PBMC proliferation using patient MSCs and assessing the effect of pre-

stimulation with IFN-γ on MSC suppressive function  

MSCs were expanded from patients and allogeneic controls as described above. To half the MSC 

samples in 500µl culture medium, IFN-γ at 100ng/ml (Sigma-Aldrich) was added overnight to the 

wells (each containing 125 000 MSCs) with an equal volume of PBS added to the non-stimulated 

samples. The following day, CFSE-labelled allogeneic PBMCs (isolated from leukocyte cones as 

described above) were added to each well in a 4:1 ratio (500 000 PBMCs: 125 000 MSCs) resulting in 

a total well volume of 1ml - with each condition run as duplicate wells. Dynabeads were added to all 

experimental wells and the plate incubated at 370C, 5%CO2 for three days. After this, the samples 

were collected and the dynabeads removed. The cell pellet was stained as before with anti-CD3 PE 

(BD), anti-CD4 PerCP (BD) and anti-CD8 APC (BD) and the sample acquired on the BD 

FacsCalibur; the CFSE was detected on the FL1 channel. Controls in this experiment included 

stimulated labelled PBMCs alone, unstimulated labelled PBMCs, stimulated unlabelled PBMCs as 

well as stimulated PBMCs for the single compensation controls. 

 

7.3.6.  Investigating the phenotypic differences in monocytes in MS and the effect of co-
culture with MSCs 

 

Firstly, PBMCs were isolated from untreated RRMS patients (Charing Cross NHS MS clinics) and 

healthy controls and 1 x 106 cells were stained either with the ‘monocyte panel’ antibodies comprising 

anti-CD16 FITC, anti-PD1 PE, anti-CD14 PeCy7 and anti-Tim3 APC or ‘lymphocyte panel’ 

antibodies comprising anti-CD3 FITC, anti-PD1 PE, anti-CD4 PeCy5 and anti-Tim3 APC. This 

allowed the determination of the frequencies of the different monocyte subsets (classical, intermediate 

and non-classical) as well as PD-1 and Tim-3 expression on the different monocytes as well on CD4+ 

T cells in both MS patients and healthy controls. Isotype-matched control antibodies were used to 

determine the level of background binding and each sample was run as a duplicate. The samples were 
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acquired on the FACS Calibur (BD) with approximately 50 000 events acquired after gating on either 

the monocyte or lymphocyte population.  

Then, for the pilot study, monocytes were isolated from the PBMCs of further untreated RRMS 

patients and healthy controls and incubated in conditions including alone or with allogeneic MSCs in 

either an unstimulated culture medium or stimulated with LPS (100ng/ml) for 24 hours at 370C, 

5%CO2; the monocyte : MSC ratio used was again 4:1 (0.5 x 106 monocytes: 0.125 x 106 MSCs) with 

the total volume in the well being 1ml. The monocytes were then stained to see if incubation with 

MSCs either with or without LPS altered the frequencies of the subsets or their expression of PD-1 

and Tim-3.  

 

7.3.7.  Statistical Analyses 
 

For data obtained from the ELISAs, means of duplicates and for sub-groupings were used (i.e. MS 

patients vs allogeneic samples or passage comparisons) and ranges were provided for each soluble 

factor.  

A one-way ANOVA was used to compare differences between the different passages of MSCs (p2 

was ignored as there were only two samples; a minimum of three was needed) if the data had passed 

the normality tests (D'Agostino & Pearson and Shapiro-Wilk) and was corrected for multiple 

comparisons using Tukey. If not, then the Kruskal-Wallis test (with Dunn’s correction) was used. 

Unpaired t tests were used to compare the differences of results obtained between MS and allogeneic 

samples having a Gaussian distribution but a Mann-Whitney test for non-parametric data.  

Spearman’s correlation test was used to evaluate the relationship between each MSC soluble factor 

and the patient’s serum cytokine that had been obtained using the MSD multiplex assay (results in 

chapter 5). 

An unpaired t test was used to compare the differences between the IDO protein expression in the 

MSCs of MS patients vs allogeneic controls. 

For the CFSE proliferation assays, FlowJo (Version 10.6) was used to obtain the % PBMC 

proliferation with and without MSCs – the % suppression by PBMCs was then calculated by the 

formula ([%proliferation of PBMCs alone - %proliferation of PBMCs co-cultured with 

MSCs]/%proliferation of PBMCs alone) x100. This was performed for total lymphocytes as well as 

for the individual CD4+ and CD8+ populations.  Unpaired t tests were used to compare suppression in 

MS vs healthy controls. 
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The IFN-γ-expression by the total lymphocyte, CD4+ and CD8+ population was obtained using 

FlowJo (Version 10.6) and Spearmans correlation test was used to assess if there was a relationship 

between the degree of suppression of the PBMC proliferation with the allogeneic PBMCs and the 

IFN-γ expression in the PBMC populations; the whole lymphocyte population as well as CD4+ and 

CD8+ T cells were examined in this way. 

The Mann-Whitney test was used to compare differences in IL-10 production in monocyte/MSC co-

cultures between trial and control patients. This was also used to compare differences in monocyte 

subsets between RRMS patients and healthy controls as well as differences in Tim-3 and PD-1 

expression between monocyte subsets and between RRMS and healthy controls. 

Graphpad Prism (Version 7.0 for Windows, Graphpad Software, San Diego, CA, USA) was used for 

all analyses.  
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7.4. Results 
 

7.4.1.  Analysis of the secretome of the STREAMS patients’ MSCs 
 

Although a total of 14 patients’ pilot vials were provided for use, four failed to generate enough 

MSCs for this experiment. Two of these patients had been withdrawn from the clinical trial as they 

had failed to reach the target dose – the live cells in their pilot vials were only 195 000 and 55 000 

MSCs and growth could not be established despite re-plating attempts into smaller flasks (25cm2) to 

encourage confluency. The two other samples (despite achieving MSC target dose for the clinical 

trial) demonstrated scanty growth although there had been an adequate number of live cells in the 

original pilot vial and despite attempts at re-plating.  

Of the remaining 10 patients’ samples, passages P2 - P6 were used with five patients having more 

than one passage available for testing.  

Figure 7.1 shows the results of all 10 immunoassays performed on these secretomes.  

The patients are labelled, for anonymity, from A - J with the passage number adjacent to this; the 

patient is represented by the same colour if they have had more than one passage analysed (though the 

bar fill is different). This alphabetical labelling has also been kept consistent between different 

experiments i.e. ‘A’ represents the same patient in all experiments in this chapter.  
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Figure 7.1 Concentrations of 10 soluble mediators secreted by MSCs of trial patients’ MSCs and 
allogeneic donors 

The mean concentrations of the different soluble mediators secreted by MSCs from 10 trial patients 
(A-J) and three allogeneic donors (allo 1-3) at different passages (p) are shown from (i) to (x) and 
expressed in either pg/ml or ng/ml. In the case of galectin-1, the amount produced by allo2 (vi) was 
above the highest standard of the ELISA. 

 

 

TGF-β1 ranges between 32.7 - 487.8 pg/ml with a mean of 250.1 pg/ml. There was no significant 

difference between the allogeneic donors and MS patients however, TGF-β1 significantly decreased 

with increasing passage with a mean concentration of 325.7 pg/ml in the p3 samples vs 194.2 pg/ml in 

the p6 samples (p=0.0293) although this significance disappeared when corrected for multiple 

comparisons. PGE2 varies between undetectable to 420.3 pg/ml and although it appears that the levels 

increase with passage number, there were no statistical differences either with passage number or 

between allogeneic and MS patients. M-CSF varied from 0 - 877.3 pg/ml, IL-6 from 127.7 - 586.6 

pg/ml and IL-8 from 0 - 202.9 pg/ml without showing any significant differences between allogeneic 

and MS donors nor between the passage numbers. One of the allogeneic donors had a galectin-1 

concentration above the highest standard (Figure 7.1 vi) with the concentrations in the remaining 

samples ranging between 2.67 - 122.8 ng/ml. The quantity of galectin-3 produced by all the MSCs 

was small ranging from 0 - 2.88ng/ml and although there was a statistical difference between 

allogeneic (mean 0.84 ng/ml) and MS donors (1.53 ng/ml) with a p value = 0.0065, this is skewed by 

two values in the allogeneic samples. Passage number did not significantly affect the concentration of 

galectin-3 in the supernatant. There was large variation in the HGF concentration as it ranged from 

4.35 - 2134 pg/ml with a mean value in all samples of 360 pg/ml; there were no differences resulting 

from passaging or between patients and allogeneic sources. BDNF was only detected in 4/26 samples 

ranging from 0.32 - 2.76 pg/ml. sHLA-G appeared to have the least variation in the levels secreted 
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between the MSC samples (mean 20.1 Units/ml) though one patient (I) had no detectable levels with 

the MSCs from passage 6 although had a mean of 23.5 Units/ml from passage 4.  

 

Next, the data was analysed to see if there was a relationship between the level of the soluble mediator 

secreted by the MSC and the following cytokines in patient serum: IFN-γ, IL-10, IL-1β, IL-2, IL-4, 

IL-6, TNF-α, IL-12/IL-23p40, IL-17A, IL-1α and CXCL10/IP-10 i.e. those evaluated by the MSD 

multiplex assay (and discussed in chapter 5) for which a number of time-points were available.   

At baseline, there was a correlation between MSC TGF-β1 and M-CSF with serum IL-1β and between 

MSC IL-6 and HGF with serum TNF-α.  

MSC IL-8 correlated with IL-12/IL-23p40 at all time-points except Week 12. 

However, of interest is that MSC PGE2 was positively correlated with CXCL10 and TNF-α at Week 

0+48/72 hours (r=0.71 and 0.74 respectively). MSC TGF-β was positively correlated with IL-10 at 

Weeks 0+48/72 hours and Week 4 (r=0.66 and 0.82 respectively) and with TNF-α at Week 4 

((r=0.79) but negatively correlated with serum IL-4 at Week 12 (r= -0.67). MSC IL-6 was negatively 

correlated with IL-1β and IL-4 at Week 0+48/72 hours (r= -0.84 and -0.98 respectively) whilst being 

positively correlated with IL-10 and IFN-γ at week 4 (r=0.69 and 0.83 respectively) whereas MSC 

galectin-1 was correlated with CXCL10 at Weeks 0+48/72 hours and at Week 4 (r=0.70 and 0.68 

respectively) – these all became non-significant by Week 12. MSC galectin-3 correlated negatively 

with serum IL-1β and IL-4 at Week 0+48/72 hours (r= -0.83 and -0.77 respectively) but positively 

with IFN-γ at Week 4 (r=0.75) whereas HGF was correlated to IL-4 at Week 0+48/72 hours (r= -0.79) 

and with IL-10 (r=0.73) at both this time-point and at Week 4 (0.78). MSC sHLA-G also showed a 

correlation to IL-10 at these same time-points (r=0.67 and 0.78 respectively) as well as with TNF-α at 

Week 4 (r=0.66). 

 

7.4.2.  IDO expression in MSCs 
 

A total of seven MS patients and two allogeneic controls had available MSCs for examination of the 

protein levels of IDO. Passages 4 - 5 were used for the patient samples whereas passages 3 and 4 were 

used for the allogeneic samples. Figure 7.2 shows the protein expression of IDO and GAPDH in all 

the samples on a Western blot. Figure 7.3 illustrates the normalised IDO band intensity in all the 

samples – the mean of the MS patients was greater than that of the controls (1.50 vs 1.20) but this was 

not statistically significant (p = 0.631). However, there is variation in IDO expression in both groups 

with IDO intensity ranging from 0.97 - 1.43 in the controls and 0.55 - 2.74 in the MS patients i.e. 
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almost a six-fold difference. Although the number of samples is very small (especially for the 

controls), the variability in the MS patients appears to be greater - the standard deviation in the control 

being 0.33 vs 0.80 for the MS patients. 

 

 

 

Figure 7.2: IDO protein expression in MSCs analysed by Western blot 

IDO and GAPDH protein expression in seven patient samples (passages 4 - 5) and two allogeneic    
controls (passage 2 and 4) were analysed by Western blot using MSCs pre-treated overnight with 
10ng/ml IFN-γ and 3ng/ml TNF-α. 

 

 

 



334 
 

 

     Figure 7.3: Level of IDO in MSCs in MS patients and allogeneic controls  

The IDO level in the pre-activated MSCs of seven MS patients and two allogeneic controls 
was analysed by Western blot and quantified by densitometry using GAPDH for 
normalisation. No significant differences existed between the two groups (p=0.631).  

 

 

7.4.3.  Analysis of IL-10 concentrations in stimulated monocyte/MSC co-cultures  

 

Figure 7.4 illustrates the IL-10 concentrations measured in the supernatants of the MSC/monocyte 

cultures after stimulation with LPS for 24 hours. Data was available for 10 MS patients and two 

allogeneic controls – for the MS patients, passage 6 was used for 7/10 patients and passage 4 and 5 

used for two patients each with one patient (I) having both p4 and p6 data. The passages used for the 

allogeneic samples were 3 and 4. As known (data not shown here), MSCs alone did not produce 

detectable levels of IL-10 and in each case, co-culture with MSCs led to a greater production of IL-10 

than if monocytes were cultured alone by at least two-fold. The range of IL-10 was wide from 1605 

pg/ml to >10 000 pg/ml (Patient A was above the highest standard). Assuming a level of 10 000 pg/ml 

for patient A, the mean IL-10 produced was 4141 pg/ml when considering all MSC samples but 4362 

pg/ml if only MS patients’ data was considered. There were no statistical differences between the co-

cultures using MS patients’ MSCs compared to allogeneic donors (p=0.352) though the number of 

allogeneic controls was low.  
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Figure 7.4: Level of IL-10 in MSC/monocyte co-cultures stimulated for 24 hours with 1µg/ml of LPS for MS 
patients and allogeneic controls  

IL-10 levels in supernatants of co-cultures of MSCs from 10 trial MS patients and two allogeneic controls and 
monocytes (in a 1:4 ratio) stimulated for 24 hours with 1µg/ml of LPS. *Patient A p4 was above the upper limit of 
the standard (10 000pg/ml). 
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7.4.4.  MSC effects on PBMC proliferation and IFN-γ expression by CD4+ and CD8+ T 
cells 

 

Figure 7.5 shows the effect of MSC (allogeneic) suppression on lymphocytes (A), CD4+ (B) and 

CD8+ (C) T cells in 17 untreated RRMS patients vs five healthy controls. Whilst there was no 

statistically significant difference between the healthy controls or MS patients (p>0.05 in all cases), it 

should be noted that the mean %suppression by MSCs was greater in all populations in the healthy 

controls compared to the MS populations: in the total lymphocyte population mean % suppression 

was 32.4% in MS patients vs 48.1% in healthy controls, 25.9% vs 45% in CD4+ cells and 36% vs 

55% in CD8+ cells. It can also be seen that there are at least three MS patients that either show zero 

suppression or a slightly increased proliferation in the presence of MSCs.  

There were no significant differences in the IFN-γ expression in the lymphocyte, CD4+ or CD8+ 

population between RRMS and healthy controls (Figure 7.6). 

It was then examined whether the degree of suppression of total lymphocytes, CD4+ or CD8+ was 

correlated to the IFN-γ expression in the respective population; Spearmans correlation test was 

negative in all cases. 

 

Figure 7.7 shows the data obtained using MSCs from 10 trial patients and three allogeneic controls 

and examining their effect on allogeneic PBMC proliferation. It can be clearly seen that the 

allogeneic/control MSCs had the greatest suppressive effect on proliferation – the mean CD4+ 

proliferation was 33.0% and 38.9% for CD8+ cells compared to 68.1% and 80.2% respectively when 

PBMCs were stimulated in the absence of MSCs; the ‘allo1’ and ‘allo2’ samples are particularly 

effective. The anti-proliferative effect is further enhanced by pre-stimulating the MSCs – the mean 

proliferation decreases to 8.5% and 11.4% for the CD4+ and CD8+ populations respectively. By 

comparison, the mean % proliferation when using MS MSCs only reduced to 66.3% and 73.1% which 

was accentuated to 41.8% and 46.9% by pre-treatment of MSCs with IFN-γ for the CD4+ and CD8+ 

populations respectively. There are also significant differences between the MSC samples such that 

with MSCs from patients D and E, the % proliferation is higher than with PBMCs alone and is barely 

affected by pre-treatment of MSCs. In contrast, patients B, F, G, H and J show >50% improvement in 

the MSC suppressive capacity when MSCs had been pre-treated with IFN-γ.  

There is a significant difference in CD4+ and CD8+ cell proliferation values between the allogeneic 

and MS patient MSCs, p = 0.0124 and p = 0.0048 respectively.  
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   Figure 7.5: MSC-induced suppression of PBMC populations in MS and healthy controls 

PBMCs isolated from MS patients and healthy controls were labelled with CFSE and stimulated with Dynabeads either in the 
presence or absence of allogeneic MSCs. After three days, the % proliferation in the two conditions was used to calculate the degree 
of suppression by the MSCs in the total lymphocyte, CD4+ and CD8+ population. 

 

 

 

 

 

 

 

   Figure 7.6: % of IFN-γ expression in cell populations in MS and healthy controls 

PBMCs isolated from MS patients and healthy controls were stimulated with Dynabeads in the presence of rhIL-12 at 20ng/ml for 
three days and the IFN-γ expressing cell frequencies in the lymphocyte, CD4+ and CD8+populatiosn were obtained.  
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Figure 7.7: Proliferation of CD4+ and CD8+ allogeneic T cells in the presence of either unactivated or pre-
activated MSCs from trial patients and allogeneic controls 

Allogeneic PBMCs were labelled with CFSE and activated with dynabeads in the presence of MSCs (from trial 
patients labelled B-K or allogeneic controls allo1-3) which were either untreated or had been pre-treated with 
100ng/ml of IFN-γ and the % proliferation plotted. PBMC proliferation in the absence of any MSCs is shown as 
‘PBMC alone’. 
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7.4.5.  Monocyte subsets and phenotypes in MS patients  
 

Figure 7.8 shows the immunophenotyping results of PBMCs from 21 untreated RRMS patients vs 22 

healthy controls. The MS patients were found to have a higher proportion of total monocytes (p = 

0.0491). In terms of monocyte subsets, MS patients had a significantly higher proportion of classical 

monocytes (p = 0.0031) but a lower proportion of intermediate and non-classical monocytes, p = 

0.0170 and p = 0.0016 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8: Frequencies of total monocytes and monocyte subsets as % of PBMC population in 
RRMS patients and healthy controls  

PBMCs from untreated RRMS patients and healthy controls were immunophenotyped to determine 
the frequencies of the total monocyte population and the monocyte subsets (classical, intermediate 
and non-classical) as a % of the total PBMC population and compared to those in the healthy control 
group. 
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CD4+ T cells expressed PD-1 but not Tim-3 and there was no significant difference between the MS 

patients and healthy controls (data not shown). Figure 7.9 shows that in healthy controls there is no 

difference in PD-1 expression between the different monocyte subsets (A) but Tim-3 expression is 

significantly higher in the intermediate monocytes than in the classical or non-classical monocytes. 

The latter was also true in the MS patients (Figure 7.10) who also demonstrate a higher PD-1 

expression on intermediate monocytes (Figure 7.10A). When the two cohorts were compared, PD-1 

expression was not significantly different on classical and non-classical monocytes but was 

significantly higher on intermediate monocytes; p=0.0011. Tim-3 expression was lower in all 

monocyte subsets compared to healthy controls (data not shown). 

 

As a pilot study, a possible effect of MSCs on monocyte phenotype was examined. Incubation with 

MSCs had no significant effect on the frequencies of the monocyte subsets even with stimulation 

(Figure 7.11) or on the PD-1 (data not shown) and Tim-3 expression in each subset (Figure 7.12).
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   Figure 7.9: PD-1 and Tim-3 expression on monocyte subsets in healthy controls 

 

 

 

 

 

 

 

 

   Figure 7.10: PD-1 and Tim-3 expression on monocyte subsets in untreated RRMS patients 

. 
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 Figure 7.11: Frequencies of the three monocyte subsets as % of monocyte population in different conditions of monocyte culture 

Isolated monocytes from untreated RRMS patients were cultured for 24 hours either alone, with MSCs, stimulated with LPS alone or stimulated and 
co-cultured with MSCs. The different frequencies of the monocyte subsets of classical (A), intermediate (B) and non-classical monocytes (C) are 
shown. 
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 Figure 7.12: Frequencies of Tim-3 expressing monocyte subsets present in different monocyte culture conditions  

Isolated monocytes from untreated RRMS patients were cultured for 24 hours either alone, with MSCs, stimulated with LPS alone or stimulated and 
co-cultured with MSCs. The % of each subset i.e. classical (A), intermediate (B), non-classical (C) expressing Tim-3 is shown. 
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7.5. Discussion 
 

A number of different soluble factors had been proposed as the main mechanism of MSC 

immunosuppressive action in the published literature and those differing results would have been 

influenced by the species studied, MSC origin as well as the putative stimulatory signals and 

experimental conditions used (e.g. mixed lymphocyte reactions, mitogens) which are not 

physiological. Therefore, whilst helpful by indicating possible mechanisms of action in humans, the in 

vitro data cannot be considered to be completely reflective of the in vivo situation. The second 

consideration in MSC transplantation is the source of the MSCs and the focus has been on autologous 

use in MS as the assumption has been that they are equivalent to those from healthy controls although 

doubts exist about MSCs in other autoimmune conditions such as RA and SSc.  

Work published reviewing MSCs derived from MS patients have also produced mixed results – in 

some the MSCs appear to be phenotypically similar and have similar proliferative and differentiating 

capacity as MSCs from controls but these studies have been small and one could argue that these were 

not appropriate “healthy controls”. For example, Mazzanti et al. used age-matched patients 

undergoing orthopaedic surgery for osteopenic disorders and despite other similarities did show that 

MSCs from MS patients produced higher levels of CXCL10 [116]. Mallam et al. were not able to age-

match their MS patients and used BM from hip replacement patients as a control comparator (46.6 vs 

71 years) – so whilst the proliferative capacity appears the same between their MS subjects and 

controls, given that proliferative capacity declines with age, it would actually indicate that their MS 

patients’ MSCs had decreased proliferative capacity [118, 125, 126]. This was certainly the 

experience of the JGCCT at Hammersmith Hospital (Steve Marley, Personal Communication) and 

indeed, personal experience when culturing patients MSCs in the group laboratory where expansion 

was slower and failed for some patient samples (as happened in the clinical trial). A larger study of 

MSCs from 44 pre-AHSCT MS patients demonstrated differences compared to donors undergoing 

allogeneic transplantation for other diseases (although the age was similar) including decreased 

capacity to inhibit T cell proliferation and decreased cytokine secretion (TGF-β) from patient MSCs 

that had been co-cultured with PBMCs for five days at a ratio of 1:2 [524]. In our study, the MSCs 

soluble factors were examined using ELISAs without co-culturing the MSCs with high numbers of 

PBMCs in close proximity and one could argue that this better reflects the constitutive release of the 

various soluble factors in MSCs that are infused into patients; MSCs as a MSC:PBMC ratio of 1:2 

would never be achieved in vivo.  

The first point to note from the results is that there is large variation between MSC samples according 

to the donor and even differences from the same donor depending on passage number (Figure 7.1). 

For example, whilst the galectin-1 concentration ranged between 2.67 - 122.8 ng/ml in most samples, 
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one allogeneic donor had levels above the highest standard and HGF values varied from 4.35 - 2134 

pg/ml. In most cases, there was no significant difference between the MS patients and allogeneic 

samples though the comparison was statistically significant for galectin-3 although it was skewed by 

two data points. MSCs from different passage numbers were not identical with regards to the levels of 

soluble factors secreted though only TGF-β showed a significant decrease with increasing passage 

number (comparison of P3 to P6) whilst PGE2 showed a trend towards increasing levels with 

increasing passage numbers though this did not reach statistical significance. It is therefore relevant to 

point out that the MSCs used in this experiment were largely P3 - P6 (two P2, six P3, three P5 and 

nine P6 samples) whereas those used in the clinical trial were either P0 (primary) or P1. In addition, it 

does not take into account the “cross-talk” that would occur between MSCs once infused with 

immune cells that could also influence the secreted factors. De Oliveira et al. used P3 cells but did 

have an advantage in that regard as they had significant starting cell numbers from the BM aspirates 

whereas our experiments relied on pilot vials with more limited number of cells which had to be 

expanded through a number of passages. Notwithstanding these limitations, what the analysis does 

show quite clearly is that there is significant heterogeneity between the MSCs from both MS and 

allogeneic donors which may be relevant to clinical practice. The other interesting finding is that 

secretion of particular factors appear correlated to levels of some serum cytokines – for example, 

PGE2 to CXCL10 and TNF-α and TGF-β to IL-10 and TNFα and these occur early i.e. at Week 

0+48/2 hours and at 4 weeks which seems plausible given that this was the time-point at which 

cytokine changes were seen on the MSD multiplex assay (chapter 5) and particular cytokines featured 

recurrently in the correlation i.e. IL-10 and CXCL10. However, there did not appear to be any 

skewing or polarisation of induced responses as positive correlation were seen with pro-inflammatory 

chemokine CXCL10 and the cytokine TNF-α as well as anti-inflammatory cytokines such as IL-10 

and IL-4. In addition, these associations with increased pro-inflammatory serum markers (i.e. TNF-α) 

are different to that seen in the mouse model of sepsis in which injection of MSCs led to a significant 

reduction in IL-6 and TNF-α [509]. 

Francois et al. had attributed human MSC immunosuppressive action largely to IDO, showing that the 

heterogeneous expression of IDO in healthy donors’ MSCs positively correlated with their ability to 

suppress T cell proliferation [511]. IDO expression in MS MSCs has to date not been examined and 

Figure 7.2 and Figure 7.3 both show the variable expression of this IFN-γ inducible enzyme in MS 

patients – there was no significant difference between allogeneic donors and MS patients though an 

obvious limitation is the low number of control samples available.  

We have also shown that the ability of MSCs to suppress PBMCs depends not solely on the MSC but 

also on the PBMCs themselves. In Figure 7.5, it can be seen that allogeneic MSCs are able to suppress 

the proliferation of PBMCs from healthy controls more than PBMCs from MS patients though this 

does not reach significance – indeed, as mentioned earlier, three MS patients demonstrated no 
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suppression or a mildly increased proliferation in the presence of MSCs. This would indicate that 

there is possibly some intrinsic resistance in MS PBMCs to the MSC immunosuppressive effect. The 

response to MSCs does not appear related to the prevailing IFN-γ (using IFN-γ expression by CD4+ 

and CD8 T cells as a surrogate marker) as seen in Figure 7.6. Furthermore, we have demonstrated that 

MSCs from MS patients do differ significantly from the allogeneic controls in their ability to suppress 

T cell proliferation (Figure 7.7) in contrast to other work and this substantiates the findings of de 

Oliveira et al. whilst contradicting data from others [116, 524]. It should be noted that we also used 

Dynabeads which represent a more physiological means of stimulation than mitogenic stimuli or 

MLRs. 

 

Monocytes remain a poorly investigated immune cell in MS despite evidence of their importance. 

Some preliminary information regarding monocytes and their functional responses to MSCs has been 

gained in this work. It is clear that there are differences in monocyte subsets (not previously 

described) between healthy controls and MS patients – the latter having a higher number of classical 

monocytes but lower number of intermediate and non-classical monocytes (Figure 7.8). There appear 

to be phenotypic differences with regards to PD-1 and Tim-3 compared to healthy controls with PD-1 

expression being higher in intermediate monocytes and in all subsets, there appears to be 

dysregulation of Tim-3 – levels being lower than in the counterpart healthy control group (Figure 

7.10). There was no change in the frequencies of the different subsets when MSCs were co-cultured 

with monocytes (Figure 7.11) or (despite the presence of the PD-L1 on MSCs) in the PD-1 or Tim-3 

expression on monocytes (Figure 7.12). However, given this was a pilot study, only a small number of 

patients’ samples were examined in this way. Despite this initial ‘negative’ result the PD-1/Tim-3 

pathway does warrant further investigation in MS with MSCs beyond this preliminary surface 

phenotypic study given the presence of PD-L1 on the MSC surface which is unlikely to be completely 

redundant in function. In the monocyte/patient MSC co-cultures (Figure 7.4), it was shown that there 

was variability in the IL-10 in the culture supernatant as measured by ELISA and given that Said et al. 

had observed a relationship between PD-1 expression on monocytes and IL-10, this could be explored 

as could any effects of blocking the PD-1/PD-L1 pathway in monocyte/MSC cultures. It is known that 

serum IL-10 levels are lower in MS patients and therefore it would be useful to investigate whether 

there was any relationship between serum levels and PD-1 expression on monocytes and/or subsets 

[541]. Other possible influences of MSCs on monocyte function such as on cytokine secretion, not 

studied here, could also be explored further. 

The data obtained in this study highlights significant variability in MSCs from MS patients (but also 

allogeneic donors) in terms of their secreted products, degree of immunosuppression of PBMCs and 

ability to stimulate release of IL-10, a key anti-inflammatory cytokine, from monocytes. It was clear 
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that MS MSCs exerted a decreased anti-proliferative effect and this does support the use of allogeneic 

MSCs (though the “ideal” parameters of even this source would have to be defined as there remains 

variability). It should all be noted that irrespective of the MSCs, the other factor to consider is the 

variation in the responsiveness of MS PBMCS to MSC suppressive functions – one could postulate 

that these individuals may be “resistant” to MSC therapy and this should be explored further as 

ultimately developing a means of “pre-testing” patients ex-vivo before MSC therapy or as a form of a 

“potency test” for MSCs. 

 

Limitations of the study 

Some of the limitations of this experimental work have already been discussed above – the main one 

is sample size particularly with regards to the number of allogeneic/control MSCs available for the 

Western blot, healthy controls when comparing monocyte phenotypic changes to those found in 

untreated RRMS patients as well as untreated RRMS patients when examining changes in monocyte 

phenotype in co-culture with MSCs. Further improvements would have been to run more patient 

samples on the western blot but the number of patient MSCs remaining for this study was limited. 

Another limitation was the passage numbers used – ideally a P1 should have been used as these were 

being infused into the MS patients in the STREAMS trial. This was clearly not possible as only 

excess cells were received for laboratory work. In addition, as the MSCs varied in proliferation, it was 

difficult to obtain all MSCs at identical passage numbers for the planned experiments – despite this 

the data presented is useful because it illustrates the key point about heterogeneity in MSC samples 

from different passage numbers as well as from different MS - and allogeneic - donors. It has also 

been shown that the function of MSCs is not the same between MS patients and allogeneic donors – 

so although there was no significant difference between the IL-10 secreted by monocytes following 

incubation with different MSCs, the ability of MS MSCs to suppress PBMC proliferation is reduced. 

However, the same criticism made of any other in vitro study, also applies here - the ratio of 

MSCs:PBMCs was 1:4 which again is unlikely to reflect the in vivo situation. Whilst animal studies 

have tracked injected MSCs using CFDA-SE visualising them in the lung (predominantly) as well as 

spleen and kidney, being surrounded by macrophages, such studies are not available in humans but it 

is unlikely that MSC:monocyte ratios would be as high as 1:4 [509].  

Despite 10 immunoassays being performed to look at various soluble factors secreted by MSCs, the 

list is far from exhaustive and a number of other factors not examined in this study have also been 

implicated in MSC immunosuppressive function. IL-10, given its prominent role via described MSC 

interactions with macrophages, would have been interesting to examine [509, 511]. The addition of an 

IDO inhibitor and neutralising antibodies to IL-10, TGF-β and HGF to MLRs did not abrogate MSC 
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regulatory capacity indicating either redundancy or the presence of other, perhaps uncharacterised as 

yet, mechanisms at play [512]. Galectin-9, for example, is also known to be immunoregulatory and 

binds to Tim-3 to induce apoptosis in Th1 cells and acts on B cells to suppress antigen triggered 

immunoglobulin release [512, 542]. MSCs also secrete high levels of CCL2 which has been shown to 

modulate immunoglobulin production in plasma cells as well as be involved in inhibiting CD4+ T cell 

activation [503]. It has also been suggested that CCL2 and CCL5 promote T cell migration into the 

proximity of MSCs where T cells can then be suppressed by soluble mediators such as TGF-β and 

PGE2 [503]. Studies have shown that MMPs can suppress inflammation by degrading biologically 

active molecules such as cytokines and chemokines and in addition, the soluble forms of MMP-2 and 

MMP-3 which are secreted by MSCs have been shown to be involved in T cell suppression by 

cleaving the CD25 receptor on the surface of T cells – in vitro studies have shown that blocking these 

MMPs restores T cell proliferation and CD25 expression [503].  

 

Future directions 

Cellular therapy represents a “multifaceted” approach and MSC therapy will no doubt continue to be 

explored. Enhancing the efficacy of MSCs is therefore an important goal but the process by which this 

could be done is by no means certain. Understanding that MSCs also have an “anti-inflammatory” 

phenotype if pre-conditioned (or “licensed”) has been shown in vitro but this has not been done in 

clinical practice for MS. Indeed, we showed that pre-treating the MSCs led to an improved anti-

proliferative effect but this did not work for every patient. Given the variable nature of MSCs from 

different donors that has been explored here and elsewhere, allogeneic MSCs could be a preferred 

option over autologous sources. However, even with allogeneic donors as demonstrated in this 

chapter, there is still likely to be variable “therapeutic efficiency” hence there has been increasing 

interest in defining an optimal MSC “secretome” which could be used instead of a cellular product. 

Other work has focussed on genetically engineering MSCs e.g. to increase the release of trophic 

factors and this has been attempted in animal models. Intracerebral transplantation of MSCs modified 

to over-express BDNF did better to improve recovery in rats with experimental brain ischemia [543].  

In addition to the MSC secretome, it has emerged that MSCs (and cells generally) secrete 

extracellular vesicles (EVs) either constitutively or upon stimulation. These are derived from the 

intracellular compartments and have been shown to act as vehicles for MSC-derived tolerogenic 

molecules such as galectin-1 and TGF-β [543]. EVs refer to either microvesicles (100 - 1000nm) or 

exosomes (40 - 100nm diameter) and if these could recapitulate the MSC effects, then it would allow 

a cell-free therapy and reduce the risk of the (largely theoretical) concerns over transdifferentiation 

and ectopic tissue formation but also avoid loss of MSCs from the circulation to the lung (and liver) 
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[544]. Secreted MVs could be taken up by neighbouring cells or circulate to distant tissue and as bi-

lipid membrane vesicles, EVs could be exploited to home and target tissues such as the CNS [543]. 

Therapeutic activity of EVs has been demonstrated in some animal models of acute kidney injury and 

could represent a future approach in the MS field [545]. 

 

 

7.6. Conclusions 
 

There is significant heterogeneity in MSC samples which could lead to unpredictability in their effect 

though it remains unclear what in vitro test would serve as the best surrogate marker for clinical 

efficacy or indeed, identify “responsive” patients. It seems clear that there is redundancy in the 

mechanisms of immunosuppression and probably other mechanisms as yet not appreciated. In the 

short-term, “therapeutic efficiency” could be improved by using an allogeneic source or attempting to 

pre-condition/license the MSCs prior to infusion. The future of the therapy, however, may well 

depend on engineering the MSCs to optimise the most relevant immunosuppressive mediators or to 

consider cell-free approaches.  
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8. General Discussion 
 

 

8.1. Summary of main findings 
 

There are now a number of disease modifying treatments available for MS but with the exception of 

ocrelizumab, all are licensed for relapse reduction and in the absence of a preventative solution or a 

‘cure’ for MS which will no doubt remain the “holy grail” in the MS treatment landscape, a “stem 

cell” therapy generates huge interest given the unmet need for neurological repair. Though it has been 

increasingly appreciated that the engraftment of transplanted MSCs is low, the immunomodulatory 

aspects continue to be of interest given the side effects associated with the most efficacious DMTs 

[14]. 

The overall aim of this thesis was to assess the utility of intravenous MSCs in MS patients. A number 

of pilot studies – most using the intrathecal route - had indicated that the therapy was safe and that it 

was associated with stabilisation and improvement in some patients. However, the studies had been 

small and up to 2014, unblinded. The small size was due to the fact that these studies were performed 

in individual centres and MSCs have to be expanded following a bone marrow aspirate as they 

constitute a rare population within the bone marrow and expansion was time consuming and labour 

intensive. The purpose behind MESEMS was therefore to recruit a sufficient number of patients to a 

double-blind randomised controlled trial via collaboration between a number of centres following 

very similar protocols that would allow pooling of data. 

A total of 13 RRMS patients were treated in STREAMS (the UK contribution) which was an 

independently - run trial contributing to the primary outcomes of MESEMS. The data confirmed 

previously published reports of safety with no infusion-related toxicity and no procedure-related 

infections. There were no SAEs. Of the 15 non-procedure related AEs, 11 occurred in the MSC group 

– these included five infections (three UTIs occurring in one patient) vs four in the ‘sham’ arms, back 

pain (three patients), tinnitus, loss of appetite and a DVT (unrelated to MSCs). There was no 

reduction in the relapse rate in either cohort treated with MSCs and there was no significant effect on 

disability or on patient reported outcomes.  

It was shown in this work that there were some immunological changes. On the longitudinal 

immunophenotypic analysis, changes were found in specific subsets of immune cells after MSCs. 

These included a reduction in the total CD4+ cell frequency which was significant at Week 36 in one 
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of the treated cohorts and this was paralleled by a decrease in Th1 cells with a downward trend in 

Th17 too. There was a downwards trend in the CD4+ effector memory cell frequency and in the 

CD8+ compartment, there was a significant decrease in the total CD8+ population in the ‘Delayed’ 

group with the effector and effector memory cells showing decreases in the ‘Early’ and ‘Delayed’ 

groups respectively. Confounding factors such as relapses or steroid treatment for relapses did not 

account for the CD4+, Th1 and Th17 decreases observed. It appeared that there was skewing towards 

a more regulatory B cell phenotype (with an increase in B10 regs seen) and the data on the DC 

population was also interesting – with trends towards increasing pDCs and decreasing mDCs – the 

decrease in the CD1c+ mDC population was statistically significant. This is important as the mDCs 

represent the more pathogenic subtype of DCs. However, given the small size of the study these 

changes could have appeared by chance and the fact that changes were seen in the healthy controls 

recruited would caution against concluding any significant effects from this current data. Collation of 

results from the immunological profiling in MESEMS (potentially with 94 RRMS patients) has not 

yet been completed.  

The analysis of the soluble mediators in the CSF and serum complemented the immunophenotyping 

but we found no skewing towards a Th2 response - not unexpected given the small size of the study. 

We did show, however, that the only significant change on the Bioplex assay was a reduction in TSLP 

found in the CSF after MSC treatment – given that this has been shown to activate DCs and up-

regulate markers on mDCs, which was the DC subset that was decreased on flow cytometric analysis, 

this finding is potentially quite interesting. There were no other detectable changes on the Bioplex but 

this had only three time-points assessed which were associated with the CSF sampling. The MSD 

assay was performed to allow evaluation at more time-points for key serum cytokines and showed no 

changes in the 11 soluble mediators in the treated groups but there were changes in the placebo group 

at the earlier time-point of Week 0 + 48/72 hours (and occasionally at Week 4). This allows one to 

postulate that the MSCs may be inhibiting an inflammatory response that could have been induced by 

the DMSO used as the cryoprotectant for the MSCs. However, IFN-γ expression by CD4+ cells 

showed a non-significant increase in the ‘Early’ group at Week 4 which would be at odds with this 

observation though of course, no earlier time-points were available from the flow cytometry.  

We showed for the first time that there were no changes in the NFL levels in the CSF after MSC 

treatment although there was a downward trend, more pronounced in the ‘Early’ group. The lack of 

study power, however, could again have precluded detection of a small treatment effect if it existed. 

We then examined the MSCs of the MS patients and showed that largely they (as was the clinical 

experience) could be cultured ex-vivo demonstrating typical MSC characteristics with regards to the 

plastic adherence and surface phenotype markers. There was variation in the rate of expansion and 

they secreted varying amounts of soluble factors that have been reported as mediating their actions. 
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They all had anti-proliferative capacity towards PBMCs but varied in the degree of suppression. Their 

co-culture with monocytes also led to varying levels of IL-10 production in the supernatant. These 

results all indicated heterogeneity in function though the relevance of these individual differences to 

the clinical outcome is not immediately obvious but this MSC heterogeneity could serve as a potential 

confounder in the trial data. In STREAMS, the final MSC product was characterised as >95% for the 

CD105, CD90 and CD73 expression (with the exception in one patient where CD105 was 91%) and 

<2% for CD14, <0.2% CD34 and <0.45% CD45 however the data obtained here indicates that such 

clinical assessments by phenotypic markers alone may be inadequate and equivalence of MSC 

preparations cannot be assumed. 

 

8.2. Implications and significance of findings  
 

The results of this double-blind, randomised control trial confirm the safety of MSCs in RRMS 

patients. We show that it is feasible to expand MSCs for adult RRMS patients but that the growth 

could be variable (culture duration ranged from 14 - 41 days). The failure of the 4/5 BM aspirates in 

the extended recruitment phase of STREAMS highlights the need for an experienced team with 

regards to operator experience with adult MSCs and the clinician being specifically trained to perform 

the BM aspirate as the sample can be easily contaminated by skin commensals. 

All the data was analysed blind before randomisation allocation became available to the centre and 

hence adds to the reliability of the results by avoiding interpretation bias however the study is under-

powered. There is published data indicating that more infusions or greater doses may be beneficial 

and given the infusion safety, although our preliminary data did not show significant clinical benefit 

or immunological change, additional infusions could be considered to see if any possible effects could 

be accentuated further since a single infusion was unlikely to effect that change [48, 58]. 

However, greater doses or multiple doses could be difficult to achieve in practice from the single bone 

marrow aspirate. We showed that the mean yield/kg was 3.21 x 106 cells/kg (range 1.66 – 6.78 x 106) 

and that final yield was inversely correlated to age and this has been observed elsewhere [123]. This 

could however be circumvented by using an allogeneic source which could also then be used as an 

“off the shelf” product when required rather than requiring up to several weeks for expansion. The 

other argument for use of allogeneic cells is seen from the data arising as a consequence of the cross-

over design – on a number of occasions on the immunophenotyping, and also noticeable for the NFL 

data, the changes were more pronounced in the ‘Early’ group than the ‘Delayed’ group – arguably 

when the patients were most “inflammatory” as identified by the relapses and GEL on MRI in the 

recruitment phase, which suggests that there is a “window of opportunity” in terms of treatment [546]. 
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However, there were no baseline differences between the two groups on the MSD analysis of the pro-

inflammatory cytokines.  

The laboratory work presented in this thesis also provides an indirect argument for allogeneic use of 

MSCs – there is significant heterogeneity in the MSC secretome between donors and this even varies 

with passage number. This could affect the differing responses seen in the trial and in the ex-vivo data. 

This has significant implications for clinical work given that some open-label studies have used 

different passages (beyond P2) making it hard to standardise the infused product [45, 48]. Although 

all MSCs did suppress proliferation, there was a significant difference with the allogeneic (paediatric) 

donors performing much better on this assay than any of the adult MSCs - in fact, there was almost a 

two-fold difference. Although pre-treatment with IFN-γ improved their immunosuppressive ability, 

the degree by which it did (~25%) was again significantly less than with the allogeneic donors 

indicating that ex-vivo manipulation of MSCs may not be sufficient to overcome this innate difference 

in MSCs. Other aspects of MSC function varied but did not show the same degree of difference 

between MS and allogeneic donors – namely monocyte IL-10 production following co-culture with 

MSCs.  

 

8.3. Consolidation of findings  
 

The only double-blind randomised control trial in MSCs in MS was published in 2014 and it 

reportedly demonstrated a reduction in the relapses – however, only in the ‘Early’ treated group but 

again it was not powered to detect a relapse reduction [54]. At the most recent ECTRIMS meeting (10 

- 13 September 2019 Stockholm, Sweden), the preliminary data from MESEMS was presented and it 

consolidates the findings of STREAMS i.e. that there were no differences in the number of adverse 

events between MSC- and placebo-treated patients over the first 24 weeks so the treatment seems 

safe. In fact, there were more SAEs (14 vs 5) in the placebo group over the first 24 weeks. There was 

also a trend towards a decreased ARR (a secondary endpoint) in the MSC-treated group. However, as 

stated earlier, even MESEMS was not powered to detect relapse changes as this would have required 

many more patients. There was no decrease, however, in the number of GELs (accepted as a surrogate 

marker for relapses) at 24 weeks (a primary outcome) in the MSC- vs placebo-treated group. The 

ancillary data (including immunophenotypic analysis), as mentioned above, is not yet available for 

comparison. A meta-analysis was performed in 2019 of nine studies (which were discussed in chapter 

3) comprising 133 patients and confirmed the safety of MSCs with pooled estimate of transplant-

related mortality being 0% [547]. The rate of progression was 16% at six months and 35% at one year 

with lower progression rates associated with intrathecal rather than intravenous injection [547]. 
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However, they were beset by the same limitations – a size of only 133 patients but additionally that 

the studies evaluated (as discussed in chapter 3) had patients with different forms of MS, used MSCs 

from different sources and the transplant procedure was not uniform [547].  

 

8.4. Limitations of the study 
 

The main and significant limitation in this thesis has been discussed previously i.e. the size of the trial 

but to date, in the absence of the MESEMS data (which has recruited a total of 94 RRMS patients), it 

would actually represent the largest double-blind RCT of MSCs in RRMS so this issue of size is not 

particular to STREAMS. The crossover design limits the analysis to 12 months to only one cohort 

which may well be adequate as the published literature indicates a short-lived (<6 month) effect – 

certainly the ARR increased after that in our study.  

The MRI data was not available to compare to the clinical and immunological data for this thesis 

which limits to some extent the breadth of analysis as it was the subject matter for another PhD 

project in a different research group, and to date the research has not been completed or published. 

The study could have been improved by performing the more extensive Bioplex assay on more time-

points especially as the MSD assay indicated changes at the 48/72 hours’ time-point – albeit only in 

the placebo group though only serum samples would have been available. However it would be more 

important for this ancillary data to be collated from the various centres involved in MESEMS to 

overcome the limitation of low patient numbers. 

 

8.5. Future considerations in MSC therapy 
 

MSCs currently remain an exploratory therapy with no current evidence to justify translation into 

clinical practice. A number of approaches are being considered to optimise their use. Allogeneic 

MSCs and multiple dosing regimens have already been discussed above. Other groups are 

investigating alternative sources of MSCs such as adipose-derived MSCs which expand more easily 

and are obtained via less invasive procedures – this would overcome both the issue of dose and also 

allow autologous MSCs to be used.  

Manipulation of MSCs is being considered – priming MSCs with IFN-γ has already been discussed 

but we showed that MSCs from the MS patients were still not as suppressive as allogeneic donors 

[548]. An added difficulty is that it was shown that MS patients’ PBMCs appear to be more 
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intrinsically resistant to the action of MSCs. However, from the laboratory data obtained in this study, 

it is clear that there is intrinsic variability in MSCs between donors (even healthy donors) so it would 

be critical to define the “ideal” MSC product with respect to for example, to the secretome, MSC 

suppressive ability or some other factor i.e. a “MSC potency” test. This would allow some 

standardisation of the MSC therapy product being infused.  

Other ex-vivo manipulations include priming particular Toll-like receptors (TLRs), which link the 

innate and adaptive immune system. Different TLRs can exert either protective or pro-inflammatory 

effects after binding to their ligands, the inducible pathogen-associated molecular patterns and danger-

associated molecular patterns (DAMPs) [133]. TLR4-primed MSCs are pro-inflammatory in contrast 

to TLR3-primed MSCs which are immunosuppressive and the end result may depend on the net 

balance of any TLR stimulation [549]. This polarisation could also try to help make cell preparations 

more homogeneous and predictable in their in vivo actions. 

Extracellular vesicles (EVs), small 40 - 120nm membrane vesicles produced by virtually every cell 

including MSCs, mediate intercellular communication and Laso-Garcia et al. demonstrated that EVs 

from adipose-derived MSCs attenuated motor deficits, brain atrophy and promoted remyelination in 

Theiler’s murine encephalomyelitis virus (TMEV)–induced demyelinating disease model of 

progressive MS following intravenous delivery [550]. EVs can be produced by pre-conditioning 

MSCs to enhance therapeutic use, be produced in large amounts at a lower cost than stem cells and 

have been shown in the TMEV model to cross the BBB [550]. Importantly, they appear to recapitulate 

the modulatory and regenerative potential of cell-based therapies but without the theoretical safety 

concerns of administering live cells including tumourigenicity and immune rejection.  

Other novel developments include MSC manipulation to up- or down-regulate genes for a particular 

purpose e.g. overexpression of CCR7 to enhance homing of MSCs and BDNF to enhance 

regenerative potential. Ad-MSCs, modified to express IFN-β, were shown to ameliorate EAE severity 

to a greater degree than unmodified Ad-MSCs [160]. Other strategies to augment MSC action have 

included engineering BM-MSCs to express micro RNAs (miRNA), non-coding small RNA 

molecules, such as miRNA-124 which bind to the target mRNA and modify the subsequent protein 

translation - in this case helping with repair mechanisms [160]. Combination treatments with 

conventional immunomodulatory drugs such as IFN-β enhanced the therapeutic efficiency of MSCs 

as the IFN-β modified MSC energetic metabolism whilst low-dose methylprednisolone prescribed 

with IFN-β-expressing MSCs had synergistic effects in an EAE model [551, 552].  

The routes by which MSCs can be administered has also been subject to research – although the IV 

route is easier, safer and appears adequate for peripheral immunomodulation, there are some that still 

argue that direct injection via the intrathecal or intraventricular role is more effective and indeed, the 

only (animal) study comparing intravenous and intraventricular routes for BM-MSCs in EAE showed 
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that the latter led to a more pronounced reduction in infiltrating cells and increased preservation of 

axons so a head-to-head comparison in humans may be needed in the future [553, 554]. Intranasal 

delivery of MSCs has also been developed as a non-invasive way to maximise cell entry into the CNS 

via the perivascular and perineuronal routes. In this case, pre-treatment with hyaluronidase to weaken 

the nasopharyngeal mucosal connections could further help improve efficiency of transfer into the 

CNS [160]. 

 

8.6. MSCs as a potential treatment of MS  
 

The results in this small trial would not – and were not expected to – support MSCs being advocated 

as a possible treatment paradigm for MS currently. The preliminary results from MESEMS showing 

that there was no significant reduction in the number of GELs on MRIs at 24 weeks were initially 

disappointing [75]. They had also based their study size calculations on the expectation of seeing a 

50% decrease in the number of GELs based on a phase 2 study of fingolimod which is optimistic 

following a single infusion. Although these negative data will result in no phase 3 trial being on the 

immediate horizon and no mesenchymal stem cell therapy being available for patient treatment, 

MSCs should not be discounted from any possible future role in the MS landscape. These cells have 

clearly been shown to have significant in-vitro effects on a large range of immune cells, marked 

effects in animal models and are used as standard of care in unresponsive GvHD in the clinical 

setting. Understanding of their mechanisms in MS (and this is unlikely to be a single or indeed even a 

predominant mechanism given the plethora of data to date) clearly needs to be substantially improved 

as well as being able to track their progress post-infusion in humans (which has not been achieved as 

yet) may yield a role for them in MS in the future. 
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8.7. Final conclusions 
 

STREAMS has confirmed that the ex-vivo expansion of autologous MSCs is feasible though there is 

uncertainty about the wider applicability of BM-MSCs given that the culture failure rate can reach 

30% and growth is affected by age. Intravenous infusions appear to be well-tolerated and there were 

no SAEs in STREAMS. The data from MESEMS (with a total of 144 patients but 94 RRMS patients) 

confirms that the number of SAEs were not significantly different between the MSC- and placebo-

treated groups over the first 24 weeks. In STREAMS, there was no significant reduction in the relapse 

rate and whilst there was trend towards a decreased relapse rate in MESEMS, it did not reach 

significance - though it was also under-powered to detect this difference. Significantly, MESEMS 

failed to show efficacy of MSCs on the MRI co-primary outcome (GELs at 24 weeks). In STREAMS, 

there were improvements in the MSFC but no change in the disability scores. These outcomes are still 

encouraging given only a single infusion was given but the results of MESEMS in particular will halt 

any further immediate translation attempt to clinical practice and a phase 3 trial looks unlikely. MSCs 

therefore remain exploratory but efforts should continue to better understand their possible modes of 

action in MS. Understanding of the inherent differences in MSCs between different donors (as 

demonstrated in this thesis) and sources and how best to optimise them for use may still make them a 

viable therapeutic modality in the future. Personalised medicine is on the horizon and so MSCs, if 

successfully exploited, would be a welcome addition to the growing armamentarium of MS 

treatments. 
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9. Appendices 
 

9.1. Kurtze EDSS 
 

0 Normal neurological exam (all grade 0 in Functional Systems (FS); cerebral grade 1 acceptable). 
1 No disability, minimal signs in one FS (i.e. one grade 1 excluding cerebral grade 1). 
1.5 No disability, minimal signs in more than one FS (more than one grade 1 excluding cerebral grade 1). 
2.0 Minimal disability in one FS (one FS grade 2, others 0 or 1). 
2.5 Minimal disability in two FS (two FS grade 2, others 0 or 1). 
3.0 Moderate disability in one FS (one FS grade 3, others 0 or 1), or mild disability in three or four FS 

(three-four FS grade 2, others 0 or 1). 
3.5 Fully ambulatory but with moderate disability in one FS (one grade 3 and one or two FS grade 2) or 

two FS grade 3, others 0 or 1, or five FS grade 2, others 0 or 1. 
4.0 Fully ambulatory without aid, self-sufficient, up and about some 12 hours a day despite relatively 

severe disability consisting of one FS grade 4 (others 0 or 1), or combinations of lesser grades 
exceeding limits of previous steps. Able to walk without aid or rest some 500 meters or 0.3 miles. 

4.5 Fully ambulatory without aid, up and about much of the day, able to work a full day, may otherwise 
have some limitation of full activity or require minimal assistance; characterized by relatively severe 
disability. (Usually consisting of one FS grade 4 (others 0 or 1) or combinations of lesser grades 
exceeding limits of previous steps. Able to walk without aid or rest for some 300 meters or 975 ft). 

5.0 Ambulatory without aid or rest for about 200 meters or 650 ft; disability severe enough to impair full 
daily activities (e.g., to work full day without special provisions). (Usual FS equivalents are one grade 5 
alone (others 0 or 1); or combinations of lesser grades usually exceeding specifications for step 4.0.) 

5.5 Ambulatory without aid or rest for about 100 meters or 325 ft; disability severe enough to impair full 
daily activities. (Usual FS equivalents are one grade 5 alone (others 0 or 1); or combinations of lesser 
grades usually exceeding specifications for step 4.0.) 

6.0 Intermittent or constant unilateral assistance (cane, crutch, or brace) required to walk about 100 
meters or 325 ft. with or without resting. (Usual FS equivalents are combinations with more than two 
FS grade 3+.) 

6.5 Constant bilateral assistance (canes, crutches, or braces) required to walk about 20 meters or 65 ft.  
(Usual FS equivalents are combinations with more than two FS grade 3+.) 

7.0 Unable to walk beyond about 5 meters or 16 ft. even with aid, essentially restricted to wheelchair, 
wheels self in standard wheelchair a full day and transfers alone; up and about in wheelchair some 12 
hours a day. (Usual FS equivalents are combinations with more than one FS grade 4+; very rarely 
pyramidal grade 5 alone.) 

7.5 Unable to take more than a few steps; restricted to wheelchair; may need aid in transfers, wheels self 
but cannot carry on in standard wheelchair a full day; may require motorised wheelchair. (Usual FS 
equivalents are combinations with more than one FS grade 4+.) 

8.0 Essentially restricted to bed or chair or perambulated in wheelchair; but may be out of bed much of the 
day; retains may self-care functions; generally has effective use of arms. (Usual FS equivalents are 
combinations, generally grade 4+ in several systems.) 

8.5 Essentially restricted to bed for much of the day; has some effective use of arm(s); retains some self-
care functions. (Usual FS equivalents are combinations, generally grade 4+ in several systems.) 

9.0 Helpless bed patient; can communicate and eat. (Usual FS equivalents are combinations, mostly 
grade 4.) 

9.5 Totally helpless bed patient; unable to communicate or effectively eat/swallow. (Usual FS equivalents 
are combinations, almost all grade 4+.) 

10 Death due to MS. 
 

 

 

 



359 
 

9.2. STREAMS amendments 
 

NRES approval August 2013 for the Amendments: 

Substantial Amendments: 

1. To request research blood samples at additional study visits (Weeks -8 +48-72hrs, 8, 16, 20, 32, 40, 

44 and 48 + 48-72 hrs) to have sufficient samples for laboratory work in this study and in future 

studies. 

2. Inserting an additional Mantoux test at Week 48 (trial end) and a readout at an additional visit 

(Week 48 +48-72 hrs) – this Mantoux test had been an omission in the original submission – we 

would need this Mantoux test to assess any change from the second infusion being given (which could 

have been the MSC infusion in some patients if the first had been a placebo/sham infusion). 

Non-Substantial Amendment: 

1. To remove the Multiple Sclerosis Functional Composite (MSFC) assessments at Weeks 4, 12, 28 

and 36 as it had only been planned to look at mean changes in the MSFC compared to baseline (a 

secondary outcome variable) then only the assessments needed were at Weeks -10 (as practice 

sessions), Week 0 (baseline), Weeks 24 and 48 (6-month post-infusions). It would also avoid the 

practice effect for the 9-HPT and PASAT-3 tests. However, as the Timed 25 – Foot Walk (T25-FW) 

was a useful part of the examination and could be analysed independently of the other components, it 

was still included at the more frequent time-points. 

 

NRES approval January 2014 for the Substantial Amendments: 

1. The inclusion criterion “Disease duration 2-10 years from diagnosis” was changed to “Disease 

duration 0-10 years from diagnosis”. This was felt to better reflect the original MESEMS criterion of 

“disease duration 2-10 years” and thus allowed patient entry from formal diagnosis of MS (disease 

onset however must be at least 2 years in MESEMS) and secondly, it allowed flexibility with 

recruitment. The previous criteria had led us excluding, for example, a patient who had had delays in 

the formal diagnosis. The changed wording was clearer – it avoided any potential confusion with 

disease onset (which was sometimes harder to define; using diagnosis date provided a more reliable 

fixed point). 

2. The inclusion criterion “EDSS 3.0 - 6.5 at screening evaluation” was changed to “EDSS 2.0 - 6.5 at 

screening evaluation” 
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It was agreed that 3.0, as the lower EDSS limit, represented too significant a disability and 2.0 was 

more appropriate for mild disability. The EDSS 2.0 also better reflected the original stated aim in the 

protocol i.e. “to identify a patient population who is at increased risk of continued progression and 

loss of function but has not accumulated advanced levels of neuronal injury or degeneration which 

could fail to show a treatment effect even if it exists. We have therefore formulated criteria to recruit 

patients with mild to moderate disability and evidence of ongoing inflammation (gadolinium-

enhancing lesions) relatively early in the disease” 

3. The inclusion criterion “≥1GEL on MRI within 3 months prior to harvesting” was changed to 

“≥1GEL on MRI within 6 months prior to harvesting” - this request reflected a practical issue that was 

hindering the study recruitment as by the time the patient was referred, the scan’s “validity” for the 

trial had expired. The options were then either to not consider the patient or re-scan – possibly with a 

negative result. The reason for its original inclusion was that STREAMS was attempting to recruit an 

active MS population but on balance, it was thought that 6 months would still be very adequate for 

this purpose.  

 

NRES and MHRA approval April 2014 for the Substantial Amendment: 

1. To align STREAMS with MESEMS which allowed a dose of 1-2 x106 cells/kg - STREAMS had 

stringently defined the dose of MSCs to be 2 x106 cells/kg (allowing a 10% error margin i.e. 1.8 -2.2 

x106 cells/kg). Although the range 1-2 x106 cells/kg had been used in other studies, it had seemed 

more appropriate to fix the dose. However, we then had a patient in the trial who reached a dose of 1.6 

x106 cells/kg – under the international protocol (and in other studies that have utilised MSCs showing 

efficacy), he would have continued in the trial. He had been a very suitable candidate for the trial in 

all respects and keen to continue in the trial. We also previously had had another patient that failed to 

make the target dose of 2 million cells/kg and who was then withdrawn. At this stage in the trial, it 

had seemed that expansion of adult MSCs was variable and much decreased compared to that of 

children - of our successful harvests few had exceeded 3 million cells/kg. It seemed more practical 

with regards to recruitment and trial resources to adopt the international criterion. 

NRES approval January 2015 for the Substantial Amendment: 

1. To increase the number of trial participants (by 5-10) –  the STREAMS trial had been successful in 

completing recruitment (12 patients) by May 2014 but recruitment had been slower than expected in 

some of the European Centres, further funding from the MS Society had been granted to contribute 

further to the MESEMS target of 185. All the original protocol details were applicable to this 

recruitment cohort except for the skin biopsies and research blood samples.
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9.3. Methodological details with detection limits for the Bioplex assay 
 

Molecule  Detection Limit  
(pg/ml) 

Intra-
assay 

Variation 
(% CV) 

Recovery 
percentage 

Range         
(90-110%) 

6Ckine/CCL21 chemokine (C-C motif) ligand 21 906.31 - 4745900 2.4 103 

APRIL/TNFSF13 a proliferation-inducing ligand or tumor 
necrosis factor ligand superfamily member 13 70.19 - 197936 1.7 100 

BAFF/TNFSF13B B-cell activating factor or tumor necrosis 
factor ligand superfamily member 13B 0.55 - 13861 2.4 101 

BCA-1/CXCL13 
B lymphocyte chemoattractant (BLC) or B 
cell-attracting chemokine1 or chemokine (C-
X-C motif) ligand 13 

0.38 - 10497 6.0 102 

CHI3L1 chitinase-3-like protein 1 27.23 - 16678 3.1 102 

CTACK/CCL27 chemokine (C-C motif) ligand 27 10.04 -179324 1.3 99 

ENA-78/CXCL5 C-X-C motif chemokine 5 or epithelial-
derived neutrophil-activating peptide 78 1.24 - 19334 5.3 99 

EOTAXIN-2/CCL24 eosinophil chemotactic protein 2 or 
chemokine (C-C motif) ligand 24 1.50 - 8727 6.0 100 

EOTAXIN-3/CCL26 eosinophil chemotactic protein 3 or 
chemokine (C-C motif) ligand 26 1.50 - 2326 3.0 99 

EOTAXIN/CCL11 C-C motif chemokine 11 or eosinophil 
chemotactic protein 11 0.47 - 10334 4.0 98 

Fractalkine/CX3CL1 chemokine (C-X3-C motif) ligand 1 9.04 - 179324 2.2 100 

GCP-2/CXCL6 chemokine (C-X-C motif) ligand 6 0.84 - 2997 3.0 98 

GM-CSF granulocyte-macrophage colony-stimulating 
factor or colony stimulating factor 2 (CSF2) 0.44 - 299 8.0 100 

gp130/sIL-6R beta soluble interleukin-6 receptor beta 5972 - 13758 1.4 100 

Gro-alpha/CXCL1 chemokine (C-X-C motif) ligand 1 0.03 - 838 1.6 100 

Gro-Beta/CXCL2 chemokine (C-X-C motif) ligand 2 0.72 - 5989 2.2 98 

I-309/CCL1 chemokine (C-C motif) ligand 1 1.52 - 10928 2.1 98 

I-TAC/CXCL11 
Interferon-inducible T-cell alpha 
chemoattractant  or C-X-C motif chemokine 
11 

1.62 - 8339 2.4 101 

IL-1beta interleukin-1 beta 2.40 - 42068 1.9 100 

IL-2 interleukin-2 1.92 - 4647 5.8 98 

IL-4 interleukin-4 3.59 - 6346 4.4 106 

IL-6 interleukin-6 11.31 - 160686 4.0 104 

IL-8/CXCL8 interleukin-8 (C-X-C motif) or chemokine 
ligand 8 0.42 - 6694 6.0 100 

IL-10 interleukin-10 1.93 - 4535 3.1 99 

IL-11 interleukin-11 4.05 - 7266 2.5 101 
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IL-12(p40) interleukin-12 or cytotoxic lymphocyte 
maturation factor p40 0.48 - 7293 3.8 99 

IL-12(p70) interleukin-12 or cytotoxic lymphocyte 
maturation factor p70 6.89 - 14233 3.5 100 

IL-16 interleukin-16 5.52 - 11047 2.2 100 

IL-19 interleukin-19 69.21 - 42147 1.0 94 

IL-20 interleukin-20 298.24 - 2126430 4.5 100 

IL-22 interleukin-22 90.63 - 2109030 3.3 104 

IL-26 interleukin-26 40.04 - 302154 2.1 99 

IL-27(p28) interleukin-27 25.85 - 135562 1.5 98 

IL-28A/IFNlambda2 interleukin-28 A or interferon lambda 2 123.64 - 286066 7.3 100 

IL-29/IFN-lambda1 interleukin-29 or interferon lambda 1 0.63 - 10110 2.6 99 

IL-32 interleukin-32 2.33 - 48047 5.0 100 

IL-34 interleukin-34 3.72 - 63484 1.4 98 

IL-35 interleukin-35 3.47 - 2869 1.9 100 

INF-alfa 2 interferon alpha-2 0.07 - 19480 1.9 102 

INF-beta interferon beta 0.75 - 195500 1.0 101 

INF-gamma interferon gamma 0.05 - 13549 1.0 99 

IP-10/CXCL10 interferon gamma-induced protein 10 or C-X-
C motif chemokine 10 0.10 - 24915 1.2 106 

LIGTH/TNFSF14 tumor necrosis factor superfamily member 14 6.51 - 24322 1.0 94 

MCP-1/CCL2 monocyte chemoattractant protein 1 or 
chemokine (C-C motif) ligand 2 1.36 - 45465 1.0 99 

MCP-2/CCL8 monocyte chemoattractant protein 2 or 
Chemokine (C-C motif) ligand 8 1.40 - 12784 2.0 99 

MCP-3/CCL7 monocyte-chemotactic protein 3 or 
chemokine (C-C motif) ligand 7 2.33 - 34028 5.2 104 

MCP-4/CCL13 monocyte chemotactic protein-4 or 
chemokine (C-C motif) ligand 13 2.60 - 44666 1.0 102 

MDC/CCL22 macrophage–derived Chemokine or C-C 
motif chemokine 22 0.07 - 16452 1.0 98 

MIF macrophage migration inhibitor factor 0.13 - 34756 1.6 100 

MIG/CXCL9 monokine induced by gamma interferon or 
chemokine (C-X-C motif) ligand 9 0.16 - 9055 2.6 99 

MIP-1alpha/CCL3 macrophage inflammatory protein 1-alpha or 
chemokine (C-C motif) ligand 3 0.35 - 5258 6.0 100 

MIP-1delta/CCL15 macrophage inflammatory protein-1 delta or 
chemokine (C-C motif) ligand 15 0.68 - 8523 1.0 103 

MIP-3alpha/CCL20 macrophage inflammatory protein-3 or 
chemokine (C-C motif) ligand 20 0.13 - 7644 1.0 99 

MIP-3beta/CCL19 
chemokine (C-C motif) ligand 19 or EBI1 
ligand chemokine (ELC) or macrophage 
inflammatory protein-3-beta 

0.67 - 34503 1.0 99 

MMP-1 matrix metallopeptidase 1 1.04 - 14668 1.5 95 

MMP-2 matrix metallopeptidase 2 2.49 - 2699 1.0 99 
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MMP-3 matrix metallopeptidase 3 0.40 - 3724 2.6 99 

MPIF-1/CCL23 myeloid progenitor inhibitory factor 1 or 
chemokine (C-C motif) ligand 23) 0.07 - 4152 1.5 99 

Osteocalcin osteocalcin or bone gamma-carboxyglutamic 
acid-containing protein 0.13 - 34505 3.5 99 

OPN osteopontin 0.22 - 3250 1.0 100 

PTX-3 pentraxin -3 1.68 - 21335 1.2 104 

sCD163 soluble-CD163 (Cluster of Differentiation 
163) 8.25 - 456461 2.6 103 

sCD30/TNFRSF8 tumor necrosis factor receptor superfamily 16 1.19 - 23643 5.4 97 

SCYB16/CXCL16 chemokine (C-X-C motif) ligand 16 1.17 - 5141 1.2 100 

SDF-1alpha+beta/CXCL12 stromal cell-derived factor 1 or 2C-X-C motif 
chemokine 12 0.43 - 6816 2.6 100 

sIL-6 alpha soluble interleukin 6 receptor alpha 0.15 - 50999 1.0 100 

sTNF-R1 soluble- tumor necrosis factor-receptor 1 3.08 - 49150 2.8 103 

sTNF-R2 soluble- tumor necrosis factor-receptor 2 0.15 - 6349 1.1 98 

TARC/CCL17 hymus and activation regulated chemokine or 
chemokine (C-C motif) ligand 17 34.12 - 146294 1.4 98 

TECK/CCL25 thymus-expressed chemokine or chemokine 
(C-C motif) ligand 25 12.73 - 160858 5.4 104 

TNF-alpha tumor necrosis factor alpha 0.48 - 21063 1.0 100 

TSLP thymic stromal lymphopoietin 0.61 - 100737 1.3 98 

TWEAK/TNFSF12 
TNF-related weak inducer of apoptosis or 
tumor necrosis factor ligand superfamily 
member 12 

0.24 - 13148 2.5 99 

     

 

The table summarizes the quality parameters analysis of undiluted CSF samples. The concentration 
coefficient of variation is expressed as %CV [(std. deviation/mean)*100)]. The recovery percentage is 
the mechanism to assess the fit of the standard curve to the actual standard of each examined 
molecule. For each analyte standard the observed concentration is calculated from the standard curve 
and the fluorescence intensity and then is divided by expected concentration and multiplied by 100 
(recovery percentage). In particular, the recovery range is the acceptable recovery percentage. CSF= 
cerebrospinal fluid 
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