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Abstract 
 

Vaccine strain measles virus (MV) is oncolytic in numerous models of 

malignancy and is currently being tested in ongoing clinical trials.  The 

mechanism behind the selectivity of MV for tumour cells is poorly 

understood. To determine the mechanism of selectivity, I used an 

established step-wise model of cellular transformation, in which progressive 

oncogenic hits were stably and additively expressed in human bone 

marrow-derived mesenchymal stromal cells (MSCS) (Funes et al., 2007).  

 

Progressive MSC transformation was associated with increased viral 

infectivity, MV productivity and MV-induced cell killing. This was not 

explained by differences in MV receptors CD46, SLAM or nectin-4 

expression. Investigation of the anti-viral type 1 IFN response 24 and 48 

hours post infection demonstrated that IFNb production was delayed and 

reduced in transformed cells compared to their normal counterparts 

(hTERT). A similar pattern was observed for STAT1 phosphorylation. 

Exogenous pre-treatment of the most highly transformed cells (5H) cells 

with IFNb rendered the cells less susceptible to MV-mediated oncolysis 

confirming the biological role of IFNb. To identify genetic correlates of MV 

oncolysis, RNA-seq was performed using mock-infected and MV-infected 

hTERT and 5H cells, revealing a dampened basal levels of immune-related 

genes involved in the type 1 IFN pathway, gamma IFN pathway, and antigen 

presentation and processing pathways. Interferon-inducible 

transmembrane protein 1 (IFITM1) was the foremost basally downregulated 

immune gene with a 183-fold downregulation in 5H cells compared to 

hTERT cells. I therefore attempted to stably overexpress IFITM1 in 5H cells. 

This resulted in a 50% increase in cell viability and significantly reduced viral 

replication at 24hpi, newly identifying IFITM1 as a restriction factor for early 

stages of oncolytic MV infection.  

 

I also assessed the impact of MV infection on mitochondrial function and 

morphology. MV infection altered mitochondrial morphology and 
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significantly affected expression levels of regulators of the mitochondrial 

fusion-fission cycle in MSCs. Oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) were evaluated by the Seahorse 

extracellular flux analysis.  Progressive MSC transformation was associated 

with increased OCR and ECAR and a reduced spare respiratory capacity, 

indicating mitochondrial dysfunction. OCR and ECAR levels in MSCs were 

minimally affected by MV infection. However, viral infection significantly 

increased SRC in transformed cell lines 4+V and 5H.  

 

Finally, to explore the impact of MSC transformation and MV infection on 

the metabolite pool in hTERT and 5H cells, I performed a global 

metabolomics experiment, to my knowledge the first global metabolomic 

analysis after infection with oncolytic MV. MV infection targeted several 

facets of the host cell metabolome including glycolysis, TCA cycle and the 

pentose phosphate pathway (PPP). In particular, the host cell’s redox status 

was targeted by cellular transformation and MV infection. I showed that an 

intact antioxidant system is a determinant for the tumour selectivity of MV.  
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Impact statement  
The concept that viruses can be used as cancer therapeutics dates back to 

the early 1900s. Further advancements in molecular biology techniques and 

understanding of tumour biology led to a renewed interest in this field in the 

1990s. Oncolytic strains of measles virus (MV) have proved efficacious in 

various models of malignancy and are currently being evaluated in a 

number of clinical trials, with mounting evidence for safety and antitumour 

activity. Numerous efforts have been made to enhance the tumour 

specificity of oncolytic MV. However, the exact mechanisms that confer MV 

its ability to differentiate between normal and transformed cells remains to 

be attributed to MV receptor overexpression and/or more recently to 

defective IFN responses in cancer cells.  

 

This thesis has investigated molecular basis for the tumour tropism of 

oncolytic MV in a model of sequential transformation of BM-derived MSCs. 

While other investigators have compared MV-resistant and MV-susceptible 

cancer cell lines, this is the first study that allows a direct comparison 

between normal MSCs and their malignant counterparts. Work in this thesis 

has highlighted the contribution of the type I interferon (IFN) pathway in 

resistance to MV infection, suggesting that the first 24 hours after infection 

are critical- while normal cells are able to mount an IFN response rapidly, 

this is slower with transformed cells. Moreover, work in this thesis has 

shown, for the first time, that IFN-inducible transmembrane protein 1 

(IFITM1), acts as a restriction factor for oncolytic strains of MV. Elucidating 

how IFITM1 can inhibit MV infection and identifying other candidate genes 

will help in stratifying patients who will likely benefit from future clinical trials 

using oncolytic MV.  

 

While the effects of viruses on host cell’s powerhouses, the mitochondria, 

is becoming widely studied, there is limited research in the literature about 

the effect of oncolytic MV on the mitochondria. This thesis has begun to 

explore this effect focusing on mitochondrial morphology, mass and 

dynamics showing that MV infection targets mitochondrial dynamics in 
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MSCs. Spare respiratory capacity (SRC), which indicates the ‘fitness’ level 

of the cells under stress was significantly reduced with cellular 

transformation suggesting this may be a determinant for MV-mediated 

oncolysis.  

 

This thesis employed, to our knowledge, the first metabolomics experiment 

using oncolytic MV.  Metabolomics, along with other validation experiments, 

suggested that MV-susceptible cells lacked an intact antioxidant system and 

higher production of reactive oxygen species. This indicated that 

transformed MSCS were under oxidative stress at baseline, which may be 

a factor contributing to the preferential MV replication in transformed cells 

compared to their normal counterparts.  
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FCCP   Carbonyl cyanide-4-phenylhydrazone 

FDA   Food & Drug Administration 

FGF   Fibroblast growth factor� 

FH   Fumarate hydratase 

FIP   Fusion inhibitory peptide 

FIS1   Fission 1  

FITC   Fluorescein isothiocyanate 

FSC   Forward scatter 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase  

GBM   Glioblastoma multiforme  

GCLC   glutamate-cysteine ligase catalytic subunit 

GDP   Guanosine diphosphate 

GE   Gene end  

GFP   Green fluorescent protein� 

GM-CSF  Granulocyte-monocyte colony stimulating factor  
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GMP   Guanosine monophosphate 

GSH   Glutathione 

GSS   Glutathione synthetase 

GSSG   Glutathione disulfide 

GS   Gene start   

GST   Glutathione S-transferase 

GTP   Guanosine triphosphate 

HBV   Hepatitis B virus 

HCA   Hierarchical cluster analysis  

HCV   Hepatitis C virus  

HCMV   Human cytomegalovirus 

HER-2  Human epidermal growth factor receptor 2 

HIV   Human immunodeficiency virus  

HK2   Hexokinase 2 

hpi   Hours post infection  

HPMA   N-(2-hydroxypropyl) methacrylamide 

HRP   Horseradish peroxidase 

HSV-1   Herpes simplex virus 1 

hTERT   Human telomerase reverse transcriptase 

IAV   Influenza A virus 

ICI   Immune checkpoint inhibitor 

IFITM   Interferon-induced transmembrane protein 1 

IFNAR  Interferon- alpha/beta receptor  

IFN   Interferon 

Ig   Immunoglobulin 

IL   Interleukin 

IMM   Inner mitochondrial membrane  

IMP   Inosine monophosphate 

IP   Intra-peritoneal  

IPmsc   Intraperitoneal using mesenchymal stem cells  

IPS-1   IFNb promoter stimulator 

IRES   Internal ribosome entry site 

IRF   IFN response factor  
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ISGF3   IFN-stimulated gene factor 3 

ISGs   IFN-stimulated genes 

ISRE   IFN-stimulated response element  

ITu   Intra-tumoural  

IV   Intravenous 

JAK   Janus kinase 

LAG3   Lymphocyte-activation gene 3 

LAP3   Aminopeptidase 

LGP-2   Laboratory of genetics and physiology 2 

mAb   Monoclonal antibody  

MAM   Mitochondria-associated membranes  

MAVS   Mitochondrial antiviral signalling protein  

MCB   Monochlorobimane 

MDA-5  Melanoma differentiation-associated protein 5 

MFI   Mean fluorescence intensity  

MFN1   Mitofusin-1 

MFN2   Mitofusin-2 

Mff   Mitochondrial fission factor 

MHC   Major histocompatibility complex  

MiD49/51  Mitochondrial dynamics proteins of 49 and 51 kDa 

miRNA  MicroRNA 

MITA   Mediator of IRF3 activation 

MMP   Mitochondrial membrane potential 

MMR   Measles, mumps and rubella vaccine  

MOI   Multiplicity of infection 

mRNA   Messenger RNA 

MS   Mass spectrometry  

MSCs   Mesenchymal stromal cells 

MTG   MitoTracker green 

mtDNA  Mitochondrial DNA 

MV    Measles virus  

MxA   Myxovirus resistance protein 1   

Myd88  Innate immune signal transduction adaptor 
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NAC   N-acetyl-L-cysteine 

NADH   Nicotinamide adenine dinucleotide 

NADPH  Nicotinamide adenine dinucleotide phosphate 

NAP   Neutrophil-activating protein 

NDV   Newcastle disease virus   

NF-kB   Nuclear factor kappa beta   

NHL   Non-Hodgkin lymphoma  

NIS   Sodium iodide symporter  

NK   Natural killer cell  

NLS    Nuclear localisation signal 

NMR   Nuclear magnetic resonance spectroscopy  

NRF1    Nuclear respiratory factor 1 

NRF2   Nuclear respiratory factor 2 

NS   Not significant  

NSCLC  Non-small-cell lung carcinoma  

OAS1   2'-5'-Oligoadenylate Synthetase 1 

OAS2   2'-5'-Oligoadenylate Synthetase 2 

OCR   Oxygen consumption rate 

OD   Optical density 

OMM   Outer mitochondrial membrane  

OPA1   Opic Atrophy 1 

OV   Oncolytic virus  

OXPHOS  Oxidative phosphorylation  

PAMP   Pathogen associated molecular pattern 

PBS   Phosphate buffered saline 

PCA   Principal component analysis 

PCR   Polymerase chain reaction 

PD-1   Programmed cell death protein 1 

pDCs   Plasmacytoid dendritic cells  

PD-L1   Programmed cell death-ligand 1 

PDXs   Patient-derived xenografts 

PE   Phycoerythrin 

PEG   Polyethylene glycol 

PET   Positron emission tomography 
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PFU   Plaque forming unit  

PGC-1a  Peroxisome proliferator activate receptor gamma 

coactivator 1-alpha  

PDH   Pyruvate dehydrogenase 

PKR   Protein kinase R 

PRC   PGC-related co-activator 

PRPP   Phosphoribosyl pyrophosphate 

PRRs   Pathogen recognition receptors 

PTMs   Post-transcriptional modifications 

PVRL4  Poliovirus-receptor-like-4 

RdRp   RNA-dependent RNA polymerase 

RFP   Ref fluorescent protein  

RIG-I   Retinoic acid-inducible gene 1 

RIPA   Radioimmunoprecipitation assay buffer 

RLRs   RIG-I-like receptors 

RPIA   Ribose-5 phosphate isomerase A 

RNA   Ribonucleic acid 

RNA-seq   RNA sequencing 

RNP   Ribonucleoprotein complex 

ROS   Reactive oxygen species 

RPM   Rotations per minute 

rRNA   Ribosomal RNA 

RSAD2  Radical SAM-domain containing 2 (viperin) 

RSV   Respiratory syncytial virus 

RT   Room temperature  

RQ-PCR  Relative quantitative polymerase chain reaction 

Ru5p   Ribose-5-phosphate 

SARS   Severe acute respiratory syndrome virus 

SDH   Succinate dehydrogenase 

SDSL   Serine hydratase like  

SEM   Standard error of the mean 

SLAM   Signalling lymphocyte activation molecule 

SPECT  Single-photon emission computed tomography 
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SSC   Side scatter 

SSPE   Subacute sclerosing panencephalitis  

ssRNA  Single-stranded RNA 

SSR2   Translocon-associated protein subunit beta 

STAT   Signal transducer and activator of transcription 

STING  Stimulator of IFN genes 

SV40   Simian virus 40 

TBS   Tris-buffered saline  

TBS-T   TBS with Tween  

TIGIT   T cell immunoreceptor with Ig and ITIM domains  

TIM-3   T cell immunoglobulin and mucin domain 3 

TIR   Toll-interleukin receptor 

TMRM   Tetramethylrhodamine, methyl ester 

TFAM   Mitochondrial transcription factor A 

TRAPb  Translocon-associated protein subunit beta 

TRIF   TIR domain-containing adaptor protein inducing IFNb  

T-VEC  Talimogene Laherparepvec 

TCID50  50% tissue culture infectious dose 

TKI   Tyrosine kinase inhibitor  

TLRs   Toll-like receptors 

VSV   Vesicular stomatitis virus  

2DG   2-deoxy-D-glycose 
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Chapter 1 Introduction  

1.1 Cancer therapy overview 

1.1.1 Conventional therapies 
Conventional treatment modalities including surgery, chemotherapy and 

radiotherapy remain to be the standard treatment of care for cancer.  

 

1.1.2 Targeted cancer therapy 
Cancer remains the leading cause of disease-related death, living up to its 

reputation as the “emperor of all maladies”. Advances in the understanding 

of cancer cell biology and molecular mechanisms of cellular transformation 

have paved the way for the development of targeted therapies, which can 

specifically block proteins and signalling pathways critical to the growth 

and/or survival of tumour cells. Targeted therapy predominantly involves the 

use of monoclonal antibodies and small molecule kinase inhibitors [1]. 

 

Rituximab and Trastuzumab are among the first monoclonal antibodies to 

be approved in 1997 and 1998, respectively. Rituximab is targeted to the 

cell surface antigen CD20 and is used in combination with chemotherapies 

for the treatment of B-cell non-Hodgkin’s lymphoma (NHL) [2]. Trastuzumab 

(Herceptin), directed against the human epidermal growth factor receptor 2 

protein (HER-2), is the gold standard for treating patients with HER-2 

positive metastatic breast cancer, and is also approved for treating 

metastatic gastric carcinoma overexpressing the receptor [3].  

 

The majority of developed small molecule inhibitors interfere with tyrosine 

kinase signalling, which normally regulates cell growth, proliferation, 

differentiation, migration and angiogenesis, but is frequently deregulated in 

cancer. Approved in 2002, Imatinib mesylate (Gleevec) is the first 

successful example of a tyrosine kinase inhibitor (TKI) used for the 

treatment of CML and ALL patients harbouring the Philadelphia 

chromosome, a truncated chromosome 22, generated by the reciprocal 
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translocation t(9;22) [4]. The resulting fusion gene, BCR-ABL1, encodes the 

Bcr-Abl oncoprotein, a constitutively active tyrosine kinase and Imatinib 

inhibits this aberrant TK activity by competitively binding to its ATP binding 

site [5, 6]. 

Despite the success achieved by targeted therapies, their efficacy is greatly 

hampered by tumour heterogeneity and intrinsic or acquired drug resistance  

1.1.3 Immunotherapy 
The last decade has witnessed exponential advances in the field of cancer 

immunotherapy. A number of strategies have been developed with the goal 

of harnessing the patient’s own immune system to elicit an anti-tumour 

immune response, leading to the approval of cancer vaccines, the first 

immune checkpoint inhibitors (ICIs), chimeric antigen receptor (CAR) T cells 

and an oncolytic virus [7].  

 

Therapeutic vaccines are being explored in the form of tumour vaccines 

(autologous or allogeneic), genetically modified dendritic cells expressing 

tumour peptides or RNA, DNA, bacteria or virus as vectors of specific 

tumour markers. Cancer vaccines have proven to be efficacious in early 

cancer or minimal residual disease. However, in most cases, combination 

therapy with other immunotherapy drugs is necessary to establish 

effectiveness in established cancers [8]. 

 

Co-inhibitory immune checkpoint receptors are often activated in cancer 

cells to dampen their T-cell response and enable their immune evasion. The 

blockade of the signalling between co-receptors and their ligands by 

monoclonal antibodies allows the activation of T cells to clear tumour cells. 

The most effective immune checkpoint inhibitors (ICIs) so far are antibodies 

targeting immune regulatory checkpoint receptors cytotoxic T lymphocytes 

associated antigen 4 (CTLA-4) and programmed cell death (PD)-1 and its 

ligand PD-L1, which have been approved as first-line options for the 

treatment of many cancers [9]. The first of these antibodies, ipilimumab, 

targets CTLA-4 and was approved in 2011 for the treatment of advanced 

melanoma. Several checkpoint inhibitors targeting PD-1 and PD-L1 shortly 
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followed, which are now approved for the treatment of many types of cancer 

[10].  Additional checkpoint receptors are being evaluated as targets for 

cancer immunotherapy. These include TIGIT, LAG3 and TIM-3. Despite 

changing the treatment landscape of many tumours, only a small subset of 

patients achieves complete response (CR). At present, there are limited 

biomarkers which predict response rates to and associated toxicities of ICI 

therapy. Furthermore, poor tissue and tumour penetration of antibodies due 

to the immunosuppressive nature of the tumour microenvironment 

represents a major limitation of ICIs [11]. Efforts to promote an anti-tumour 

immune response by transforming immunologically “cold” tumour 

microenvironments into “hot” ones are proving successful with 

immunotherapy combinations [12]. One such approach involves combining 

ICIs with oncolytic viruses. Infection with oncolytic viruses alters the tumour 

microenvironment by resulting in an influx of immune cells including 

activated T cells, natural killer cells and antigen presenting cells, as well as 

increased cytokine production [13], sensitizing the tumour cells to be 

targeted by ICIs [12].  
 

1.2 Oncolytic virotherapy  
Oncolytic viruses have emerged as promising agents in the field of cancer 

treatment. The selectively replicating viruses preferentially infect and lyse 

tumour cells whilst leaving host normal cells relatively unharmed. The 

versatility of the viral genomes and the possibility of genetically modifying 

them have offered these oncolytic viruses attractive therapeutic potential for 

the treatment of various tumour types as single agents or in combination 

therapies with small molecules, chemotherapy and immune checkpoint 

inhibitors [14, 15]. Today, compelling data and encouraging safety and 

efficacy profiles from ongoing and completed clinical trials in both solid 

tumours and haematological malignancies are bringing oncolytic viruses 

into the mainstream of cancer treatment. Perhaps the milestone in cancer 

virotherapy has been the recent US Food and Drug Administration (FDA) 

followed by the European Medicines Agency (EMA) approval of Talimogene 

laherparepvec (T-VEC), an oncolytic HSV encoding granulocyte 
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macrophage-colony stimulating factor (GM-CSF), for the intralesional 

treatment of metastatic melanoma [16, 17]. Table 1-1 summarizes oncolytic 

viruses that are currently being tested in clinical trials either as single agents 

or in synergy with other therapies. 
 
The concept of using viruses to treat cancer is not entirely novel and actually 

dates back to the early 1900s, when cases of spontaneous tumour 

regressions were reported in individuals after infection with naturally 

acquired viral illnesses. In two cases of chronic leukaemia, the patients 

appeared to improve following an influenza infection in one case [18], and 

a chickenpox infection in the other [19]. However, improvements were short-

lived and both patients relapsed shortly after. Following these observations, 

experiments to investigate the therapeutic benefit of viruses for the 

treatment of cancer became popular in the 1950s with efforts proven to be 

challenging due to safety concerns of administering wildtype virus strains 

[20-23]. The field was stalled at this point and it was not until the 1990s that 

the era of oncolytic virotherapy had begun to flourish. The advent of 

molecular biology tools paved the way for the production of rationally 

designed oncolytic viruses with improved selectively for various cancer cell 

types [24]. 
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Table 1-1 Currently and recently completed clinical trials using oncolytic viruses 

Virus Strain Manufacturer Phase Tumour type Primary or adjuvant 

 

Adenovirus 

LOAd703 Lokon I/I Pancreatic Adjuvant 

CG0070 Cold Genesys II Bladder Primary 

ColoAd1  

(Enadenotucirev) 

PsiOxus I Colorectal, NSCLC, Bladder and renal cell, 

ovarian 

Primary 

I/II Colorectal, bladder and epithelial  Primary 

ONCOS-102 Targovax Oy I Advanced solid tumors, melanoma Adjuvant 

DNX-2401 DNAtrix II Brain Adjuvant 

VCN-01 VCN I Advanced solid tumors, pancreatic Adjuvant 

Ad-MAGEA3 and MG1-MAGEA3 Turnstone I/II NSCLC Adjuvant 

I/II Advanced Solid Tumors Primary 

NSC-CRAd-Suvivin-pk7 Northwestern I Glioma Adjuvant 

Ad5-yCD /mutTKSR39rep-hIL12 Henry Ford I Prostate Adjuvant 

Ad5-yCD/ mutTKSR39rep-ADP Henry Ford I NSCLC Primary 

Adenovirus/ 

herpes simplex 

virus 

 

ADV/HSV-tk 

 

Merck 

 

II 

 

Breast and NSCLC 

 

Adjuvant 

Coxsackievirus CVA21 (CAVATAK) Viralytics II Melanoma Primary 

I NSCLC Adjuvant 
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Herpes simplex 

virus 1 

Talimogene Laherparepvec  

(T-Vec) 

Amgen I/II Breast Adjuvant 

II Melanoma Primary 

I Pancreatic Primary 

TBI-1401 (HF10) Takara I Superficial solid tumors Primary 

II Melanoma Adjuvant 

G207 MediGene Ib/II Glioma Primary 

HSV1716 Virtu Biologics I/II Mesothelioma Primary 

I Bone, sarcomas, neuroblastomas Primary 

 

Measles 

 
 

 

 

MV-NIS 

 

 

 

Mayo 

I Breast, head and neck, 

nerve sheath, mesothelioma 

Primary 

I/II Ovarian Primary 

I/II Multiple myeloma Adjuvant 

MV-CEA Mayo I Ovarian, glioblastoma multiforme Primary 

 

MV-NIS 

University of 

Arkansas 

II Multiple myeloma Adjuvant 

Parvovirus H-1PV (ParvOryx) Oryx GmbH I/IIa Glioblastoma Multiforme Primary 

Polio/ 

Rhinovirus 

PVSRIPO Duke I Glioma Primary 

 

 

 

 

 

 

I Colorectal, multiple myeloma Adjuvant 

Ib Bladder, pancreatic, plasma cell cytoma Adjuvant 
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Reovirus REOLYSIN Oncolytics II Ovarian and peritoneal Adjuvant 

Vesicular 

stomatitis virus 

VSV-hIFNbeta-NIS Mayo I Endometrial Primary 

 

 

 

Vaccinia virus 

 

GL-ONC1 

Genelux I Advanced solid tumours, head and neck, 

ovarian 

Primary 

Ib Advanced solid tumours Adjuvant 

Pexastimogene Devacirepvec 

(Pexa-Vec) 

Jennerex I Advanced solid tumors, melanoma, lung, 

renal cell, head and neck 

Primary 

I/IIa Colorectal Adjuvant 

III Hepatocellular Adjuvant 
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1.3  Measles virus (MV) 

1.3.1 MV genome and structure 
MV is an enveloped single-stranded negative-sense RNA virus belonging to the 

Morbillivirus genus and the family of Paramyxoviruses. The 16 kilobase 

genome comprises of six genes that encode eight viral proteins. The viral 

genome is encapsidated by nucleoprotein (N), phosphoprotein (P) and large 

protein (L) forming the ribonucleoprotein complex (RNP), which is surrounded 

by matrix (M) protein. Two of the proteins are non-structural proteins V and C, 

expressed from an alternative RNA transcript of the P gene. Their role is 

primarily implicated in the prevention of type 1 interferon induced immune 

responses. MV envelope glycoproteins haemagglutinin (H) and fusion (F) 

mediate virus attachment and fusion, respectively [25]. A schematic of the 

virion structure is shown in Figure 1-1. The interaction of H protein with its 

receptor on target cells induces a conformational change that activates the viral 

F protein, which mediates membrane fusion at neutral pH to permit the entry of 

RNP into the target cell cytoplasm. Expression of the F and H proteins on the 

surface of infected cells subsequently leads to their fusion with neighbouring 

non-infected cells to promote efficient viral spread. This cell-to-cell fusion gives 

rise to giant multinucleated cells, called ‘syncytia’- the cytopathic hallmark of 

MV infection [26]. Syncytia are metabolically 

active and their formation is correlated with improved virus mediated oncolysis

 both in vitro and in vivo [27, 28] 

 

 

 

 

 

 

 

 

 

 



 35 

 
             A 

 
 
 
 
 
 
 
 
 
 
           B 
 
 
 
 
 
 
 
Figure 1-1: Schematic diagram of MV structure and genome. (A) The measles 

virion is 100-300 nm long and surrounded by a lipid envelope. The viral RNA genome 

is encapsidated by nucleoprotein (N), phosphoprotein (P) and RNA dependent RNA 

polymerase (RdRp) known as large protein (L). This forms the ribonucleoprotein 

complex (RNP), which is surrounded by matrix protein (M). Envelope glycoproteins 

heamaglutinin (H) and fusion (F) are responsible for mediating cell attachment and 

fusion, respectively. (B) organization of the MV RNA genome. MV genome comprises 

of 15,894 nucleotides consisting of six transcriptional units, encoding six structural 

proteins and two non-structural proteins, V and C, which are generated from the P 

gene by RNA editing and alternative overlapping open reading frame, respectively. MV 

genome has a transcriptional gradient, whereby mRNAs of genes at the 3’ end are 

more abundant than those at the 5’ end.  

 

1.3.2 MV receptors 
Three main cellular receptors have been reported for MV; 

CD46, CD150 and nectin-4 (Figure 1-2). 

 

CD46 was the first functional receptor to be identified for attenuated vaccine 

strains of the MV-Edm lineage [29, 30]. It is a cell surface type I transmembrane 

glycoprotein, which acts as a negative regulator of complement-mediated lysis 

Nucleocapsid (N)

Phosphoprotein (P)

(H) Haemagglutinin

 (F) Fusion protein 

(M) Matrix

Large protein (L)

H
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and is ubiquitously expressed on all nucleated human cells. Attenuated MV-

Edm strains have adapted to use CD46 receptor through multiple serial 

passages of wildtype virus in tissue cultures resulting in a single asparagine to 

tyrosine substitution at position 481 in MV-H glycoprotein  [31, 32]. 

 
CD150 or signal lymphocyte activation molecule (SLAM) was identified as the 

main receptor for wildtype MV strains [33]. SLAM also serves as a receptor for 

laboratory adapted and vaccine strains of MV [33]. SLAM is a membrane 

glycoprotein that belongs to the immunoglobulin superfamily and was initially 

identified as a co-stimulatory receptor for T-lymphocytes [34, 35]. The receptor 

is predominantly expressed on activated B and T lymphocytes, immature 

thymocytes, macrophages and dendritic cells (DCs) and this localization is 

correlated with the lymphotropism of MV [34, 36, 37].  

 

Although wildtype measles virus infects lymphocytes using SLAM, it was also 

recognised to infect SLAM-negative upper and low airway epithelial cells [38]. 

Studies from two independent groups identified nectin-4 as the candidate 

epithelial receptor for wildtype strains of MV by comparing microarray data of 

upregulated membrane genes in wildtype MV-susceptible versus non-

susceptible cell lines [39, 40]. Nectin-4 is an adherens junction protein, which 

was originally described as poliovirus-receptor-like-4 (PVRL-4). The distribution 

of nectin-4 expression along the basolateral surface of epithelial cells is 

consistent with MV-induced pathology whereby it preferentially infects primary 

epithelial cells through their basolateral rather than the apical surface [41, 42].  

The epithelial receptor plays an important role in MV pathogenesis by 

‘shedding’ the virus in epithelial airways through the course of infection [43].  
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Figure 1-2: Schematic representation of MV receptors (adapted from Dhiman et 
al., 2004). CD46 is a complement regulatory protein comprising of four short 

consensus repeats (SCR I-IV), a serine-threonine-proline (STP) rich domain, a 

transmembrane domain and a cytoplasmic tail. The extracellular domain of 

SLAM/CD150, which is a member of the immunoglobulin (Ig) superfamily, consists of 

a variable (V) and a type 2 constant (C2) region, while the cytoplasmic tail is made up 

of three tyrosine-based motif repeats. Nectin-4/PVRL4, also a member of the Ig 

superfamily, contains one variable (V) and two constant regions.  

 

1.3.3 MV replication cycle  

1.3.3.1 Virus attachment and entry 

Host cell entry is mediated by the intercalation of the MV-H glycoprotein MV 

receptors on target host cells. This induces a conformational change that 

activates the viral F protein to mediate membrane fusion at neutral pH [44]. 
 

1.3.3.2 Viral RNA synthesis 

Fusion of the virion with the cell membrane permits the entry of the RNP into 

the target cell’s cytoplasm, where it serves both as a template for primary 

mRNA transcription, as well as a template for replication of negative strand 

RNA into the positive antigenome RNA [45]. 
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Transcription of viral RNP is mediated by viral RNA polymerase (vRdRp) and 

is initiated from a single promoter region at the 3’ end of the genome [46]. This 

generates a short leader RNA and then stops and restarts transcription at the 

N gene start site. Each of the six viral genes contains conserved gene start 

(GS) and gene end (GE) sequences which act as initiation and termination 

signals, respectively. When the polymerase recognizes a GE signal, it stops 

the synthesis, capping and polyadenylation of the upstream mRNA. The 

polymerase then either recognizes the GS signal of the next gene at the same 

intergenic region and continues the transcription or detaches from the template 

and re-initiates transcription at the beginning [47].  This “falloff” results in an 

attenuated gradient in viral transcription, whereby proteins at the 3’end are 

synthesized more abundantly compared to those at the 5’end [48]. 

 

1.3.3.3 Genome replication 

The switch to replication starts when the amount of intracellular N protein (and 

viral P) available is sufficient to encapsidate the newly synthesized RNA. The 

start and stop signals in the intergenic regions are ignored by the polymerase 

yielding full-length antisense positive NP-encapsidated RNA. The antigenomic 

RNP then serves as a template for replication producing more negative 

stranded sense RNP [44]. 

 

1.3.3.4 Virion assembly and release  

The matrix protein organizes assembly of the produced RNPs with the other 

structural proteins. The process of assembly is thought to not only involve viral 

components, but also host cell proteins, the cell membrane and membrane 

rafts. Once the N, P and L proteins associate into RNPs in the cytoplasm, the 

matrix protein (M), targets the complex to membrane rafts at the cell membrane 

where they assemble with glycoproteins H and F. The infectious virus particle 

is then ready for release from the cell via the process of budding [49]. 
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Figure 1-3: The measles virus replication cycle (adapted from Griffin et al., 2007) 

 
 

1.3.4 MV Strains 
Currently, several live attenuated measles virus vaccine strains are available, 

often administered in combination with vaccines for mumps and rubella (MMR 

vaccine) by subcutaneous injection [50]. Most of the presently available MV 

vaccines, shown in Figure 1-4 , are derived from the Edmonston strain of MV 

(MV-Edm). This was first isolated in 1954 by Enders and Peebles from the 

throat washings and blood of an 11-year old patient called David Edmonston, 

in a primary culture of human kidney cells [51]. Subsequently, this isolate was 

grown in cultured human kidney cells, human amnion cells, embryonated hens’ 

eggs and chicken embryonic cells, giving rise to the attenuated vaccine strains 

Edmonston A and B, which proved efficacious when first tested in monkeys 
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[52]. Edmonston B was the first measles vaccine to be licensed in the United 

States in 1963 but was frequently associated with fever and rash thus requiring 

further attenuation. Passaging in chick embryo fibroblasts led to the 

development of the more attenuated vaccines Shwarz and Moraten in the 

1960s [53]. 

 

Schwarz is the vaccine strain used most frequently worldwide, while Moraten 

is predominantly used in the United States [50]. The Edmonston-Zagreb 

vaccine was generated by passages in human diploid cells [54] and it is the 

most commonly used vaccine in developing countries through the Expanded 

Program on Immunization of the World Health Organization [55]. Moreover, 

other MV vaccines exist, derived from different wild-type progenitors, which 

were independently isolated in Russia (Leningrad-16), Japan (CAM-70) and 

China (Shangai-191) [55]. 

 

These MV vaccines have been successfully providing long-lasting protection to 

millions of individuals worldwide for over 50 years and have an excellent safety 

record. Only mild adverse events, most commonly fever, rash and/or 

conjunctivitis, have been reported in 5-15% of cases. Most reactions occur at 

6-12 days after immunization and often resolve quickly without clinical 

intervention. Severe symptoms associated with measles vaccine virus infection 

were confined to immunocompromised individuals [56, 57]. 
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1.3.5 Host immune responses to MV  

1.3.5.1 Host innate immune response 

Type 1 IFNs consist primarily of IFNa and IFNb, both of which are key players 

in immediate cellular anti-viral responses. Most cell types produce IFNb, 

whereas hematopoietic cells, specifically plasmacytoid dendritic cells, produce 

IFNa [58]. IFNa/b are expressed at basal levels, and their expression is further 

enhanced in response to viral infection [58]. Compared to wildtype MV, 

laboratory adapted vaccine strains are strong inducers of type 1 IFN production. 

The type 1 IFN signalling pathway will be discussed in detail in chapter 3.  

 

Figure 1-4: MV-Edmonston vaccine lineage (adapted from Rota et al., 1994). 
Schematic representation of the Edmonston vaccine strains. Genetically modified 

strains derived from EdmB are show in red boxes. Highlighted in pink are MV strains 

used in this thesis.  
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Viral RNA activates transcription factors IRF3 and/or IRF7, as well as NF-kB, 

which translocate to the nucleus, bind the promoter of the IFNb gene and drive 

the transcription of IFN mRNA leading to the production and secretion of IFNs. 

Once released from infected cells, IFNs can act in either an autocrine or 

paracrine manner, binding to their cognate receptor, IFNAR (composed of 

subunits IFNAR1 and IFNAR2), on infected and neighbouring uninfected cells. 

This interaction activates the JAK-STAT signal transduction pathway, 

subsequently inducing the expression of hundreds of interferon-stimulated 

genes (ISGs), which collectively establish an anti-viral state in the cell, inhibiting 

multiple stages of viral infection [59-61]  (figure 1-5). Type 1 IFN also promotes 

DC maturation, NK cytotoxicity, as well as virus-specific cytotoxic T lymphocyte 

(CTLs) differentiation, linking the innate and adaptive immune responses [62].  
 

1.3.5.2 Detection of viral RNA by cells  

Several types of pathogen recognition receptors (PRRs) exist in the cells, which 

have evolved to detect viral nucleic acids. Some are only able to detect viral 

DNA, whereas others detect only viral RNA. Some PRRs are membrane-

bound, while others are cytosolic and recognize intracellular viruses. Single 

stranded viral RNA is mainly detected by two classes of PRRs; cytosolic RIG-I 

like receptors (RLRs) and transmembrane toll-like receptors (TLRs) [62, 63].  

 

1.3.5.2.1 RIG-I like receptors (RLR)  

The RLR family of cytosolic viral RNA sensors includes retinoic acid-inducible 

gene (RIG-I; also known as DDX58), melanoma differentiation-associated 

protein 5 (MDA-5; also known as IFIH1) and laboratory of genetic and 

physiology 2 (LGP2; also known as DHX58). Paramyxoviruses are mainly 

detected by RIG-I and to a lesser extent by MDA-5 [64, 65]. Both RLRs possess 

a central DExD/H-box helicase domain, a C-terminal domain (CTD) and two N-

terminal caspase activation and recruitment domains (CARDs), the latter being 

responsible for downstream signalling [66]. 

 
In an uninfected state, RIG-I and MDA-5 are phosphorylated at their CARD and 

CTD sites to prevent their activation and aberrant downstream signalling. In 
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response to viral ssRNA detection however, phosphoprotein phosphatase 1 

(PP1a and PP1g regulate the dephosphorylation of RIG-I and MDA5, thus 

exposing the CARD and enabling for binding with the CARD domain of the 

mitochondrial antiviral signalling protein (MAVS) [66]. MAVS, also known as 

IPS-1 (IFNb promoter stimulator), Cardif (CARD adaptor inducing IFNb) and 

VISA (virus-induced signalling adaptor), is anchored to the cytosolic face of the 

outer mitochondrial membrane [67-70]. This interaction is essential for the 

activation of the NF-kB and IRF3 transcription pathways to induce type I IFN 

and pro-inflammatory cytokine production and ultimately ISG expression [66]. 

Accordingly, the implication of IPS-1 is demonstrated with IPS-1-deficient mice 

exhibiting severe impairment in their production of inflammatory cytokines and 

type 1 IFN responses following infection with all RNA viruses recognized by 

RIG-I and MDA5 [60]. The more recently identified adaptor protein STING 

(stimulator of IFN genes, also known as MITA) is found to be associated in a 

complex with MAVS. STING is also located in the mitochondrial membrane, but 

resides primarily in the endoplasmic reticulum. STING is suggested to function 

downstream of MAVS by recruiting and subsequently phosphorylating TBK1 

and IRF3 [71]. Nuclear translocation of phosphorylated IRF3 subsequently 

induces the expression of IFNb. The knockdown of endogenous STING 

abrogated type 1 IFN production, IRF3 activation and rendered cells 

susceptible to infection with RNA viruses [71, 72]. Protein-protein interaction 

assays showed that STING physically interacts with RIG-I as well as with SSR2 

(also known as TRAP b), a subunit of the TRAP complex. This latter interaction 

mediated the translocation of polypeptides into the ER lumen following 

translation and is a prerequisite for IFNb promoter activation [71, 72]. The 

identification of these mitochondrial adaptors suggests the presence of an 

important link between mitochondria and innate antiviral immunity.  

 

The role and interactions of LGP2 is less well characterized. Unlike RIG-I and 

MDA5, it lacks the CARD domain that allows interaction with MAVS. Although 

it does not directly initiate antiviral gene expression, LGP2 has been shown to 

act both as a positive and a negative regulator of virus induced RLR 

signalling, depending on the type of RNA virus [67].  
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1.3.5.2.2 Toll-like receptors (TLR)  

Toll-like receptors were the first PRRs to be identified to have a well-established 

role in anti-viral immune responses. The type I transmembrane glycoproteins 

consist of an extracellular domain, containing the PAMP-binding region, a 

transmembrane domain and a cytoplasmic domain, which activates 

downstream signalling events. To date, 10 functional human TLR members 

have been identified, among which TLR-2, -3, -4, -7, -8 and -9 are involved in 

detection of RNA viruses [62]. TLR-2 is expressed on the surface of most 

immune cells and is known to recognize the wildtype MV-H glycoprotein [73]. 

In contrast to TLR-2, TLR-3, -7, -8 and -9 are expressed within intracellular 

vesicles and detect viral nucleic acids rather than structural viral components. 

Whilst TLR-3 acts as a receptor for viral dsRNA, TLR-7 and TLR-8 detect viral 

ssRNA [62]. TLR-7 is present in the endosomes of pDCs and B cells. Its 

recognition of ssRNA is thought to be mediated by the endocytosis and 

degradation of the virus in endosomal compartments. Markedly, since MV 

primarily infects the cells via direct membrane fusion, it is therefore less likely 

to be detected by TLR-7. On the contrary, type 1 IFN production in response to 

infection with the MV Schwarz vaccine strain was abrogated in TLR-7 and TLR-

9 deficient pDCs, suggesting that TLR-7 and TLR-9 specifically play a role in 

detecting this vaccine strain of MV [74]. 

 

Following PAMP detection, TLRs are activated by homo- or hetero-

dimerization, allowing for the recruitment of TIR domain-containing adaptor 

molecules such as MyD88 and TRIF, which initiate signalling pathways that 

ultimately lead to the production of pro-inflammatory cytokines and type I IFN 

[62].  

 

1.3.5.3 Host adaptive immune response  
Both cellular and humoral immune responses are critical for the clearance of 

measles virus and the establishment of long-term protection, respectively. Early 

stages of MV infection are characterized by the onset of fever, cough, and 

conjunctivitis, followed by a maculopapular rash, which spreads from the face 
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and trunk to the extremities of the body [75]. Anti-MV antibodies and T-cell 

responses are detected at the time of the rash. Although the virus is usually 

cleared approximately two weeks post infection, viral RNA still persists the 

blood and tissues for several months [75]. 

 

Both CD4+ and CD8+ lymphocytes are implicated in MV clearance and can be 

isolated from MV-infected epithelial cells. CD8+ T cells are also present in the 

blood during this time, and they are thought to be the most important for viral 

clearance since their depletion in rhesus macaques resulted in prolonged 

viremia following MV infection [76]. CD4+ T-lymphocytes secrete cytokines that 

can mediate both humoral and cellular immune responses. During rash period, 

an initial T-helper-1 (Th1) immune response is activated and produces IFNg 

and IL2, which are critical for viral clearance. This is followed by a switch to a 

Th2 response, which appears after the rash subsides. Production of type 2 

cytokines, such as IL-4, IL-5 and IL-13, facilitate B cell maturation and the 

development of anti-MV antibodies [75, 77]. 

 

MV-specific antibodies can be detected from the onset of the rash and last for 

life. Antibodies of the immunoglobulin M (IgM) subtype are the first to be 

produced following infection and they persist for about two months. B cells then 

undergo isotype switch recombination to produce IgG antibodies, which are 

responsible for conferring lifelong immunity [78]. The most abundant antibodies 

are specific for MV-N, but antibodies against the H and F glycoproteins are 

sufficient for neutralization and protection [77].  

 

1.3.5.4 MV immune evasion 
A key contributor to the pathogenesis of measles virus is its ability to circumvent 

host immunity. In fact, the majority of MV infection-associated mortality cases 

due to secondary infections are attributed to this immunosuppression [79]. MV 

has evolved mechanisms to escape immune surveillance by suppressing both 

IFN induction and IFN receptor signal transduction through interactions of its P, 

V and C proteins [80]. Through its non-structural V protein, wildtype MV is 

known to specifically bind MDA5, but not RIG-I, and block downstream 
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signalling [81-83]. The RLRs remain in basally inactivated state by 

phosphorylation and it is only upon the removal of the phosphorylation mark by 

phosphatase PP1 that they become activated. It is reported that MV-V is able 

to inhibit PP1, thereby maintaining MDA-5 in an inactive phosphorylated state 

[84].  Interestingly, although PP1 regulates the activity of both RIG-I and MDA-

5, MV-V only seems to block MDA-5-mediated IFN induction. RIG-I inhibition is 

reported only in early stages of MV infection via a V-independent mechanism 

[85].  A V-dependent mechanism for blocking signalling through RIG-I however 

has been reported by a different group, through the direct interaction with LPG2 

[86]. 

 

Downstream of RLR sensing, MV-V protein is also capable of modulating IFN 

signalling by interacting with IRF3 and IRF7 to prevent their phosphorylation 

and transcriptional activation [87]. The V protein also binds the NF-kB subunit 

p65 to inhibit NF-kB-mediated IFN induction [88].  

 

As for antagonising the JAK/STAT signalling pathway, both MV-V and P 

proteins have well-established roles in interfering with the nuclear translocation 

and/or blocking the phosphorylation of STAT1 and STAT2 [89-93]. Moreover, 

MV-C protein has also been shown to inhibit the production of IFNa/b�by acting 

as a regulator for viral RNA synthesis [94, 95]. This inhibition is weaker 

compared to that mediated by MV-V protein [80]. 

 

Besides the viral accessory proteins, the MV-N protein has been shown to 

inhibit IFNb production by associating with and masking part of the viral RNA 

thereby inhibiting RIG-I recognition [96]. The effect of the N protein on 

impairment of STAT nuclear transport has also been demonstrated [97]. 

 

The inhibitory functions of MV proteins differ across MV strains. Compared to 

vaccine strains, wildtype MV induces only negligible levels of type 1 IFN [80, 

98, 99] and only wildtype V protein acts as an IFNa antagonist [100]. Mutations 

of the V protein of vaccine strains result in lower inhibition of MDA-5 and thus 

higher IFN production [101]. Moreover, vaccine strains have a defective nuclear 
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localization signal (NLS) in their C protein, enabling the induction of a more 

robust IFN response compared to wildtype MV [102]. Another reason for strain-

to-strain differences in IFN inhibition is that, in contrast to wildtype MV, most 

vaccine strains are contain defective interference (DI) RNA sequences, which 

contribute to IFN induction by activating RIGI and/or MDA-5 [99].  

 

1.4 The oncolytic potential of measles virus 
The anti-cancer potential of wildtype measles virus was first documented when 

spontaneous regressions of haematological malignancies including Burkitt’s 

lymphoma, Hodgkin’s disease and leukaemia occurred after natural measles 

virus infection through the 20th century [103-106]. Because the majority of 

human cancer cells lack receptors for wildtype MV, the vaccine strains of MV 

were more appealing to investigate as possible oncolytic agents [34]. All 

laboratory-adapted MV-Edm strains have lost their pathogenicity and acquired 

the ability to use CD46 as a receptor to gain cellular entry [29, 31].  

1.4.1 Safety of oncolytic MV 
Over the past fifty years, more than one billion people have been vaccinated 

against MV and almost 80% of the population are immune to MV infection. 

Excellent safety records have been shown with no reported cases of reversion 

to wildtype MV [107, 108]. Reports of vaccine-associated measles infections 

only occurred rarely in severely immunocompromised patients [109, 110].  

Furthermore, the non-segmented genomic RNA of MV gives it high genetic 

stability, preventing the likelihood of recombination between virus strains [111]. 

1.4.2 Engineering of oncolytic MV 
The first reverse genetic system to rescue attenuated vaccine strain MV-Edm 

from cloned DNA was established by Radecke et al. in 1995 (MV-Edm-tag) 

[112]. The ability to genetically engineer the MV-Edm-tag backbone has made 

the production of safer, more potent and tumour-specific recombinant viruses 

possible. The MV genome is amenable to genetic engineering and recombinant 

MV-Edm derivatives are stable in vitro and in vivo when large size (>6 kb) 

foreign DNA sequences are introduced [113-115]. This reverse genetic system 
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has facilitated the development of various strategies to enhance the oncolytic 

efficacy of measles virus against a range of human cancers by ‘arming’ the 

virus with selective transgenes.  

 

The MV-NSe is a variant of the MV-tag-Edm lineage Seed B and has 

unique NarI and SpeI cleavage sites (NSe stand for “NarI and SpeI eliminated”) 

to facilitate genetic engineering [112].  MV-NSe is derived from p(+)MV15894, 

which contains the Edmonston molecular clone, with 13 point mutations 

including the “tag” AC>GA at positions 1818-9 of the genome, hence denoted 

“Edm-tag” and a point mutation in P gene resulting in 272Cys>272Arg mutation 

in the V coding region, which disables this protein. MV-NSe is an elongated 

version containing an additional sequence (CGTACGATGACGTCCTAG) that 

introduces unique restriction sites while maintaining the genome length in 

compliance with the rule of six (www.addgene.org/58799).  

 

1.4.2.1 Monitoring MV replication 

Trackable MV has been developed to enable the monitoring of in vivo viral 

replication kinetics. This has proved to have paramount benefit in the clinical 

settings for determining suitable viral doses and time intervals between 

repeated treatment cycles [113]. Recombinant MV-Edm derivatives encoding 

green fluorescent protein (GFP) are utilized for the in vitro and in vivo 

visualisation of MV-induced cell fusion [116, 117], while infecting cancer cells 

with MV encoding human carcinoembryonic antigen (CEA) allows the detection 

of CEA levels in the serum of treated patients [113]. 

 

Another trackable MV is one that expressed thyroidal sodium iodide symporter 

(MV-NIS). NIS is a membrane ion channel that mediates iodine uptake in the 

thyroid gland [118]. MV-NIS infection of cancer cells followed by administration 

of iodide isotope tracers, such as I123, I124 and Tc99M, results in increased 

intracellular concentration of the isotope, allowing the non-invasive in vitro 

localisation and spread over time by gamma camera imaging, PET or 

SPECT/CT [119, 120].  
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1.4.2.2 Targeting MV entry 

Despite the natural tropism of MV-Edm to cancer cells and the remarkable 

tolerability observed in clinical settings, numerous strategies have been 

developed to re-direct the specificity of the virus to cancer cells. In this way, off-

target effects and safety concerns of administering higher viral doses can be 

minimized. Moreover, viruses with engineered receptor tropism would be 

beneficial in tumour types expressing low numbers of native MV receptors 

[121]. Modifications of MV tropism have been achieved by the insertion of 

tumour-specific ligands at the carboxyl-terminal ends of MV-H protein using 

site-specific mutagenesis, which does not compromise its oncolytic potential. 

Recombinant viruses expressing single-chain antibodies against tumour-

associated receptors (CEA, CD20, CD38, EGF), single-chain T-cell receptors 

against specific MHC ligands, and integrin-binding peptides (RGD and 

echistatin) to target tumour neo-vessels, have been successfully generated 

[122-127]. 

 

In the studies described above, the native binding of attenuated MV to CD46, 

SLAM or nectin-4 was retained to allow viral entry to tumour cells expressing 

those receptors. However, the characterization of amino acid residues 

necessary for the interaction of MV-H protein with its native receptors CD46, 

SLAM and nectin-4 has allowed the generation of selectively receptor-blind MV 

that gains cellular entry via alternative non-native receptors [43, 114]. Those 

fully retargeted viruses can no longer bind native MV receptors and are stably 

maintained through multiple passages. The mutant viruses are rescued and 

propagated in a system that uses Vero cells expressing a single chain antibody 

against a six histidine peptide (6-His) that is incorporated at the C-terminal end 

of the mutated H protein [114].This ‘pseudoreceptor’ system was used to 

generate receptor-blind MV fully retargeted to EGFR, EGFRvIII, CD38, a-folate 

receptor, CD19, CD20, CD52, PSMA, Her-2/neu and myeloma antigens 

HM1.24 and Wue-1  [123, 128-135].  

 

Alternative methods to achieve MV oncotropism involve modification of the viral 

fusion glycoprotein. MV-F is activated by the ubiquitously expressed cellular 
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protease furin upon recognition of a cleavage site. MV-F proteins with mutated 

cleavage sites depend on activation by tumour-specific proteases such as 

matrix metalloproteinases (MMP), thereby restricting viral replication to MMP-

expressing cancer cells [136-138].  

 

A third approach to restrict viral tropism to tumour cells is by expressing 

synthetic microRNA (miRNA) targeting sequences, which would repress viral 

replication in normal cells that express higher levels of miRNA and in contrast 

allow replication in tumour cells, where miRNAs are frequently downregulated. 

A miRNA-sensitive MV engineered to be targeted by miRNA-7, reportedly 

downregulated in gliomas, retained its oncolytic potency in glioma xenografts 

and was repressed in normal brain tissue, where miRNA-7 is ubiquitously 

expressed [139]. Moreover, to achieve de-targeting of multiple vital organs 

during the systemic administration of oncolytic MV, a triple miRNA-sensitive 

virus was developed targeting miRNA-7, miRNA-22 and miRNA-148a, 

commonly expressed in brain tissues, liver and gastrointestinal organs, 

respectively [140].  

1.4.2.3 Enhancing MV oncolytic efficacy 

1.4.2.3.1  ‘Radiovirotherapy’ 

Besides tracking MV replication by MV-NIS, expression of NIS increases viro-

therapeutic efficacy by facilitating the intracellular entry of beta-emitting 

radioisotopes such as I131 and Re188, specifically inducing radiation damage 

within the tumour microenvironment [120, 141, 142]. Radiovirotherapy of in vivo 

multiple myeloma models with relatively small doses of MV-NIS followed by 

iodine-131 subsequently resulted in eradication of infected tumour cells, which 

are otherwise resistant to MV-mediated lysis [120].  

1.4.2.3.2  ‘Chemovirotherapy’ 

In an approach to combine virotherapy with chemotherapy, oncolytic MV strains 

have been generated to express prodrug convertases or ‘suicide’ genes that 

catalyse the conversion of chemotherapeutic prodrugs into highly toxic 

metabolites. These metabolites are then incorporated into the DNA of 

replicating cells, inducing apoptosis in infected cells [51, 112, 114-117].  



 51 

1.4.2.3.3  ‘Immunovirotherapy’ 

Host immunosuppression by the tumour itself is a major obstacle to oncolytic 

virus therapy. Attempts have been made to enhance the antitumour activity. 

MV genome has been engineered to express immune-stimulatory transgenes 

including granulocyte macrophage colony-stimulating factor (GM-CSF), murine 

interferon-beta (mIFNb, Helicobacter pylori neutrophil-activating protein (NAP), 

and interleukin-13 (IL-13) to induce the native anti-tumour immune response 

[143-147]. 

Moreover, the FDA-approval of monoclonal antibodies blocking immune 

checkpoint inhibitors cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed 

death 1 (PD-1) and its ligand (PD-L1) has opened the door for generating 

oncolytic MV derivatives expressing these antibodies [148, 149]. Indeed, 

treatment of immunocompetent malignant melanoma mouse models with MV 

encoding antibodies against CTLA-4 and PD-L1 (MV-aCTLA-4 and MV-aPD-

L1) was shown to delay tumour progression. This effect has been shown to be 

mediated by the induction of a CD3+ T cell immune response [150]. In vivo 

studies in human melanoma xenografts have demonstrated enhanced 

therapeutic efficacies of both MV-aCTLA-4 and MV-aPD-L1 with more than 

80% of the animals achieving complete remission [150]. 

 

1.4.3 Pre-clinical and clinical testing of oncolytic MV-Edm 
Vaccine strain MV-Edm has shown oncolytic specificity in cell cultures and 

murine xenografts of lymphoma [128, 151, 152], myeloma [120, 153], acute 

lymphoblastic leukaemia [154], breast cancer [155, 156], ovarian cancer [157, 

158], head and neck cancer [159, 160], mesothelioma [143, 161, 162], and 

glioma [134, 163-165]. Oncolytic vaccine strains of measles virus are already 

showing promise in a number of clinical trials (listed in table 1-2). Currently open 

and recruiting Phase I and Phase II MV clinical trials involve the administration 

of two recombinant MV vaccine strains; MV-CEA and MV-NIS to patients with 

a range of cancers via different routes.  

 

Published data from the first complete MV clinical trial showed improved clinical 

outcomes and excellent safety records in the treatment of recurrent ovarian 
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cancer with intraperitoneal injections of MV-CEA. No dose-limiting toxicity, with 

doses up to 109 TCID50 (50% tissue culture infectious dose), was observed in 

all 21 patients recruited and the median overall survival of 12.15 months 

compared favourable to the historically expected overall survival of 6 months in 

this patient population [166]. The success of this trial led to the design of a 

phase I/II clinical trial using intraperitoneal administration of MV-NIS in the 

same patient population. Unlike MV-CEA, the NIS transgene was inserted 

downstream of the MV-H protein in the viral genome, facilitating viral 

proliferation and manufacturing in high titres. A report on the results of this trial 

showed enhanced anti-tumour activity and better survival outcomes in patients 

treated with MV-NIS. Similar to the MV-CEA trial, there were no reports of dose-

limiting toxicity in the 16 patients treated with MV-NIS doses of up to 109 TCID50. 

The median overall survival was 26.5 months, which is more than double of that 

reported for novel therapies of recurrent ovarian cancer (6-12 months). 

Interestingly, immune evaluations indicated the production of a Th1-mediated 

immune response against certain ovarian cancer antigens [167]. Another 

complete MV clinical trial utilized MV-NIS for treatment of two patients with 

disseminated multiple myeloma who were negative for neutralizing antibodies 

against MV. The virus was intravenously infused at a dose of 1011 TCID50. Both 

patients responded to therapy, with one patient showing complete remission 

[168].  

 

Our lab has demonstrated significant anti-tumour effects of unmodified MV in 

subcutaneous and disseminated B-ALL mouse xenografts and a future plan 

for a phase I clinical trial in ALL is in consideration [154].  
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Table 1-2: Ongoing and recruiting clinical trials using oncolytic  

 
CEA: carcinoembryonic antigen; NIS: sodium iodide symporter; ITu: intratumoral; IP: 
intraperitoneal; IPmsc: intraperitoneal using mesenchymal stem cells; CPA: 
cyclophosphamide   
 
 
 

1.4.4 Limitations to oncolytic virotherapy  
Despite the encouraging results achieved with intratumoural OV administration 

in clinical trials, systemic delivery is required for treatment of metastatic cancer 

and disseminated haematological malignancies. However, systemic delivery, 

as opposed to intratumoural or body cavity administration, is greatly halted by 

host anti-viral immunity. Perhaps the most significant obstacles to OV delivery 

via the bloodstream are virus neutralization by serum factors, sequestration by 

the mononuclear phagocytic system and lack of extravasation [15, 169]. 

 

Initially, following viral injection, the liver and spleen absorb most of the viral 

inoculum. The small percentage of virus that is able to escape this fate enters 

the bloodstream where it is quickly coated with neutralizing antibodies, 

complement, coagulation factors and/or other serum proteins. To gain access 

into the tumour, the virus particle has to leave the circulation and enter through 

the vascular endothelium against high interstitial fluid pressure, which limits 

Virus strain Phase Cancer type Route Comb. Status Trial number 
MV-Zagreb I T-cell lymphoma ITu IFNa Completed Heinzerling 

2005 
MV-CEA I Ovarian IP - Completed NCT00408590 

MV-CEA I Glioblastoma 
multiforme 

CNS  Active, not 
recruiting 

NCT00390299 

MV-NIS I/II Multiple 
Myeloma 

IV CPA Active, not 
recruiting 

NCT00450814 

MV-NIS II Multiple 
Myeloma 

IV CPA Completed NCT02192775 

MV-NIS I Pleural 
Mesothelioma 

IP - Active, not 
recruiting 

NCT01503177 

MV-NIS I/II Ovarian IPmsc - Recruiting NCT02068794 
MV-NIS II Ovarian, 

fallopian, 
peritoneal 

IP - Recruiting NCT02364713 

MV-NIS I Head and neck ITu - Active, not 
recruiting 

NCT01846091 

MV-NIS I Peripheral nerve 
sheath tumour 

ITu - Recruiting NCT02700230 
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virus extravasation from the bloodstream into the tumour [15, 169]. Due to prior 

measles infection or measles vaccination, the majority of individuals eligible for 

oncolytic virotherapy will have pre-existing immunity, which poses a challenge 

for the therapeutic efficacy of systemically delivered MV. Compared to patients 

with most cancers, patients with multiple myeloma have increased suppression 

of their humoral immune responses as well as lower antibody titres, making 

them ideal candidates for systemic MV therapy [170]. The influence of anti-viral 

host immunity on successful OV delivery was initially underestimated when 

viruses were tested in immunodeficient mouse models [171]. To date, various 

strategies have been developed to tackle this overriding issue.  

 

1.4.4.1 Concomitant immunosuppressive therapy 

Combining virotherapy with the immunosuppressive agent cyclophosphamide 

(CPA) has proved to enhance the antitumour efficacy of a number of 

intravenously delivered oncolytic viruses, including MV [152]. This is because 

pre-treatment with CPA dampens the humoral and innate immune response 

and slows the production of antiviral neutralizing antibodies [172-175]. It has 

also been shown that CPA targets tumour vasculature to facilitate virus 

extravasation [176]. Combination of MV-NIS with cyclophosphamide in 

transgenic IFNARKOCD46Ge mice and squirrel monkey animal models showed 

that the regimen was not associated with significant animal toxicity [177]. 

Moreover, this approach is currently being tested with intravenous MV-NIS in a 

Phase I/II recurrent multiple myeloma trial (NCT00450814) and a following 

Phase II efficacy study (NCT02192775).  

 

1.4.4.2 Cell carriers as vehicle for viral delivery 

One promising strategy to circumvent neutralization by serum factors includes 

the use of cell carriers, which are able, shield the virus from immune attack, 

transfer the virus and effectively deliver it to tumour sites. A wide variety of cells 

have been exploited for this cell-based delivery of oncolytic MV, including 

mesenchymal stromal cells (MSCs) [121], monocytoid cell lines [178], dendritic 

cells [178], activated T cells [179] and endothelial cells [180]. 
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The ex vivo loading of MSCs with oncolytic measles has already showed 

promising results in preclinical models of acute lymphoblastic leukaemia [181], 

hepatocellular carcinoma [182] and ovarian carcinoma [121]. In a systemic 

xenograft model of B-ALL, Castleton and colleagues from the host laboratory 

showed that human bone-marrow derived MSCs loaded with MV-NSe 

effectively delivered the virus resulting in intracellular viral amplification and 

successful virus ‘hand-off’ to target tumour cells in the presence of anti-MV 

antibodies [181]. Moreover, MSCs can be isolated from different sources other 

than the bone marrow. Adipose-derived MSCs have been used as carrier 

vehicles for the intraperitoneal delivery of MV-NIS in murine models of ovarian 

cancer [121] and is currently being tested in a phase I/II clinical trial in patients 

with platinum-refractory recurrent or progressive ovarian cancer 

(NCT02068794). 

 

1.4.4.3 Biological and chemical shielding of OV 

To evade viral neutralization, envelope-chimeric measles virus was generated 

by exchanging the MV-F and H envelope glycoproteins with those of the closely 

related but non-cross-reactive, distemper virus (CDV)- a morbillivirus [183]. 

This chimeric virus was able to escape antibody neutralization by sera from 

MV-immunized mice as well as measles-immune humans. Although effective, 

this approach is limited by the availability of suitable envelope donors and a 

humoral immune response is likely to quickly develop against the new virus 

envelope, impeding repeated administration.  

 

Moreover, an alternative strategy is to coat the virus with polymers such as 

polyethylene glycol (PEG) and poly-N-(2-hydroxypropyl) methacrylamide (poly-

HPMA). A disadvantage of this approach is that the masked virus loses its 

infectivity rate in vitro [169, 171].  

 

1.5  Mechanisms of MV-mediated oncolysis 
The mechanisms by which MV exerts its anti-tumour effects and functionally 

discriminates between normal and transformed cells are not fully understood to 

date. However, a number of proposed explanations exist which are 
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summarised in Figure 1-5. Primary mechanisms triggering tumour regression 

include direct viral cytolysis by cell-cell fusion (syncytia formation) and induction 

of tumour cell apoptosis.  

 

1.5.1  Differences in MV receptor density 
MV receptor overexpression is a major determinant of the selective replication 

of MV in cancer cells via efficient virus attachment resulting in enhanced 

intercellular fusion (syncytia), viral gene expression and subsequent virus-

induced cell death.  Abundant expression of MV receptor CD46 has been 

documented in breast, ovarian, cervical, endometrial, glioma, lung, 

gastrointestinal, hepatocellular, colorectal and renal carcinomas as well as 

myeloma and leukaemia. It possibly represents a mechanism for escaping 

autologous complement-dependent cytotoxicity, and has been found to limit the 

therapeutic effects of monoclonal antibodies [184, 185]. This overexpression of 

CD46 on the surfaces of tumour cells allows the virus to discriminate them from 

normal cells, which normally express lower levels of CD46 and are minimally 

infected by attenuated MV [185]. Additionally, a number of studies have 

reported the overexpression of MV receptor nectin-4 in lung, ovarian and breast 

adenocarcinomas, which is correlated with enhanced MV-mediated oncolysis 

[186-188].  

1.5.2 MV-stimulated anti-tumour immunity 
The interplay between OV and the host immune system is an important 

component of MV-mediated cell killing. Infection of the tumour with OV 

stimulates the secretion of inflammatory cytokines and the subsequent 

recruitment of inflammatory immune cells to the tumour microenvironment 

[189].  

 

The contribution of innate immune responses to MV-induced oncolysis was first 

apparent during work from the host laboratory, when immunohistochemical 

examination of infected tumours exhibited patchy and uneven distribution 

patterns of MV replication, despite complete tumour regression [151]. 

Moreover, inflammatory responses within large necrotic areas observed within 
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the tumour suggested the involvement of neutrophils in the oncolytic effect of 

MV [151]. This was further demonstrated in studies where treatment of Burkitt’s 

lymphoma xenograft models with MV expressing murine immunostimulatory 

cytokine GM-CSF was associated with neutrophil infiltration and tumour 

regression, significantly enhancing the therapeutic efficacy of the virus 

compared to parental MV [145]. Interestingly, neutrophil activation was specific 

to oncolytic vaccine strains of MV and was not observed upon infection of 

healthy donor neutrophils with wild-type MV [190]. The induced neutrophil 

activation triggered the secretion of various anti-tumour cytokines and 

degranulation markers, leading to the production of TRAIL from performed 

granules [190].  The neutrophil-mediated tumour-specific immune response 

has also been documented when MV expressing the neutrophil-activating 

protein (NAP) of Helicobacter pylori was used to enhance the effect of oncolytic 

virotherapy [144]. In relation to other oncolytic viruses, neutrophil infiltration has 

been implicated in tumour cell killing mediated by VSV and vaccinia virus [189].  

 

This phenomenon of neutrophil activation, however, does not seem to play a 

role in MV-mediated oncolysis in all malignancies [191]. The impact of 

neutrophil depletion on the anti-tumour activity was investigated in two 

xenograft models of B-cell malignancies; Burkitt’s lymphoma (Raji model) and 

acute lymphoblastic leukaemia (Nalm-6 model). Whereas, neutrophil depletion 

was associated with a significant abrogation in MV-mediated oncolysis and 

tumour regression in the Raji model, this was not the case for the Nalm-6 model 

[191].  

 

1.5.3 Defects in IFN responses 
Another factor that contributes to the tumour selectivity of attenuated MV is the 

defective innate anti-viral responses in tumour cells.  Genetic defects 

deregulating the type 1 IFN and RNA-dependent protein kinase response 

pathways are common in tumour cells in order to facilitate their escape from 

the host immune system [143]. Thus, inability to mount an appropriate immune 

response makes them more permissive to viral infections compared to their 
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normal counterparts [121, 192, 193].  This mechanism will be further evaluated 

and discussed in chapter 3. 

 

Studies directly comparing responses to MV infection between cancer cells and 

healthy normal counterparts have never been carried out. My work proposes to 

study this problem, using a model of cellular transformation established by 

Funes et al., (2007), in which progressive oncogenic hits were stably and 

additively expressed in human bone marrow-derived mesenchymal stromal 

cells (MSCs) (Figure 1-6) [217]. The validity of this model was demonstrated by 

anchorage-independent growth, where 4+V and 5H cells were able to form 

colonies on soft agarose by day 12. Eventually, after 4 weeks, 3H cells showed 

colony formation, suggesting that the disruption of the pRB pathway was 

sufficient to induce anchorage-independent growth. The growth of the 

transduced MSCs in immunodeficient mice was also tested, demonstrating that 

5H cells developed tumours in 32 out of 34 mice. The 4+V cell line gave rise to 

tumours in 2 out of 10 mice with a latency period significantly longer than that 

observed for the 5H cells. Furthermore, gene expression profiles of the 5H cells 

were consistent with sarcoma cell lines [217].  
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Figure 1-5: Mechanisms of MV-mediated oncolysis. Direct and immune-mediated 

cell killing mechanism proposed for oncolytic MV in the literature.  

Figure 1-6: Model of stepwise transformation of human bone marrow-derived 
mesenchymal stromal cells (adapted from Funes et al., 2007).  MSCs were named 

according to the number of oncogenes inserted by retroviral transduction. hTERT 

encodes the catalytic subunit of human telomerase and confers the cells extended 

lifespan in vitro. Human papilloma virus (HPV-16) E6 and E7 genes abrogate the 

functions of p53 and pRb tumour suppressors, respectively. Small virus 40 (SV40) small 

T antigen leads to the stabilization of c-Myc by inactivating protein phosphatase 2A. 

Finally, the insertion of an oncogenic allele of Ras (H-RasV12) provides the acquisition of 

a constitutive mitogenic signal.  
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1.6 Mitochondrial Biology 
Mitochondria (Greek mito=thread, chondrion= granular) are highly specialized 

cellular organelles found in the cytoplasm of almost all eukaryotic cells. They 

are believed to have evolved around two billion years ago from an alpha-

proteobacterium via symbiosis within a precursor of the modern eukaryotic cells 

[194, 195].  

 

Besides playing a pivotal role in the production of cellular energy through the 

process of oxidative phosphorylation (OXPHOS), mitochondria also contribute 

to other cellular functions including cellular metabolism calcium signaling, 

cellular redox balance and cellular stress responses, such as autophagy and 

apoptosis and antiviral responses [69, 196, 197]. Indeed, mitochondrial 

dysfunction has been implicated in a wide spectrum of diseases including 

neurodegenerative disorders, cardiomyopathies, metabolic syndromes and 

cancer [197].  

 

1.6.1 Mitochondrial Structure  
Mitochondria are ~0.5 μm in diameter and can be up to 10 μm in length. The 

size and number of mitochondria per cell is variable, depending on cellular 

energy demands [198]. For instance, highly energy-demanding cells of the 

brain, skeletal muscle, heart, kidney and liver contain larger numbers of 

mitochondria compared to cells of lower energy demands [198]. Electron 

micrographs in the early 1950s by Palade (1953) and Sjostrand (1953), 

revealed the unique structure of the mitochondria comprising of two distinct 

phospholipid bilayer membranes (Figure 1-7A, B). The outer mitochondrial 

membrane (OMM) surrounds the mitochondrion, separating it from the cytosol. 

The space between the two membranes is termed the intermembrane space. 

The inner mitochondrial membrane (IMM) creates a series of folds called 

cristae, which protrude into the mitochondrial matrix. This serves to increase 

the surface area of the inner membrane, where enzymes involved in oxidative 

phosphorylation are located [199, 200]. 
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1.6.2 Mitochondrial genome 
Reflecting on their bacterial ancestry, mitochondria retain their own self-

replicating genome. The mitochondrial genome (mtDNA) is almost exclusively 

maternally inherited [201], whereas paternal mtDNA is destroyed directly 

following fertilization [202]. mtDNA is a multi-copy DNA, existing in considerably 

variable copy numbers ranging between 102 and 104 per cell, depending on the 

cellular energy demand. The human double-stranded circular genome was first 

sequenced in 1981 [203] and then revised in 1999 [204]. Human mtDNA is 

approximately 16.6 kb in size, lacks introns and contains 37 genes encoding 

two ribosomal RNAs (12S and 16S rRNAs), 22 transfer RNAs and 13 

polypeptides comprising subunits of the mitochondrial respiratory chain 

complexes [203] (Figure 1-7C). Moreover, mtDNA contains one significant non-

coding region, named the displacement loop or ‘D-loop’, which comprises the 

origin of replication and the transcriptional promoters. [201]. The function and 

biogenesis of mitochondria require the coordinated expression of both nuclear 

and mitochondrial genomes. In fact, the majority of mitochondrial proteins 

(~1500) are encoded by the nuclear genome and are imported in to the 

mitochondria following their synthesis in the cytosol [205, 206]. 
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Figure 1-7: The mitochondrial structure and genome (A-B, adapted from 
Westermann, 2010) (A) Schematic diagram showing the structure of a 

mitochondrion. (B) Transmission electron microscopy image of a mitochondrion.  

(C, adapted from Mishra and Chan, 2014) Circular mitochondrial DNA (mtDNA) 

is approximately 16.6 kb in size comprising of 37 genes, encoding 2 rRNAs, 22 

tRNAs and 13 polypeptides subunits of OXPHOS protein complexes I, III, IV and 

V.  Displacement loop (D-loop) is a regulatory sequence critical for the replication 

and transcription of mtDNA. OXPHOS protein complexes have additional subunits 

that are encoded by the nuclear genome. 
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1.6.3 Mitochondrial respiration  
Energy consumption in normal cells relies predominantly on mitochondrial 

oxidative phosphorylation (OXPHOS), which is efficient and provides more ATP 

compared to glycolysis (38 ATP molecules from OXPHOS versus 2 ATP 

molecules from glycolysis). The majority of the ATP generated through aerobic 

respiration is a result of the flux of electrons across components of the electron 

transport chain (ETC), which takes place in the mitochondrial matrix. As 

illustrated in Figure 1-8A, this starts with the production of pyruvate from 

glucose via glycolysis in the cell’s cytoplasm. Pyruvate is transported into the 

mitochondria and converted into acetyl-CoA, which fuels the TCA cycle 

(tricarboxylic acid cycle) or Krebs cycle to generate reduced electron donors 

(six NADH, two FADH2), six CO2 and 2 ATP molecules per molecule of glucose.  

The TCA cycle is followed by the electron transport chain (ETC), where 

electrons from NADH and FADH2 are then transferred along a chain of protein 

complexes to generate ATP via the process of oxidative phosphorylation 

(OXPHOS). As shown in Figure 1-8B, the OXPHOS system is embedded in the 

inner mitochondrial membrane and is composed of five enzyme complexes (I-

V) and two electron carriers; coenzyme Q and cytochrome c. The transfer of 

these electrons across the ETC complexes generates energy used to pump 

protons from the matrix into the intermembrane space. This establishes an 

electrochemical gradient that provides energy for ATP synthase (complex V) to 

drive the phosphorylation of ADP to ATP. The generated ATP is then exported 

into the intermembrane space and diffused through the outer membrane into 

the cytosol for use in diverse cellular functions [206, 207]. 

 
A natural by-product of oxidative metabolism is the production of reactive 

oxygen species (ROS). Small amounts of electrons escape the ETC to combine 

with oxygen and form oxygen radicals, collectively known as ROS [208]. In 

particular, ETC complexes I and III are major producers of ROS, mainly in the 

form of superoxide (O2) and hydrogen peroxide (H2O2) [209].  While ROS can 

be essential for the activation of signaling pathways of cellular proliferation 

under redox homeostasis, increased ROS levels can be detrimental when 

physiological limited are exceeded; damaging key cellular components such as 
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lipids, nucleic acids and proteins [197]. Hence, in order to maintain healthy ROS 

levels, mitochondria retain very effective antioxidant scavenging systems [210]. 

 

 

 

 

 

 

 

 

 

                                                             
 

 

 
Figure 1-8: Schematic of the three steps of steps of aerobic respiration; 
glycolysis, TCA cycle and ETC/OXPHOS (adapted from Mishra and Chan, 2014). 
(A) The catabolism of glucose begins with the conversion of one molecule of glucose 

into 2 molecules of pyruvate. Pyruvate is actively transported across the mitochondial 

matrix into the IMM where it is oxidized and combined with Coenzyme A to form 

acetyle-CoA. Acetyl-CoA fuels into the TCA cycle. The TCA cycle is a series of 

chemical reactions to produce ATP. Electron from electron donors NADH and FADH2 

from the TCA are transferred across a chain of ETC protein complexes.  (B) ETC 

complexes are localized to the mitochondria inner membrane. Protons pumped by 

complexes I, III and IV generates an electrochemical gradient that drives the oxidative 

phosphorylation of ADP into ATP by ATP synthase (complex V).  

 
 

 
 
 
 

A 
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1.7 Cancer bioenergetics 
In contrast to healthy cells, which rely on aerobic respiration as their major 

energy source and utilize glycolysis only in the absence of oxygen, it was 

proposed by Otto Warbug that cancer cells rely on the less energy-yielding 

pathway glycolysis, even in the presence of ambient oxygen, by increasing their 

glucose uptake and diverting pyruvate from the TCA cycle into lactate 

production. This phenomenon termed aerobic glycolysis or the ‘Warburg effect’ 

had been attributed to impaired mitochondrial function in cancer cells [211, 

212]. However, subsequent bioenergetic studies have demonstrated that the 

majority of cancer cells displaying this effect have functional intact mitochondria 

[213].  Moreover, total ATP produced via OXPHOS in many cancer cells was 

greater than that produced by aerobic glycolysis, with the exception of cancers 

bearing mutations in enzymes involved in mitochondrial respiration such as 

succinate dehydrogenase (SDH) and fumarate dehydrogenase (FH) [213]. In 

fact, mitochondrial metabolism was demonstrated to promote cancer cell 

proliferation and tumorigenesis [214, 215] and a number of oncogene-induced 

mitochondrial respiration has been reported [216-219]. We now know that 

aerobic glycolysis is not a result of impaired mitochondrial functions, rather it is 

driven by a number of factors including oncogene activation, loss of tumour 

suppressors, tumour microenvironments and mutations in mtDNA. Enhanced 

glycolysis in cancer cells provides the cells with the metabolic intermediates for 

the biosynthesis of macromolecules such as nucleic acids, lipids, fatty acids 

and proteins, which are necessary for their growth and proliferation [220, 221]. 

 

Due to cancer heterogeneity, there is a massive degree of variability in 

metabolic phenotypes among different cancer types and even in constituent 

cells within a single cancer [222]. Thus, both OXPHOS and aerobic glycolysis 

cooperate to support the cancer cell’s energy demands and macromolecule 

synthesis [223]. Several studies have reported the ability of cancer cells to 

switch from aerobic glycolysis to OXPHOS under conditions where glucose is 

limited (7,8,9,10). This flexibility of switching between the two energy-producing 

pathways confers the cancer cell adaptation to differences in 

microenvironments, energy requirements and biosynthesis [224]. 



 66 

 

1.8 Mitochondrial quality control and homeostasis 
Mitochondrial quality control is sustained through synthesis of new 

mitochondria, fusion and fission and the elimination of damaged mitochondria 

[225]. 

 

1.8.1 Mitochondrial biogenesis and mitophagy  
Mitochondria cannot be generated de novo; they proliferate by the growth and 

division of pre-existing organelles (biogenesis) (Figure 1-9). Mitochondrial 

biogenesis involves the replication of mtDNA and requires the coordinated 

expression of nuclear and mitochondrial genes [226]. Peroxisome proliferator-

activated receptor-g coactivator 1 alpha (PGC-1a) is now accepted as the 

master regulator of mitochondrial biogenesis [227]. PGC-1a regulates the 

expression of nuclear respiratory factors NRF1 and NRF2. Activation of these 

transcription factors triggers the expression of mitochondrial transcription factor 

A, TFAM, which in turn controls the transcription and replication of mtDNA [227, 

228].  Other members of the PGC-1 family of co-activators, such as PGC-1b 

and PRC (PGC-related co-activator) have been also demonstrated to play key 

roles in promoting mitochondrial biogenesis and cellular metabolism [226]. 

 

Damaged mitochondria can generate large amounts of ROS, which is linked to 

mtDNA damage, mitochondrial dysfunction and impaired cellular function [229, 

230]. Therefore, mitochondrial quality control is maintained by constant 

degradation of damaged mitochondria by mitochondria selective-autophagy 

(mitophagy) and replacement with new mitochondria (biogenesis) [231]. 

Mitophagy is a selective type of autophagy where damaged or dysfunctional 

mitochondria are engulfed by autophagosomes which fuse with lysosomes 

containing hydrolytic enzymes that degrade the mitochondria [232]. Mitophagy 

is preceded by mitochondrial fission, which divides mitochondria into bits of 

manageable size for engulfment by autophagosomes [232].
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Figure 1-9: The mitochondrial lifecycle (adapted from Westernmann, 2010). The life cycle of the mitochondria begins with growth and division 

of pre-existing organelles (biogenesis) and ends with the elimination of damaged organelles by mitophagy (turnover). Mitochondria constantly 

undergo cycles of fusion and fission to facilitate the generation of heterogeneous mitochondria or interconnected mitochondrial networks, 

depending on the physiological conditions. Fluorescence images of elongated and fragmented mitochondria adapted from Jeon and Seol(2008).
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1.8.2 Mitochondrial dynamics 
During their life cycle, mitochondria constantly fuse with each other and split 

apart again (Figure 1-9). This fusion and fission cycle determines the shape, 

size and number of mitochondria depending on the cell’s metabolic needs. 

Whilst fusion facilitates the exchange of matrix contents between mitochondria, 

fission ensures mitochondrial quality control by allowing the elimination of 

damaged mitochondria by mitophagy and is essential for equal mitochondrial 

distribution to daughter cells during cell division [233, 234]. Fission generates 

either healthy mitochondria that re-fuse within the existing mitochondrial 

networks, or damaged depolarized mitochondria which are targeted for 

elimination by mitophagy [225].  

 

A balance between fusion and fission events is critical for maintaining 

mitochondrial homeostasis and defects in either one of them has been shown 

to result in mitochondrial dysfunction [225, 235]. Loss of fusion in cell culture is 

associated with reduced respiratory capacity, mtDNA loss and small 

fragmented mitochondria. In contrast, impairment of mitochondrial fission 

results in highly elongated mitochondria, OXPHOS deficiencies, mtDNA loss 

and increased ROS production [197].  

 
The processes of fusion and fission are mediated by a class of large guanosine 

triphosphatases (GTPases) termed dynamin-related proteins (DRPs), which 

are capable of self-assembling to control intracellular membrane remodeling 

[225, 235]. Mitochondrial fusion is a two-step process initiated by the fusion of 

the OMM facilitated by mitofusin 1 (MFN1) and mitofusin 2 (MFN2). This is 

followed by fusion of the IMM by opic atrophy (OPA1), leading to the formation 

of elongated mitochondrial networks [233]. It is thought that the ability of MFN1 

and MFN2 to form homo- or hetero-oligomeric complexes contributes to their 

membrane tethering and subsequent fusion [236]. OPA1 is implicated to have 

a role independently of mitochondrial fusion in the organization of mitochondrial 

cristae and thus OXPHOS [237]. Mammalian mitochondrial fission is initiated 

by the recruitment of cytosolic DRP1 to the mitochondria by adaptor proteins 

including FIS1, Mff, MiD49/51, which serve as receptors for DRP1 on the OMM 
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[238, 239]. DRP1 then promotes division by creating helical structures that wrap 

around the mitochondrial outer membrane and scission it [239]. 

 

1.9 Hypotheses and Aims 
The central hypothesis of this thesis is that specific genetic and metabolic 

differences between transformed and non-transformed MSCs account for the 

selective replication of oncolytic MV.  

 

The main aim of this project is to dissect mechanisms of MV-mediated cell 

killing in a stromal model of cellular transformation. This is subdivided into the 

following aims. 

 

Chapter 3: Type-1 interferon responses underlie tumour-selective replication of 

oncolytic measles virus  

1. To determine the differences in MV infectivity, productivity and 

cytotoxicity in a model of step-wise transformation of BM-MSCs. 

2. To investigate the biological relevance of type 1 IFN in susceptibility to 

oncolytic MV. 

3. To identify genetic correlates of susceptibility to oncolytic MV. 

 

Chapter 4: Investigating the effects of oncolytic MV on the mitochondria    

1. To investigate if oncolytic MV induces changed in mitochondrial 

morphology and dynamics and biogenesis. 

2. To determine whether oncolytic MV infection impacts cellular 

bioenergetics. 

3. To investigate the effect of MSC transformation on cellular 

bioenergetics. 

 

Chapter 5: The interplay between oncolytic measles virus and the host cell 

metabolome 

1. To perform a global metabolomics experiment using oncolytic MV. 

2. To determine the effects of MSC transformation on the metabolic pool of 

host cells. 
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3. To explore the impact of oncolytic MV infection on the metabolic pool of 

host cells. 

4. To identify metabolic determinants for the tumour-selectivity of oncolytic 

MV.  
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Chapter 2 Methods 

2.1 General tissue culture  

2.1.1 Cell lines 
• Vero- African green monkey kidney cell line, adherent (CLL-81; ATCC) 

• Vero-SLAM- Vero cells expressing the SLAM receptor, adherent (gift 

from the Mayo Clinic, MN, USA) 

• Bone marrow-derived mesenchymal stromal cells (MSCs), adherent (gift 

from Chris Boshoff, UCL Cancer Institute) 

• SD1- Acute lymphoblastic leukaemia cell line, suspension (ATCC) 

 

Vero cells were cultured in Dulbecco’s modified eagle medium (DMEM) 

(Invitrogen, Paisley, UK) supplemented with 5% fetal bovine serum (FBS) 

(Invitrogen, Paisley, UK), 2mM L-glutamine and 100 units/ml penicillin G + 

100�g/ml streptomycin. MSCs were cultured in MesenCult MSC basal medium 

supplemented with MesenCult stimulatory supplements (StemCell 

technologies, Grenoble, France), 5% FBS, 2mM L-glutamine, 100 units/ml 

penicillin G + 100µg/ml streptomycin and 1ng/ml recombinant basic human 

FGF (bFGF) (R&D systems, Minneapolis, MN). All cells were maintained in a 

37°C humidified 5% CO2 incubator. 

 

2.1.2 Cell line culture reagents   
• Dimethyl Sulfoxide (DMSO) (Sigma Aldrich, Poole, UK) 

• Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Paisley, UK) 

• Foetal Bovine Serum (FBS), head inactivated (Invitrogen, Paisley, UK) 

• L-glutamine 200mM, final concentration in media 2mM (Invitrogen, 

Paisley, UK) 

• OptiMEM medium (Invitrogen, Paisley, UK) 

• Penicillin-Streptomycin containing 10,000 units/ml penicillin and 

10,000ug/ml streptomycin, final concentration 100units/ml and 

100ug/ml, respectively (Invitrogen, Paisley, UK) 

• Phosphate buffered saline (PBS) (Invitrogen, Paisley, UK) 
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• TrypLETM Express (Invitrogen, Paisley, UK) 

 

2.1.3 Active compounds used in tissue culture 
• Z-D-Phe-Phe-Gly-OH – fusion inhibitory peptide (FIP), used at 40μg/ml 

(Bachem, Switzerland).  

• Recombinant IFNb (Millipore, UK, IF014) 

 

2.1.4 Cryopreservation and recovery of cells 
Cells were cryopreserved by resuspending live cell pellets in a freezing mix 

containing 90% FBS and 10% dimethyl sulfoxide (DMSO) (Sigma Aldrich, 

Poole, UK).  The cell suspension was aliquoted into polypropylene cryogenic 

vials and placed at -80°C overnight in a freezing container (Nalgene, 

Rochester, US) filled with 100% isopropyl alcohol to achieve a cooling rate of 

1°C/minute. The frozen cells were transferred to liquid nitrogen on the following 

day for long-term storage. When needed, the frozen cell vials were placed in a 

37°C water bath for 2-3 minutes until the cells have thawed. 10ml of FBS was 

then added slowly drop by drop with gentle mixing. After centrifugation at 1200 

rpm for 5 minutes without brake, the cell pellet was washed with appropriate 

cell medium supplemented with 50% FBS to remove any residual DMSO.  After 

another centrifugation step at 1200rpm for 5 minutes, the pellet was 

resuspended in 10ml appropriate medium and kept in T25 tissue culture flask 

at 37°C. When reaching 80-90% cell confluency, cells were transferred to T75 

tissue culture flasks.  

 

2.1.5 Cell counts and viability  
Viable cells were counted using the Trypan blue dye exclusion method (Sigma 

Aldrich, Poole, UK) using a haematocytometer (Hausser Scientific, PA, US). 

Cell viability of cell lines was maintained at > 95%.  
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2.1.6 Model of sequentially transformed BM-MSCs 
The transformed human bone-marrow derived mesenchymal stromal cells 

(MSCs) were developed and characterized elsewhere by Funes et al. [217]. 

Briefly, human BM-MSCs were sequentially infected with retroviral particles 

carrying the following expression vectors: pBABE-puro-EST2 (hTERT 

expression), pLXSN-neo-E6E7 (inactivation of p53 and Rb) to generate 3H 

cells, pBABE-zeo-ST (introduction of SV40 small T antigen) to generate 4+V 

cells, and pWZL-hygro-RasV12 (expression of oncogenic H-RasV12) to 

generate 5H cells. Following serial retroviral infections, drug selection with 

puromycin (100 µ/mL), neomycin (300 µg/mL), Zeocin (50 µg/mL), and 

hygromycin (100 µg/mL), respectively, were used to purify cell populations 

[217].  

 

2.2 Measles Virus 

2.2.1 Measles virus strains  
Attenuated vaccine strain of measles virus, MN-NSe, was used in all the 

experiments, unless otherwise stated. A GFP-expressing derivative of this 

strain (MV-NSe-GFP) was utilized for the purpose of visualising MV-infected 

cells.  

 

2.2.2 Measles virus propagation  
MV was propagated on Vero cells. To obtain high-titer stocks, Vero cells were 

infected at a multiplicity of infection (MOI) of 0.01 in Opti-MEM (Gibco). When 

maximum (80%-90%) cytopathic effect was observed, the virus was harvested 

by scraping the cells and subjected to two freeze-thaw cycles to release cell-

associated viral particles. This was followed by high-speed centrifugation (4000 

rpm for 5 min at 4°C) to remove cell debris. Aliquots were stored at -80°C.    
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2.2.3 Measles virus titration 
The titre of the propagated virus was determined by an end-point infectivity 

assay. Approximately 5x103 Vero cells were seeded in each well of a 96-well 

flat-bottom tissue culture plate. Ten-fold serial dilutions of viral stocks were 

prepared in DMEM medium and 50µl of each dilution was dispensed per well 

in each column of the 96-well plate. The plate was incubated at 37°C and 5% 

CO2 for 3-4 days until syncytia had formed. The numbers of syncytia in each 

well were counted and the 50% tissue culture infected dose (TCID50) of MV 

stock was calculated using the modified Kärber formula using the equation 

below [240]. 

                  Log10 TCID50 = - [Log10x – d (p - 0.5)] + Log10 (1/v) 

x = highest dilution that gives 100% wells positive for infection 

d = Log10 of dilution interval (e.g. for 10-fold dilution, d=1) 

p = sum of values of proportion positive for infection at all dilutions 

v = volume of viral inoculum for each well in millilitre 

The plaque forming unit (pfu) in 1ml of viral stock was estimated by multiplying 

TCID50 value with 0.7 (a factor derived from Poisson distribution). 

 

2.2.4 Measles virus cellular infection 
For MV infection of adherent Veros and MSCs, cells were washed once with 

1X PBS and then inoculated with virus in Opti-MEM (Gibco) at the required MOI 

for that specific experiment. Mock-infected cells were washed once and 

inoculated with Opti-MEM only. Cells were incubated for 2 hours at 37°C before 

removal of the inoculum and replacement with fresh media. In conditions were 

cells were cultured in the presence of fusion inhibitory peptide (FIP), 40 µg/ml 

FIP was added to the fresh medium at this stage.  

 

2.3 Molecular biology techniques 

2.3.1 Molecular biology reagents  
• Agar (Sigma-Alrich, UK) 

• Agarose (Sigma-Aldrich) 
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• Chloroform (VWR International, UK) 

• DNase/RNase free water (Invitrogen, UK) 

• Ethanol 100% (VWR International, UK) 

• Glycerol (VWR International, UK) 

• HiSpeed plasmid midi kit (Qiagen, UK) 

• Isopropanol (VWR International, UK) 

• LB broth (Invitrogen, UK) 

• One shot TOP10 competent cells (Invitrogen, UK) 

• pCRII-TOPO TA cloning kit (Invitrogen, UK) 

• QiaexII gel purification kit (Qiagen, UK) 

• QIAprep spin miniprep kit (Qiagen, UK) 

• Random hexamers (Promega, UK) 

• Restriction enzymes (New England Biolabs,, UK) 

• RNasin Plus RNase inhibitor (Promega, UK) 

• SuperScriptTM III reverse transciptase (Invitrogen, UK) 

• SYBR safe DNA gel stain (ThermoFisher Scientific, UK) 

• T4 DNA ligase (New England Biolabs, UK) 

• TRIzol (Invitrogen, UK) 

• 0.1M DTT (Invitrogen, UK) 

• 2xYT microbial growth medium (Sigma-Aldrich, UK) 

• 5x first strand buffer (Invitrogen, UK) 

• 10mM dNTPs (Promega, UK) 

 

2.3.2 Cloning 
Specific details for cloning IFITM1-MSCV are given in chapter 3, section 1.4.7. 

 

2.3.3 Plasmid preparation  
Bacteria were grown on 2xYT agar plates overnight and then propagated in 

2xYT broth. Plasmid DNA was extracted from either 5ml or 50ml bacterial 

cultures of 12-16 hours using QIAprep spin miniprerp kit and HiSpeed plasmid 

midi kit. The concentration of the extracted DNA was measured at 260nm 
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(A260) and 280nm (A280) on a NanoDropTM1000 spectrophotometer (Thermo 

Scientific, Essex, UK). Plasmid DNA was stored at -20°C. Glycerol stocks of 

the bacterial cultures were prepared using 200ul bacterial culture and 800µl of 

99% glycerol and stored at -80°C.  

 

2.3.4 RNA extraction 
Total RNA was extracted from cells at the appropriate time points using TRIzol 

(Invitrogen). MSC pellets of 3x105 cells were lysed in 500µl TRIzol.  After five 

minutes of incubation at room temperature, 100µl chloroform (Sigma) was 

added to each sample and mixed well by inverting the tube. This was followed 

by incubation on ice for 5 minutes and centrifugation at 13,000 rpm for 10 

minutes at 4°C. The clear upper layer obtained was transferred into a new 

RNAse free tube, avoiding the thin DNA white layer and the pink TRIzol layer 

and mixed with 250µl isopropanol to encourage RNA precipitation. Samples 

were incubated at -20°C for a few hours or -80°C overnight.  Next, RNA was 

pelleted by spinning the samples at 13,000 rpm for 10 minutes, washed once 

with 75% ethanol, air-dried and resuspended in 20�l RNase/DNase-free water 

(Gibco). Quantification of RNA samples concentration and purity was achieved 

by measuring UV-light absorbance at 260nm (A260) and 280nm (A280) using 

the NanodropTM1000 spectrophotometer (Thermo Scientific, Essex, UK).  

Samples with A260/A280 ratio of between 1.75 and 2.0 were used for cDNA 

synthesis. RNA aliquots of were stored at -80°C until use.  

 

2.3.5 First strand cDNA synthesis 
For each sample containing 0.5-1µg total RNA, 2µl (334ng) of random hexamer 

primers (Promega), 1µl of 0.1M DTT (Invitrogen) and 2µl of 10mM dNTPs 

(Promega) were added. The reaction mixtures were incubated at 65°C for 5 

minutes and then placed on ice for 10 minutes. Next, 4µl of 5X first strand buffer 

(Invitrogen), 1µl (40 units) of RNasin Plus RNase Inhibitor (Promega) and 1µl 

(200 units) of SuperScriptTM III reverse transcriptase (Invitrogen) were added 

to each sample. The reaction mixtures were then incubated at 25°C for 10 

minutes, 50°C for 50 minutes and 70°C for 15 minutes. The cDNA product 
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obtained was used for quantitative PCR immediately or stored at -20°C for later 

use.  

 

2.3.6 Relative mRNA quantification by RQ-PCR 
Relative MV-nucleocapsid (MV-N) and IFITM1 mRNA quantification was 

performed using a customized Taqman gene expression real-time PCR assay 

(Applied Biosystems, California, US) by mixing cDNA with 12.5μl of 2X TaqMan 

universal PCR Master Mix (Applied Biosystems) and 1.25μl of 20X TaqMan 

gene-specific primer and a probe mix (Applied Biosystems) to a final volume of 

25μl. The remaining volume was made up with RNase/DNase-free water. The 

TaqMan assays used were MV-N (ID AIY896X), IFITM1 (Hs00705137_s1) and 

GAPDH (Hs02786624_g1) (Applied Biosystems). PCR reactions were carried 

out PCR reactions were carried out on an ABI 7500 fast real-time PCR system 

(Applied Biosystems) according to the following conditions:  

• 95°C for 10 minutes 

• 40 cycles of 95°C for 15 seconds  

• 60°C for 1 minute.  

 

Relative RIG-I, MDA-5 and IPS-1 mRNA quantification was performed using 

QuantiTect Primer assay (Qiagen, UK). cDNA was mixed with 0.3μM forward 

and reverse primers and 12.5μl 2x QuantiTect SYBR Green PCR Master Mix 

(Qiagen, UK) in 25μl total reaction volumes.  

 

The PCR conditions were as follows: 

• 50°C for 2 minutes  

• 95°C for 15 minutes 

• 40 cycles of: 94°C for 15 seconds; 55°C for 30 seconds; 72°C for 30 

seconds  

 

Primer sequences: 

RIG-I s  5’- ACCAGAGCACTTGTGGACGCT-3’ 

RIG-I a  5’-TGCCGGGAGGGTCATTCCTGT-3’ 

MDA-5 s  5’-GGCACCATGGGAAGTGATT-3’ 
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MDA-5 a  5’-ATTTGGTAAGGCCTGAGCTG-3’ 

MAVS s  5’-GAGACCAGGATCGACTGCGGGC-3’ 

MAVS a  5’-AGAGGCCACTTCGTCCGCGA-3’ 

 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the 

housekeeping gene for all assays. Samples were run in triplicates for each gene 

and non-template controls (NTC) were included for each primer set using 

RNase/DNase-free water instead of cDNA. PCR cycle number at threshold is 

represented as Ct. Relative expression level of genes of interest was calculated 

using the comparative 2(−ΔΔCt) formula and expressed in fold change as 

compared to corresponding uninfected control cells.  

 

∆Ct = Ct (experiment) – Ct (GAPDH) 

∆∆Ct = ∆Ct (sample) – Ct (calibrator) 

RQ = 2 ^ (-∆∆Ct) 

2.4 RNA sequencing and differential expression analysis 
Total RNA was extracted from uninfected or MV-infected hTERT and 5H MSCs 

at 24hpi. Samples were processed using the KAPA mRNA library prep hyper 

kit and sequenced on the Illumina NextSeq 500 (Illumina) by the UCL Genomics 

facility (London, UK). RNA-seq data was analyzed for differential gene 

expression using the DESeq2 [241, 242] and SARTools (developed at PF2- 

Institut Pasteur) R packages. DESeq2 provides statistical methods for 

determining differential expression data using a model based on the negative 

binomial distribution. Volcano plots were generated by R (R Core Team, 2014) 

to display differential gene expression results between two comparison groups. 

Each point represents the average value of one transcript in three replicate 

experiments. Differentially expressed genes (DEGs) were selected based on 

an absolute log2 fold change >1 and an adjusted p value<0.05. Red and green 

dots represent upregulated and downregulated genes compared to control, 

respectively. Grey dots represent non-significantly regulated genes. Pathway 

enrichment analysis was performed on DEGs using Reactome 

(www.reactome.org; [243]). RNA-seq data have been deposited in the GEO 

repository under the accession number GSE131840. 
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2.5  Immunoblotting 
Cell lysates were prepared after plating 3x105 MSCs per well and infected with 

MV-NSe at an MOI of 1.0. At the specific timepoints post infection, cells were 

washed once with cold PBS before adding 100µl RIPA cell lysis buffer (Sigma-

Aldrich) with complete mini protease inhibitor cocktail tablets (Sigma-Aldrich, 

Roche) and scraping the cells. After incubation on ice for 30 minutes, cell 

lysates were centrifuged at 14,000 rpm for 5 minutes at 4°C to pellet the cell 

debris. The supernatant was aliquot and stored at -80°C until use.  Protein 

concentrations were determined using a BCA (Bicinchoninic 

Acid) Protein Assay Kit (Sigma-Aldrich). Equal amounts of protein (30-50µg) 

were mixed with loading dye, incubated at 70°C for 10 minutes to denature the 

proteins and then loaded onto 4-12% Bolt Bis-Tris Plus gels (ThermoFisher 

Scientific) and subject to electrophoresis at 200V for 22 minutes. 

 

After SDS-PAGE, the proteins were transferred to nitrocellulose membranes 

using the iBlotTM 2 gel transfer device (ThermoFisher Scientific) for 7 minutes 

under the P0 programme. Membranes were blocked with 3% non-fat dry milk 

in Tris-buffered saline (TBS) with 0.1% Tween (TBS-T) for one hour at room 

temperature. This was followed by overnight incubation with the designated 

primary antibodies (listed in Table 2-1). Incubation with primary antibody was 

either in 3% BSA or 3% non-fat dry milk in TBS-T, depending on the 

manufacturer’s instructions, at 4°C overnight on a shaker. Membranes were 

three times for five minutes with TBS-T before incubating with HRP-linked anti-

mouse IgG or anti-rabbit IgG secondary antibodies (1:50000) blocking solution 

(3% non-fat dry milk in TBS-T) for one hour at room temperature. Membranes 

were washed again at this point with TBS-T to remove any unbound antibodies. 

Immunodetection was performed with Amersham ECL prime western blotting 

detection reagent (GE Healthcare Life Sciences) using the ImageQuantTM Las 

4000 system (GE Healthcare Life Sciences). The relative intensities for each 

band (densitometry) were determined using ImageJ and normalized to the 

expression level of the relevant loading control.  
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Table 2-1: List of antibodies used for immunoblotting 

Antibody Source Dilution Company Catalogue 

Beta-tubulin Rabbit 1:1000 Thermo Fisher MA5-16308 

STAT1 Rabbit 1:1000 CST 9172 

Phospho-STAT1 

(Tyr701) 

Rabbit 1:1000 CST 7649 

IFITM1 Rabbit 1:1000 CST 13126 

IFITM1 Rabbit 1:500 Proteintech 11727-3-AP 

IFITM2 Rabbit 1:1000 CST 13530 

IRF9 Rabbit 1:1000 CST 28492 

GAPDH Mouse 1:1000 CST 97166 

Total OXPHOS human 

antibody cocktail 

Rabbit 1:1000 Abcam ab110411 

 

2.6 Flow cytometry  
Between 105 and 106 cells were incubated with the designated antibodies for 

30 minutes prior to being washed and analysed. At the end of the incubation, 

DAPI was added to each sample before acquisition. Live cells were gated 

based on their forward scatter and side scatter and further identified by DAPI 

to exclude dead cell populations. Samples were acquired on a BD FACS 

instrument with 5000-10,000 live events recorded per sample.  Flow cytometry 

data analysis was conducted using Flow-Jo software (Tree Star, Inc.) 

 

2.7 Statistical analysis 
Statistical analysis was performed using the GraphPad Prism 5.0 (Graphpad 

Software Inc.). Graph data are represented as mean ± SEM. For comparisons 

involving two groups, paired or unpaired Student’s t-tests (two-tailed) were 

used for statistical analysis. P values less than 0.05 were considered to be 

statistically significant. * p<0.05, ** p<0.01, *** p<0.001. The number of 

independent experiments performed in indicated by n in the figure legends. 
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Chapter 3 Type 1 interferon responses underlie 
tumour-selective replication of oncolytic measles 
virus  

 

3.1 Background 
The mechanisms underlying the tumour selectivity of oncolytic MV are not fully 

understood. As discussed in Chapter 1, the selective tropism of oncolytic MV 

has been historically attributed to CD46 overexpression by tumour cells [185]. 

However, SLAM-dependent entry of oncolytic MV has been documented in 

mantle cell lymphoma cells and xenografts, which was not correlated to CD46 

expression levels [244]. Defective type 1 interferon signalling, first shown by 

Stojdl et al., (2000) to facilitate oncolytic vesicular stomatitis virus replication 

also represents a potential mechanism of action for oncolytic MV [245].  

3.1.1 The type 1 IFN signalling pathway    
Production of type 1 IFN (IFNa/b) plays a central role in the induction of antiviral 

immune responses. IFNs also play a role in immune surveillance, which is 

important for restriction of malignant transformation. It has been previously 

reported that different malignancies harbour different molecular defects in their 

IFN signalling pathways and animals deficient in IFN signalling develop cancer 

at higher rates [246]. For instance, in cancers with a constitutive activation of 

the oncogene Ras, a defect in IFNa-mediated upregulation of the ISG, MxA, 

was shown to result in susceptibility to VSV-mediated oncolysis [247]. 

 

In normal cells, sensing of viral RNA by pathogen recognition receptors RIG-I 

and MDA-5 results in the activation of a cascade of pathways that ultimately 

activate transcription factors NF-kB and IRF3/7 triggering the production of 

IFNa/b (see Figure 3-1) [64, 248, 249]. The binding of interferons to their 

cognate receptor (IFNAR), consisting of two subunits IFNAR-1 and IFNAR-2, 

on infected and neighboring uninfected cells activates receptor-associated 

Janus kinase (JAK) 1 and tyrosine kinase 2 (Tyk2). The kinases in turn, 

phosphorylate STAT1 and STAT2, which dimerize and interact with IRF9 to 
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form the tri-molecular complex called IFN-stimulated gene factor 3 (ISGF3), 

which upon nuclear translocation binds to IFN-stimulated response elements 

(ISREs) in promoters of interferon-stimulated genes (ISGs) to induce the 

transcription of hundreds of ISGs. These ISGs collectively establish an antiviral 

state in the infected cell by inhibiting multiple stages of viral infection including 

viral entry, replication, translation, assembly and spread [250, 251].  

 

Therefore, while defects in the IFN pathway provide survival advantages and 

enhance the proliferation of tumour cells, they simultaneously render them 

sensitive to viral infection and replication.  
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Figure 3-1: Schematic illustration of RLR and the type I IFN signalling pathways (Adapted from Liu et al., 2017). Left panel: cytosolic 

viral RNA is detected by RLRs, RIG-I and MDA-5, which associates with mitochondrial adaptor MAV. MAVS then recruits signalling molecules 

to induce phosphorylation of IRF3 and IRF7 and to activate NF-kB leading to the generation of type I IFNs and pro-inflammatory cytokines, 

respectively. Right panel: type I IFNs bind to their receptor in an autocrine or paracrine manner. The type I IFN receptor is comprised of two 

subunits, IFAR1 and IFAR2, which are associated with TYK2 and JAK1, respectively. This results in the tyrosine phosphorylation of STAT1 and 

STAT1, which bind to IRF9 in the nucleus to form the ISGF3 (IFN-stimulated gene factor 3). The ISG3 complex binds IFN-stimulate response 

elements (ISREs) in DNA to trigger gene expression of hundreds of antiviral interferon-stimulated genes (ISGS). 
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3.1.2 MV-mediated oncolysis and the type 1 IFN pathway 
Other groups have investigated the contribution of the IFN pathway to MV-

mediated oncolysis. Berchtold et al. showed that in sarcoma cell lines the 

upregulation of RIG-I and IFIT1, as well as STAT1 phosphorylation in response 

to MV infection was correlated with their resistant phenotype [252]. 

Furthermore, Achard et al. showed that replication of oncolytic MV in malignant 

pleural mesothelioma cell lines restricted in cells with intact IFN signalling [161]. 

 

3.1.3 A stromal model of cellular transformation  
Although a number of studies have been conducted to elucidate mechanisms 

of MV oncolysis, studies directly comparing response to MV infection between 

cancer cells and healthy normal counterparts are lacking. For this reason, we 

used a model of progressive cellular transformation, which was established by  

Funes et al. using primary human bone marrow-derived mesenchymal stromal 

cells (MSCs) (Figure 1-6). Primary BM-MSCs were sequentially transformed 

using retroviral insertions that were specifically chosen to disrupt pathways 

described as being involved in the in vitro transformation of differentiated cells 

to their malignant phenotype [217]. Investigating MV-mediated oncolysis in 

such a model is useful in allowing for the direct in vitro comparison of primary 

healthy untransformed MSCs alongside their malignant counterparts.  

 

3.2 Purpose of this chapter 
This chapter uses the MSC model to probe mechanisms of MV-mediated 

oncolysis. Previous data from the lab had suggested that MV infectivity, 

productivity and MV-specific cell death were positively correlated with the 

degree of cellular transformation. I investigated the antiviral innate immune 

response to MV infection and used a global transcriptomic approach, with the 

aim of identifying genetic correlates of susceptibility to MV infection.  
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3.2.1 Hypothesis 
MSC transformation will result in defects in type 1 IFN pathway, which may 

contribute to differential viral kinetics 

3.3 Methods  

3.3.1 MV receptor expression by flow cytometry: 
A total of 1-10x105 cells per aliquot were incubated with a FITC-labeled anti-

human CD46 antibody (R&D systems), or phycoerythrin (PE)-labeled anti-

human CD105 antibody (BD Biosciences), or PE-labeled anti-human nectin-4 

(R&D systems) at 4°C in the dark for 30 minutes. Cells were then washed and 

resuspended in PBS. Samples were acquired on a BD FACSAria or LSR II flow 

cytometer (Becton Dickinson, Oxford, UK) with 5000-10,000 events being 

recorded and analyzed with FlowJo (Tree Star). Results are expressed as 

mean fluorescence intensity (MFI). As a positive control for CD46 surface 

expression, Raji cells were used. Isotype-stained cells were used as negative 

controls.  

 

3.3.2 IFNa/b quantification by enzyme-linked immunosorbent 
assay (ELISA): 

MSCs were plated at a density of 5x105 per well in 6-well plates and infected 

with MV-NSe. At 24 and 48hpi, tissue culture supernatants were collected and 

stored at -80°C. Quantification of IFNa and IFNb was performed using 

VerikineTM Human IFN alpha Multi-Subtype ELISA (PBL Assay Science, NJ) 

and VerkineTM Human IFN beta (PBL Assay Science, NJ) kits, respectively, 

according to the manufacturer’s protocol. 

 

3.3.3 Exogenous IFNb experiments 
MSCs were plated at a density of 106 cells in T25 tissue culture flasks and pre-

treated with different concentrations ranging from 50-1000 U/ml of IFNb 

(Millipore) for 16 hours before mock-infection or infection with MV-NSe at an 

MOI of 1.0. Thirty hours post infection, cells were trypsinized and counted. Cell 
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viability is represented as a percentage compared to non-infected control cells. 

Cell pellets were frozen in -80°C to assess viral replication using TCID50 

assays.  

 

3.3.4 RT2 Profiler PCR array 
Total RNA was analysed using the Human Type 1 Interferon Response RT2 

Profiler PCR Array (Cat number PAHS-016Z; Qiagen), which profiles the 

expression of 84 gene transcripts that are known to be involved in the type 1 

IFN response, as well as the expression of five housekeeping genes (ACTB, 

B2M, GAPDH, HPRT1 and RPLP0). In addition, one well contains a genomic 

DNA control, three wells contain reverse-transcription controls and three wells 

contain positive PCR control. For each sample, 0.5μg RNA was reverse 

transcribed into cDNA using the RT2 First Strand Kit (Qiagen, UK). The cDNA 

was then mixed with the RT2 SYBR Green Mastermix (Qiagen, UK) and 

nuclease-free water. Next, 25µl of the PCR mix was added to each well of the 

96-well plate. All steps were done according to the manufacturer’s instructions. 

The qPCR reaction was run on an ABI 7500 (fast block) according to the 

following conditions: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 

seconds and 60°C for 1 minute. Data analysis was conducted using a software-

based tool (Qiagen’s GeneGlobe Data Analysis Center). The exported Ct 

values for each well were uploaded into the software, which performed fold-

change calculations based on 2−ΔΔCt method. Expression levels were quantified 

relative to the values obtained for housekeeping genes.  

 

3.3.5 Construction of the IFITM1–expressing vector: 
The full-length IFITM1 cDNA was PCR-amplified from the pCMV-HA-IFITM1 

plasmid (a gift from H. Hang and J. Yount, Addgene plasmid #58399), using 

primers tailed with BamHI and XhoI linker restriction sites at the 5’ and 3’ ends, 

respectively (Sigma Aldrich) as illustrated in Figure 3-2.  

 
Forward primer: 5’-tctgatGGATCCtctgatATGCACAAGGAGGAACAT-3’ 

Reverse primer: 5’- GAAAAACGGGGTTACTAGtctgatCTCGAGtctgat-3’ 
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The amplified PCR fragment (378 basepairs) was cloned into a pCR II-TOPO 

vector using the TOPO TA cloning kit (Invitrogen) according to the 

manufacturer’s protocol and sequenced for confirmation (Eurofins) before 

being cloned into the retroviral vector MSCV-IRES-mRFP (a gift from Charles 

G. Mullighan, St. Jude Children’s Research Hospital, Memphis, USA; figure 

S1). To obtain the overexpressing construct, pCR II-TOPO-IFITM1 and MSCV-

IK6-IRES-mRFP plasmids were both digested using BamHI high fidelity and 

XhoI restriction enzymes (New England BioLabs, NEB). The digested vectors 

were separated by electrophoresis using 2% agarose gels and the target 

IFITM1 insert and MSCV backbone were purified using the QIAex II gel 

purification kit (Qiagen). The purified fragments were ligated using T4 DNA 

ligase (NEB) and transformed into One Shot DH5a. TR E.coli competent cells 

(Invitrogen). The recombinant plasmid was isolated from bacterial pellets using 

the HiSpeed Plasmid Midi kit (Qiagen). Agarose gel electrophoresis confirmed 

the presence of the correct IFITM1 insert and the sequence was verified 

(Eurofins Genomics, UK). A schematic representation of the construction of 

MSCV-IRES-RFP-IFITM1 plasmid is illustrated in Figure 3-2 below. 
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Figure 3-2: Schematic diagram of construction of MSCV-IFITM1-IRES-mRFP 
plasmid. The IFITM1 gene is cloned, in place of IK6, using BamHI and XhoI restriction 

enzymes. LTR= long terminal repeat; Ampr= ampicillin resistance; MSCV= murine 

stem cell virus; IRES=internal ribosome entry site; mRFP= monomeric red fluorescent 

protein; IK6= ikarus gene. BamH1 and XhoI are restriction sites.  

 

3.3.6 Retroviral transduction of 5H MSCs 
For the preparation of retroviral vector particles, Phoenix AMPHO cells were 

co-transfected with the appropriate plasmids using a Fugene® high-density 

transfection reagent (Roche) method. Briefly, 2x106 Phoenix AMPHO cells were 

plated into 10cm petri dishes in 8ml fresh media and incubated at overnight. On 

the following day, the transfection mix was prepared by first adding 10μl Fugene 

and 150μl OptiMEM, this is solution A. Solution B was prepared by adding 

1.5μg pCL-ampho retrovirus packaging vector (Imgenex), 2.6μg MSVC-

IFITM1-IRES-mRFP plasmid and adjusting the volume to 50ul with dH2O. The 

DNA mix was then added to the Fugene® solution, mixed by gentle pipetting, 

and incubated at room temperature for 15-20 minutes. The liposomal 

complexes were added directly to the Phoenix AMPHO cells and then returned 

to the incubator. Three days after transfection, medium was replaced with 5ml 

of fresh DMEM media. Retroviral supernatants from the transfected packaging 

cells were ready to be used for transduction on the following. Collected 

supernatants were spun at 1500rpm for 5 minutes to remove remaining cells 

and cell debris and used for infection of 5H MSCs. FACS analysis was 

performed for sorting RFP-positive cells. 
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3.4 Results 

3.4.1 Susceptibility to MV-mediated oncolysis is positively 
correlated with progressive transformation of MSCs  

 
To investigate MV replication kinetics in the model of progressively transformed 

human bone marrow-derived MSCs, cells at all the transformational stages, as 

shown in Figure 3-3, were infected with MV-NSe at an MOI of 1.0. Figure 3-3A 

shows MV-specific cell death at 3 timepoints per cell type and demonstrates a 

progressive increase in MV-specific cell death with increasing transformation. 

MV-mediated cell killing was minimal in hTERT cells, where even at 72 hpi, 

fewer than 5% of the cells had died, compared to more than 60% cell death in 

4+V and 5H at the same timepoint. Figure 3-3B shows fluorescence microscopy 

after infection with MV-GFP; MV-induced syncytia formation also directly 

correlated with the stage of MSC transformation with syncytia increasing 

progressively in 3H, 4+V and 5H cells. Consistent with this, representative one 

step viral growth curves (Figure 3-3C) showed that MV replication and release 

closely correlated with progressive transformation. In Figure 3-3D, a 

comparison of the peak titres of cell-associated and supernatant MV (shown as 

mean and SEM of 3 independent replicates) shows a 2-3 log difference 

between hTERT/3H and 4+V/5H cells.  Taken together, clear differences in MV 

replication suggested that the model of stepwise transformation of human BM-

MSCs is good model for further elucidating mechanisms of MV-mediated 

oncolysis. 
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Figure 3-3: Susceptibility to MV-mediated oncolysis is positively correlated with 
progressive transformation of MSCs. (A) MSCs were infected with MV-NSe (MOI 

of 1.0) and cell viability was assessed by trypan blue exclusion at 24, 48 and 72 hours 

post infection (hpi). Data is expressed as a percentage of cell killing by MV relative to 

uninfected control cells. (n=3) (B) Representative GFP and bright-field (BF) 

microscopy images of MSCs 24hpi and 48 hpi with MV-NSe-GFP (MOI of 1.0). (C) 
Tissue culture supernatants (red lines) and cell lysates (black lines) were harvested at 

the indicated time points post infection. Viral titrations were performed on Vero cells 

and are calculated as TCID50 (pfu/ml) (n=3). (D) Viral titres in cell lysates (i) and 

supernatants (ii) of MSCs at 48hpi. Data is expressed as mean ± SEM. All results 

shown are representative of three independent experiments. (unpaired t-test, *p<0.05, 

**p<0.01, ***p<0.001). MV= measles virus, NS= not significant 
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3.4.2 There is no difference in MV receptor expression profiles 
across MSCs  

 
As suggested in the literature, differences in MV receptor expression profile is 

a mechanism that could be contributing to the observed variable MV-

permissiveness in our MSC model. Therefore, we assessed surface expression 

of the three MV receptors CD46, SLAM and nectin-4 for all MSCs using flow 

cytometry. As shown in Figure 3-4, there was no significant difference in MV 

receptor (SLAM, CD46 or Nectin-4) expression across the stages of 

transformation, ruling this out as potential mechanism for variable susceptibility 

to MV-mediated oncolysis.  
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Figure 3-4: MV receptor expression profiles. Representative flow cytometry 

histograms showing the percentage of cell surface expression of MV receptors CD46, 

CD150/SLAM and nectin-4 in transformed MSCs. Isotype-stained cells were used as 

negative controls. (B) Cumulative CD46 expression data and (C) corresponding mean 

fluorescent intensities (MFIs) for MSCs. Raji cells were used as a positive control for 

CD46 expression. Data shown is the mean SEM for 5 independent experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 95 

3.4.3 Differential production of type 1 IFN by MSCs in 
response to oncolytic MV  

 
Production of type 1 IFN is essential for the induction of normal anti-viral 

immune responses, and results in the expression of a series of interferon-

stimulated genes (ISGs). To determine whether differential interferon 

responses to oncolytic MV infection play a role in MV susceptibility, production 

of IFNα and IFNβ were quantified from tissue culture supernatants after 

infection. Only primary, unmodified normal human MSC control cells, produced 

any IFNα in response to MV infection (Figure 3-5A). In comparison, IFNβ was 

produced by all MSCs following infection, but the level was inversely correlated 

to the transformational stage. Whilst primary MSCs (683 pg/ml) and hTERT 

cells (560 pg/ml) produced IFNβ at 24hpi, the more transformed MSCs only 

started to produce any IFNβ at 48hpi, with a maximum of 98 pg/ml, 34 pg/ml 

and 42 pg/ml in 3H, 4+V and 5H cells, respectively. This suggests that although 

all the MSCs were capable of mounting a type 1 IFN response, the magnitude 

and timing of the response is very different in the MV-resistant MSC compared 

to their malignant counterparts.  

 

In order to determine whether the deficiency of IFNβ production could account 

for the increased susceptibility to MV infection and MV-mediated oncolysis, I 

asked whether it was possible to ‘rescue’ the highly MV-susceptible cells with 

exogenous interferon by adding IFNβ 16 hours prior to infection, followed by 

quantification of viral replication by qRT-PCR for the MN-N gene and 

assessment of cell viability at 30hpi. As shown in Figures 3-5B and 3-5C, IFNβ 

pretreatment reduced viral replication and increased cell viability in 5H cells in 

a dose-dependent manner with the steepest increase at the lowest dose of 

IFNβ. The impact on viability in hTERT control cells was very modest. 
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Figure 3-5: Differential production of type 1 IFN by MSCs in response to 
oncolytic MV infection (A) IFNa and IFNb production levels as assessed by ELISA 

using tissue culture supernatants collected from all MSCs, including primary patient-

derived MSCS, at 24hpi and 48hpi. Data is expressed as mean ± S.E.M of two 

independent experiments (n=2) with samples measured in duplicates. (B) MV-N 

mRNA expression levels as assessed by qRT-PCR for 5H cells pre-treated with 

different concentrations of exogenous IFNb for 16 hours prior to MV infection. Data 

shown are relative to housekeeping gene GAPDH and normalized to uninfected control 

cells (n=3) (C) Cell viability of 5H cells following pre-treatment with IFNb and MV 

infection was assessed by trypan blue exclusion at 30hpi. hTERT cells were used as 

a control. Results are reported as a percentage of cell viability relative to uninfected 

control cells. Data is expressed as mean ± S.E.M (n=3).  
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3.4.4 Differential RLR signaling in MSCs following oncolytic 
MV infection 

 
Type 1 IFN production is triggered by the initial sensing of viral RNA by PRRs, 

RIG-I and MDA-5, which associated with mitochondrial adaptor MAVS to 

activate a signalling cascade ultimately resulting in IFN production. To gain 

insight into this pathway, expression levels of RIG-I, MDA-5 and MAVS were 

determined by RQ-PCR at 24hpi as shown in Figure 3-6. Both RIG-I and MDA-

5 expression levels were inversely proportional to the transformation stage of 

the MSCs, paralleling the results observed with type 1 IFN production. Whilst 

hTERT cells exhibited the highest expression cells, the transformed 5H cells 

showed minimal expression levels at 24 and 48 hours post-MV infection. 

Interestingly, MAVS expression level did not follow this pattern, with no 

differences detected after exposure to MV in all cell types (Figure 3-6C).  
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Figure 3-6: Activation of RLR pathway by MV infection of MSCs. mRNA levels of 

(A) RIG-I, (B) MDA-5 and (C) IPS-1 were measured by RQ-PCR for each cell type at 

24 and 48 post infection. Data shown is mean of ± SEM of n=3 independent 

experiments, with data collected in triplicate. 
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3.4.5 Differential downstream IFN signalling in MSCs 
following oncolytic MV infection  

 
Production of type 1 IFN signals through JAK1/Tyk2 to activate STAT1/2 by 

phosphorylation, which associate with IRF9 to form the ISGF3 complex that 

activates ISG expression. In order to confirm downstream IFN pathway 

activation, I investigated the phosphorylation status of STAT1, as well as the 

expression of total STAT1 and IRF9 proteins by immunoblotting using cell 

lysates collected at 24hpi and compared to control, uninfected cells. STAT1 

phosphorylation occurred in all MSCs in response to MV infection, more 

strongly in hTERT. Endogenous STAT1 and IRF9 were expressed at higher 

basal levels in hTERT compared to the other cells, although all cells increased 

expression of these proteins after MV infection (Figure 3-7A for blot and 3-7B 

for densitometry). As shown in Figure 3-7C, the time course of MV-stimulated 

STAT1 phosphorylation was determined in the most MV-susceptible 5H cells 

and compared with the most MV-resistant hTERT cells. STAT1 phosphorylation 

was not detected until 24hpi in 5H compared to a brisk response beginning at 

4hpi in hTERT cells. The delayed STAT1 phosphorylation in 5H compared to 

hTERT cells parallels the pattern observed for IFNβ production.  
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Figure 3-7: STAT1 expression and activation in response to oncolytic MV (A) 
Immunoblotting of total STAT1, phosphorylated STAT1 (pSTAT1) and IRF9 using cell 

lysate of uninfected and MV-infected MSCs collected at 24hpi. Beta-tubulin was used 

as a loading control. (B) Densitometry of blot from (A) performed by ImageJ.  (C) 
Immunoblot analysis of pSTAT1 during the time course of MV infection in MV-5H cells 

and hTERT cells using cell lysates collected at the indicated timepoints. Cells 

stimulated with IFNb (1000U/ml) for one hour were used as a positive control. Beta-

tubulin and GAPDH expression was used as a loading control.  
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(A) IFNα and IFNβ production levels as assessed by ELISA using tissue culture supernatants collected from all MSCs, including

primary patient-derived MSCS, at 24hpi and 48hpi. Data is expressed as mean ± S.E.M of two independent experiments (n=2)

with samples measured in duplicates. (B) MV-N mRNA expression levels as assessed by qRT-PCR for 5H cells pre-treated with

different concentrations of exogenous IFNβ for 16 hours prior to MV infection. Data shown are relative to housekeeping gene

GAPDH and normalized to uninfected control cells. Data is expressed as mean ± S.E.M (n=3) (C) Cell viability of 5H cells

following pre-treatment with IFNβ and MV infection was assessed by trypan blue exclusion at 30hpi. hTERT cells were used as a

control. Results are reported as a percentage of cell viability relative to uninfected control cells. Data is expressed as mean ±

S.E.M (n=3). (D) Immunoblotting of total STAT1, phosphorylated STAT1 (pSTAT1) and IRF9 using cell lysate of uninfected and

MV-infected MSCs collected at 24hpi. Beta-tubulin or GAPDH were used as loading controls (n=3) (E) Densitometry analysis of

blot in (D) performed by ImageJ. (F) Immunoblot analysis of pSTAT1 during the time course of MV infection in 5H cells and

hTERT cells using cell lysates collected at the indicated timepoints. Cells stimulated with IFNβ (1000U/ml) for one hour were used

as a positive control. Beta-tubulin and GAPDH expression were used as loading controls as indicated.

(100 kDa)

(102 kDa)

(37 kDa)
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3.4.6 RNA sequencing and QR-PCR reveal differential 
baseline expression levels of genes involved in the type 
1 IFN pathway response in MV-resistant and MV-
susceptible MSCs  

 
To gain a more global understanding of host responses and identify candidate 

genes, which could potentially be associated with increased susceptibility to 

oncolytic MV infection in this model, I extracted RNA from uninfected and MV-

infected hTERT and 5H cells at 24hpi. I reasoned that the optimal timepoint 

was 24hpi, given that the MV-stimulated immune response was clearly 

underway by the time in both cell types, yet the MV-specific cell death was still 

minimal. RNA was sent to UCL Genomics for gene expression profiling by RNA-

seq.  

 

Gene selection criteria were based on log2fold change>1 and padjusted <0.05. At 

baseline, a total of 4,902 differentially expressed genes (DEGs) were identified 

between hTERT and 5H cells with 2,438 upregulated genes and 2,464 

downregulated genes relative to hTERT cells as shown the volcano plot in 

Figure 3-8A. Reactome pathway enrichment analysis of genes significantly 

downregulated by more than 3-fold in 5H compared to hTERT cells revealed a 

number of enriched pathways, out of which type 1 IFN signalling was among 

the top ten, indicating significant baseline variability in immune-related 

functions (Figure 3-8B). Upon MV infection, a total of 795 DEGs (155 

downregulated and 640 upregulated) were identified in MV-infected hTERT 

compared to uninfected controls. In 5H cells, 1,109 DEGs were identified (75 

downregulated and 1034 upregulated) in MV-infected compared to uninfected 

5H cells as shown in the volcano plots in figure 3-8C. DEGs that were 

commonly upregulated in both cell lines following MV infection (394 genes) 

were selected and analysed them for pathway enrichment (Figure 3-8D). The 

pathways most affected by MV infection were, not surprisingly, mostly related 

to the immune system and included antigen presentation and interferon 

signalling.  
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Figure 3-8: RNA sequencing reveals differential baseline gene expression in MV-
resistant and MV-susceptible MSCs. RNA-seq was performed on total RNA was 

extracted from uninfected and MV-infected hTERT and 5H cells at 24hpi (n=3) (A) 
Volcano plot of differentially expressed genes (DEGs) in 5H cells compared to hTERT 

cells at baseline levels. Cut-off criteria for DEGs are absolute log2 fold change>1 and 

padjusted value <0.05. The y-axis displays the log10 p-value for each gene, while the x-
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axis displays the log2 fold change for that gene relative to hTERT. Red dots indicate 

up-regulated genes, green dots indicate down-regulated genes and grey dots indicate 

non-significant relative to hTERT. (B) Genes down-regulated (more than 3-fold down-

regulation, p-value <0.05) in 5H compared to hTERT cells were selected and analysed 

using the functional annotation tool in REACTOME. The top 12 enriched pathways (p 

value<0.001) are shown. (C) Volcano plots depicting DEGs after infection of (i) hTERT 

cells and (ii) 5H cells (compared to mock-infected control cells). (D) Venn diagram 

illustrating the overlap of genes found to be up-regulated in response to MV infection 

in both hTERT and 5H cells (absolute log2 FC>1, padjusted value<0.05) (E) REACTOME 

pathway enrichment analysis of the 394 up-regulated genes. The top ten pathways are 

represented in the bar plot (p value<0.001). 
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Given the prior finding of the clear relevance of the type 1 IFN pathway in 

oncolytic MV susceptibility and noting that RNA-seq also identified it as one of 

the most differentially activated pathways, I sought to validate RNA-seq data in 

separate experiments, by quantifying the expression of 84 genes involved in 

the type 1 IFN signalling pathway in uninfected hTERT and 5H cells using the 

RT2 Profiler PCR array. The results are presented as a heatmap in Figure 3-

9A. In the absence of infection, 18 of the 84 genes analysed were significantly 

differentially expressed between hTERT and 5H at baseline (fold change >2, p 

value<0.05) The largest down-regulation was found in the gene encoding 

IFITM1 (225.62-fold regulation, p= 0.045), followed by MX2 (-38.09-fold 

regulation, p=0.002) and MX1 (-15.76-fold regulation, p=0.049) genes (Figure 

3-9B). Figure 3-9C shows the changes in the 84 genes 24 hpi; genes repressed 

in 5H cells relative to hTERT are induced to levels equivalent to, or greater 

than, those observed in hTERT cells at baseline, suggesting that the differential 

susceptibility to MV infection is due to baseline differences in type 1 IFN 

pathway gene expression, rather than the inability of 5H cells to deploy that 

pathway upon challenge. The IFITM genes seemed to show the greatest 

changes. The expression profiles of these genes before and after MV infection 

are plotted separately, in figure 3-9D. IFTIM1 was greatly and very significantly 

downregulated in 5H compared to hTERT (-225.6-fold regulation) and was 

induced upon MV infection by 8.37-fold and 134.92-fold in hTERT and 5H cells, 

respectively (Figure 3-9D).  
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Figure 3-9: Genes involved in the type 1 IFN signalling pathway are repressed in 
5H compared to hTERT cells and induced by MV infection. Gene expression of 84 

genes was validated by a custom type 1 IFN RT2 Profiler PCR array. (n=3) (A) Heat 

map representation of array genes in uninfected hTERT and 5H cells. Green 

represents low expression level, and red represents high expression levels. (B) Gene 

expression profile showing differentially expressed genes in 5H compared to hTERT 

(absolute log2FC>1 and p<0.05). Gene names are shown on the x-axis. Data is 

expressed as mean ± SEM. (C) Fold change in gene expression of the 84 analysed 

genes at basal levels and upon induction by MV infection. (D) Differential expression 

of IFITM genes (IFITM1, IFITM2 and IFITM3) before and after MV infection of hTERT 

and 5H cells. For IFITM1, hTERT vs. 5H *p=0.0338.  

B A 

C D 
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3.4.7 IFITM1 expression is correlated with progressive MSC 
transformation 

 
The viral-restricting properties of IFITM1 proteins have been documented for a 

number of viruses but not specifically for MV. Due to its prominence in previous 

findings, I focused on IFITM1 as a candidate gene for potentially restricting MV 

infection. I analyzed the full set of sequentially transformed MSCs for basal 

expression of IFITM1 in the absence of MV infection by qRT-PCR (Figure 3-

10A). IFITM1 expression was significantly lower in the more transformed MSCs 

compared to hTERT cells, with 4+V cells exhibiting the largest downregulation 

(-988.18-fold). IFITM1 expression was significantly induced in all MSCs at 24h 

after MV infection to levels correlated with the MSCs transformational stage, 

with hTERT cells exhibiting the lowest induction (2.88-fold) and 5H showing the 

highest induction (771.4-fold) (Figure 3-10B). IFITM1 protein expression was 

evaluated at immunoblotting using cell lysates collected at 24hpi. Interestingly, 

results did not follow the gene expression results; MV infection strongly induced 

IFITM1 protein expression in hTERT, and to lesser extent in 3H and 5H cells. 

IFITM1 expression was almost undetectable in 4+V cells (Figure 3-10C).  
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Figure 3-10: IFITM1 expression is correlated with progressive MSC 
transformation. (A) IFITM1 mRNA expression in all MSCs as assessed by qRT-PCR. 

Data shown are relative to housekeeping gene GAPDH and normalized to hTERT 

cells. (n=3) (B) IFITM1 mRNA expression measured by qRT-PCR at 24hpi of all MSCs. 

Data shown are relative to housekeeping gene GAPDH and normalized to uninfected 

control cells. (n=3) (C) Immunoblot showing IFITM1 protein expression at 24hpi in 

uninfected and MV-infected MSCs. Beta-tubulin is used as a loading control.  
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3.4.8 IFITM1 overexpression in 5H MSCs 
 
I hypothesized that, if IFITM1 was an important factor restricting MV-mediated 

oncolysis in non-transformed cells, overexpression in transformed 5H cells 

would restrict the ability oncolytic capacity of MV. Hence, I stably 

overexpressed IFITM1 in the highly MV-permissive 5H cells (termed 5H-

IFITM1) by retroviral vector transduction. Cells were FACS-sorted by red 

fluorescent protein (RFP) expression (Figure 3-11A). Quantification of IFITM1 

gene expression by qRT-PCR in transduced 5H cells showed that more than a 

10,000-fold overexpression was obtained compared to control non-transduced 

5H cells. Compared to hTERT cells, 5H-IFITM1 showed a 9.2-fold upregulation 

in IFITM1 expression (Figure 3-11B). Overexpression of IFITM1 in uninfected, 

non-MV infected 5H cells was confirmed by western blotting (Figure 3-11C).  
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Figure 3-11: Confirmation of IFITM1overxpression in 5H MSCs. (A) Histograms of 

FACS analysis of the expression levels of red fluorescent protein (RFP), which was 

co-expressed with IFITM1, in transduced 5H cells. (B) IFITM1 mRNA expression levels 

in hTERT, 5H and 5H-IFITM1 cells at baseline. Data shown are relative to 

housekeeping gene GAPDH and normalized to hTERT cells. (F) Immunoblots 

confirming the overexpression of IFITM1 in transduced 5H cells. GAPDH is used as a 

loading control. Data is expressed as mean ± SEM. All results shown are 

representative of three independent experiments. (unpaired t-test, *p<0.05, **p<0.01, 

***p<0.001). NS, not significant.  
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3.4.9 Restoration of IFITM1 expression restricts oncolytic MV 
infection in transformed cells  

 
In order to determine the extent to which restoration of IFITM1 could restrict MV 

infection in transformed cells, 5H-IFITM1 and control 5H cells were infected 

with MV-NSe and assessed for cell viability, syncytia formation and viral 

replication. As shown in Figure 3-12A, IFITM1 overexpression increased cell 

viability after MV infection by 50% at 24hpi. By 48hpi, the majority of the 5H and 

5H-IFITM1 cells had been succumbed to MV oncolysis. MV-N expression was 

significantly reduced in 5H-IFITM1 compared to 5H at 24 hours and not at all 

by 48 hours (Figure 3-12B). MV-induced syncytia formation was only modestly 

affected by IFITM1 overexpression at 24 hours and not at all by 48 hours 

(Figure 3-12C). I next measured the expression of IFITM1 following MV 

infection in non-transduced 5H cells, 5H-IFITM1 cells and hTERT control cells. 

Both hTERT and 5H showed an increase of IFITM1 expression at 24hpi, with 

hTERT cells exhibiting a smaller induction. However, the level of IFITM1 

expression in 5H-IFITM1 cells remained unchanged following MV infection, 

suggesting that baseline IFITM1 expression is the most appropriate correlate 

of resistance to oncolytic MV infection in non-transformed cells (Figure 3-12D). 

Taken together, using a stromal cell model of sequential transformation, data 

in this chapter indicate that the lack of an adequate interferon response is a key 

reason for the oncolytic selectivity of the vaccine strain of MV.  In particular, I 

have identified IFITM1 as a restriction factor for oncolytic MV.  
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Figure 3-12: IFITM1 has anti-viral properties and partly restricts MV infection. (A) 

Cell viability of 5H cells and IFITM1-overexpressing 5H cells was assessed by trypan 

blue exclusion at 24 and 48hpi with MV-NSe (MOI of 1.0). Data is expressed as a 

percentage of cell killing by MV relative to mock-infected control cells (n=3) (B) 
Representative fluorescence microscopy images of MV-GFP infected non-transduced 

and 5H-IFITM1 cells. Scale bar, 300μm. (C) MV-N gene expression measured by RT-

qPCR at 24hpi. Results shown are relative to GAPDH and normalized to mock-infected 

control cells (n=3). (D) IFITM1 mRNA expression was measured by RT-qPCR at 24hpi. 

Results shown are relative to GAPDH and normalized to mock-infected control cells 

(n=3). All data is expressed as mean ± SEM. (unpaired t-test, *p<0.05, **p<0.01, 

***p<0.001). UI= uninfected, NS= not significant.  
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3.5 Discussion 
 
The mechanisms by which attenuated, vaccine strain MV exerts its oncolytic 

effects remain to be fully elucidated. In a well-characterized model of stepwise 

cellular transformation of BM-derived MSC, we can clearly show that productive 

infection leading to higher levels of MV-mediated cell killing occurred only in 

more highly transformed cells. We were able to use this model to probe the 

contribution of the type 1 IFN pathway at different stages of transformation. 

Whilst other groups have studied MV oncolysis in MV-permissive and non-

permissive cancer cell lines or xenografts, this is the first study to directly 

compare transformed cells to their normal healthy counterparts. However, we 

have broadly similar findings. Berchtold et al., (2013) showed that in sarcoma 

cell lines, the upregulation of RIG-I and IFIT1, as well as STAT1 

phosphorylation in response to MV infection were correlated with their resistant 

phenotype [252]. Furthermore, Achard et al., (2015) showed that replication of 

oncolytic MV in malignant pleural mesothelioma cell lines was restricted in cells 

with intact IFN signalling [161]. Upon examining antiviral responses in MV-

resistant and MV-permissive patient-derived glioblastoma xenografts (PDXs) 

using genome expression profiling, Kurokawa et al., (2018) showed that 

constitutive activation of the IFN pathway was critical for MV replication [253]. 

Data presented here demonstrate that type 1 IFN production, was closely 

correlated with progressive transformation with cells at late stages of 

transformation producing lower levels of IFNb in response to oncolytic MV 

infection compared to primary and hTERT MSCs. Moreover, the observation 

that pre-treating MV-susceptible 5H cells with exogenous IFNb restored 

resistance to MV-mediated oncolysis suggested that this was indeed a 

biologically plausible mechanism. Consistently, there was a muted but also very 

delayed type 1 IFN response with increasing transformation, which was 

mirrored by the timecourse of STAT1 phosphorylation, which was already 

maximal at 4 hours, post infection in hTERT cells but only began at 24 hours in 

the fully transformed 5H cells.  

 

Transcriptomic evaluation allowed gaining a more global view of the impact of 

oncolytic MV in transformed and non-transformed cells. 5H cells expressed 
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significantly lower basal levels of genes involved in the IFNg pathway, the 

IFNa/b pathway and the antigen presentation and processing pathways than 

hTERT cells. However, oncolytic MV infection triggered the upregulation of 

genes involved in immune responses including antigen presentation and 

interferon signalling in both cell types. In both the RNA-sequencing and the RT2 

profiler validation experiments, genes that were basally repressed in 5H cells, 

relative to hTERT, were induced by MV infection to levels equivalent to, or 

greater that those that had been observed in hTERT cells at baseline. However, 

despite the induction of an immune response in 5H cells, the viral replication 

outpaced the antiviral response, suggesting that the differential susceptibility to 

MV infection is due to significant baseline differences in type 1 IFN pathway 

gene expression leading to a delayed response, rather than the inability of 5H 

cells to deploy those pathways upon challenge. 

 

Unsurprisingly, given the importance of the interferon pathway, a number of 

ISGs such as OAS2, PKR and MX1/2 have been reported as viral restriction 

factors [254]. However, the majority of ISGs remain to be functionally 

characterized and it is of interest to know if they might serve as predictive 

biomarkers for identifying patients who are more likely to response to oncolytic 

MV virotherapy. Recently, Kurokawa et al. (2019), identified the ISG, RSAD2, 

as an inhibitor of oncolytic MV replication by blocking viral release in both 293T 

cells and SR-B2, an ovarian cancer cell line [255]. The RNA-seq results showed 

that RSAD2 was also downregulated in 5H compared to hTERT cells, however 

this was not statistically significant, suggesting that different ISGs may function 

in a cell type-specific manner. By contrast, our data highlighted interferon-

inducible transmembrane protein 1 (IFITM1) as the foremost downregulated 

ISG in 5H transformed cells compared to non-transformed hTERT cells at 

baseline. Following oncolytic MV infection IFITM1 expression increased only 

modestly in hTERT cells compared to a much higher, significant 771-fold 

increase in 5H cells, suggesting it may play a role in the selectivity of MV-

mediated oncolysis in transformed cells. Interestingly, even though MV 

infection resulted in increased IFITM1 transcription in transformed MSCs, 

IFITM1 protein expression was not detected in the same cells, strongly implying 
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the existence of post-transcriptional modifications. This observation is possibly 

a compensatory mechanism that contributes to the MV-susceptible phenotype 

of these cells. In support of this notion, mircoRNA-mediated regulations were 

reported to inhibit IFITM1 protein expression following infection with Kaposi’s 

sarcoma-associated herpesvirus [256] and hepatitis C virus [257].  

 

The antiviral activities of IFITM family members, IFITM1, IFITM2 and IFITM3 

were demonstrated by a number of studies. IFITM1 particularly restricted 

enveloped RNA viruses, including hepatitis C virus, HIV, influenza virus A 

H1N1, Zika virus, respiratory syncytial virus (RSV), mumps virus, Newcastle 

disease virus (NDV) and human metapneumovirus and parainfluenza virus 

[258-265]. The viral restriction properties of IFITM1 on a number of viruses that 

enter cells via the plasma membrane were recently investigated by Smith et al. 

(2019) [263]. A small but significant effect of IFITM1 overexpression was 

observed on the replication of strains of MV that are currently not used as 

cancer therapies, namely the Edmonston-Zagreb strain [266] and a 

recombinant MV strain with a replaced P gene [267] which has been shown to 

be competent for immune evasion [90]. A proposed mechanism of action for 

the IFITM proteins in this regard is that the fluidity of cellular membranes can 

be altered, preventing fusion with the infecting virus envelope.  Consistent with 

this, data here does show fewer and smaller syncytia in hTERT versus 5H cells, 

whereas virus release does not appear to be impacted, as observed for viral 

titres in the supernatants which were consistent with titres in the lysates at all 

of the transformational stages. 

 

Consistent with a block to entry, our studies showed a 50% increase in cell 

viability after 24 hours of infection in IFITM1-overexpressing 5H cells relative to 

control 5H cells. Moreover, IFITM1 overexpression altered the ability to 

establish an infection, as monitored by the significant decrease in expression 

of MV-N viral transcripts. However, by 48 hours post infection, multinucleated 

syncytia were readily apparent and cell killing reached levels similar to those in 

control 5H cells, suggesting that the antiviral effects of IFITM1 were indeed 

limited to early stages of infection. 
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Taken together, I have used a model of sequential transformation to show that 

a reduction in function of the type 1 IFN pathway is a major contributor to the 

selectivity of MV-mediated oncolysis for transformed cells. I have also newly 

identified IFITM1 as an oncolytic MV restriction factor. The mechanisms of 

action of IFITM1 remain to be determined. Co-factors which may be acting in a 

combined manner with IFITM1 may also be identified from both our data and 

that of others. Mechanistic insights into MV oncolysis will assist with candidate 

tumour selection, trial design and also help direct potential therapeutic 

combinations. 
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Chapter 4 The effect of MSC transformation and 
oncolytic MV infection on mitochondrial dynamics 
and bioenergetics  

4.1 Background 

4.1.1 Mitochondrial ant-viral immunity  
A general summary of mitochondrial biology has been provided in chapter 1. 

The specific role of mitochondria in anti-viral immune responses is becoming 

well recognized. Indeed, the outer mitochondrial membrane serves as a 

signaling platform for innate immune responses. Recognition of viral RNA via 

RLRs depends on signaling through mitochondrial antiviral signaling protein 

(MAVS; also known as VISA, IPS1 and Cardif) [59, 68-70]. 

 

MAVS is localized to the OMM but is also found in peroxisomes and 

subdomains of the endoplasmic reticulum termed mitochondria-associated 

membranes (MAMs) [268, 269]. The latter physically connect the ER 

specialized domain to the OMM, allowing communication between the two 

organelles [269].  

 

MAVS is comprised of 540 amino acids and contains three functional domains; 

an N-terminal CARD domain, a proline-rich region and a C-terminal 

transmembrane domain. Through its CARD domain, MAVS interacts with the 

CARDs of RIG-I and MDA5 thereby activating a cascade of downstream 

signaling events leading to the production of type I IFN and pro-inflammatory 

cytokines [69]. In vitro knockout studies show that MAVS is required for the 

activation of transcription factors NF-kB and IRF3, and MAVS-deficient mice 

fail to induce type 1 IFN hence displaying increased susceptibility to viral 

infection [60, 61]. 

 

4.1.1.1 MAVS and mitochondrial dynamics  
Accumulating findings have implicated the regulation of MAVS-mediated 

signaling by mitochondrial dynamics. Yasukawa et al., 2009 demonstrated that 
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MFN2 constitutively interacts with MAVS to prevent its CARD dimerization and 

inhibit RLR signaling [270]. Whilst overexpression of MFN2 suppressed IFNb 

production, cells lacking MFN2 displayed increased RLR signaling and 

enhanced IFNb production in response to viral infection [270]. Interestingly, 

these effects were not observed upon overexpression or knockout of MFN1, 

suggesting that although both mitofusins exhibit 60% sequence homology, they 

regulate MAVS signaling via distinct mechanism and MFN2 acts in this context 

independently of its function in mitochondrial fusion. The role of mitochondrial 

fusion and MFN1 in promoting MAVS signaling has been elucidated by a 

number of studies [271, 272]. Inhibition of fusion by depleting MFN1 or OPA1 

resulted in fragmented mitochondria and decreased NF-kB and IRF3 activation 

[271, 272]. In contrast, knocking down DRP1 and FIS1 resulted in elongated 

mitochondria and elevated MAVS-mediated RLR signaling by favouring ER-

mitochondria interactions and triggering the association of MAVS with STING 

[271, 272]. In agreement with this, Koshiba et al., (2011) observed that 

fibroblasts deficient in both MFN1 and MFN2 (but not one of them) exhibited 

impaired production of type 1 IFN and pro-inflammatory cytokines in response 

to viral infection. The lack of fusion in these fibroblasts resulted in loss of 

mitochondrial membrane potential (MMP), which was correlated with MAVS 

signaling suggesting that fusion as well as a robust MMP may be required for 

intact MAVS signaling [273].  

 

4.1.2 Viral modulation of mitochondrial dynamics and 
functions 

Viruses have evolved various strategies to sustain their replication and survival 

by directly or indirectly modulating mitochondrial functions and dynamics. 

Accumulating findings are demonstrating virally-induced mitochondrial 

alterations including increased fission or fusion, increased mitophagy, altered 

mitochondrial proteome or transcriptome, decreased innate immune response, 

altered apoptosis and loss of MMP [274]. 
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Hepatitis B virus (HBV) and Hepatitis C virus (HCV) promote mitochondrial 

fission to facilitate their persistent infection by modulating innate immune 

responses. Given that mitochondrial fission is a precursor to mitophagy, HBV- 

and HCV-mediated fission results in enhanced mitophaghy, subsequently 

attenuating apoptosis to support virus survival [275, 276]. Moreover, dengue 

virus DENV partially cleaves MFN1 and MFN2 to block mitochondrial fusion. 

Whereas cleaved MFN1 impairs RLR signaling, cleavage of MFN2 disrupts the 

MMP to trigger apoptosis [277]. Similarly, epstein-Barr virus (EBV), influenza A 

virus (IAV), alphaherpesvirus, human cytomegalovirus (HCMV) and ectromelia 

virus (ECTV) have all been shown to induce mitochondrial fragmentation, by 

the inhibition of fusion, to support their replication [278-282].  

 

However, virally-induced mitochondrial fission is not always associated with a 

hampered innate immune response. In fact, DENV, SARS and Zika virus 

induce mitochondrial fusion resulting in elongated mitochondrial networks 

which, contrary to the above studies, supported viral replication by reducing 

levels of MAVS [283, 284]. These findings suggest that viruses may alter 

mitochondrial dynamics in different or even in opposite ways to subvert innate 

immunity and maximize persistent infection.  

 

Apart from interfering with the mitochondrial dynamics, targeting mitophagy 

supports viral infection by subverting cell death. This strategy is utilized by a 

number of viruses including HBV, HCV and Newcastle disease virus (NDV) 

[275, 276, 285].  

 

Moreover, some viruses have been demonstrated to target mitochondrial 

biogenesis. For instance, HCMV induces mitochondrial biogenesis by driving 

the accumulation of mtDNA, mitochondrial transcription and translation and 

enhanced OXPHOS gene expression [286-289]. Moreover, ECTV has been 

reported to increases mitochondrial mass and ROS generation [278]. 

 

In the case of measles virus, Xia et al., (2014) have reported that MV-Edm 

strain triggers p62-mediated mitophagy in NSCLCs resulting in a reduction of 

MAVS protein levels and dampening of the innate immune response [290]. The 
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same group demonstrated in a separate study that MV exploits both autophagy 

and mitophagy to subvert apoptotic cell death by blocking the release of 

cytochrome C leading to enhanced viral replication. The inhibition of autophagy 

markedly declined MV-mediated oncolysis [291]. The authors suggested that 

these observations were likely to be a result of MV-induced mitochondrial 

fission, which was not assessed in these studies.   

 

Repeated observations from our lab suggested that MV-infected MSCs cells 

are metabolically more active compared to mock-infected control cells. When 

cell viability was assessed by MTS assay, which relies on mitochondrial activity, 

MV-infected cells typically gave paradoxical readings suggesting enhanced 

viability despite other methods clearly demonstrating ongoing apoptosis. These 

findings prompted me to use the serial transformation model to study 

mitochondrial function in transformed and non-transformed cells following 

oncolytic MV infection. 

 

4.2 Hypothesis 
MSC transformation and oncolytic MV infection impact mitochondrial 

biogenesis, mitochondrial dynamics and cellular bioenergetics in transformed 

and non-transformed MSCs.  

 

4.2.1 Aims  
1. To determine the effects of MSC transformation and oncolytic MV 

infection on mitochondrial morphology and dynamics.  

2. To explore the impact of oncolytic MV on mitochondrial biogenesis.  

3. To investigate the effects of MSC transformation and oncolytic MV 

infection on cellular bioenergetics using extracellular flux analysis.  
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4.3 Methods 

4.3.1 Mitochondrial Imaging 
MSCs were plated at a density of 5x103 in 96 well black clear bottom plates and 

either mock-infected or infected with MV-NSe (MOI 1.0). At 24hpi, cells were 

incubated with 30nM TMRM (ThemoFisher Scientific), 1 μM Calcein AM 

(ThermoFisher Scientific) and 1 μg/ml Hoechst (ThermoFisher Scientific). The 

plate was incubated for 30 minutes at 37°C and 5% CO2 before live cell imaging 

using the ImageXpress Mirco XL automated microscope (Molecular Devices, 

Sunnyvale, CA) using the excitation and emission filter settings: ex377/50 nm 

em447/60 nm for Calcein AM, ex562/60 nm em624/40 nm for TMRM and 

ex472/30 nm em520/35 nm for Hoechst. Sixteen fields per well were imaged at 

10X magnification. Image acquisition and analysis were performed using 

MetaXpress software (Molecular Devices). Fluorescence intensities were used 

by MetaXpress software to calculate mitochondrial mass and biogenesis based 

on integrated formulas.  

4.3.2 Relative PGC-1a  mRNA quantification by RQ-PCR 
Relative PGC-1a mRNA quantification was performed using TaqMan gene 

expression real-time PCR assay (Applied Biosystems, California, US) by mixing 

cDNA with 12.5 12.5μl of 2X TaqMan universal PCR master mix (Applied 

Biosystems) and 1.25μl of 20X TaqMan gene-specific primer and a probe mix 

(Applied Biosystems) to a final reaction volume of 25μl. The TaqMan assay 

used was PGC-1a (Hs00173304_m1) and GAPDH (Hs02786624_g1) (Applied 

Biosystems). 

 

PCR conditions were as follows; 95°C for 10 minutes, 40 cycles of 95°C for 15 

seconds and 60°C for 1 minute. PCR reactions were carried out on an ABI 7500 

fast real-time PCR system (Applied Biosystems). GAPDH was used as the 

housekeeping gene for all assays. Samples were run in triplicates for each gene 

and non-template controls (NTC) were included for each primer set using 

RNase/DNase-free water instead of cDNA. PCR cycle number at threshold is 

represented as Ct. Relative expression level of genes of interest was calculated 
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using the comparative RQ=2(−ΔΔCt) formula and expressed in fold change as 

compared to corresponding uninfected control cells (see Chapter 2: methods) 

4.3.3 MitoTracker green assessment by flow cytometry 
To measure mitochondrial mass, cells were seeded at a density of 3 x 105 cells/ 

well of a 6-well plate. 12-16 hours late, cells were incubated with 10μM 

Carbonyl cyanide-p-(trifluoromethoxy) phenylhydrazone (FCCP; as a negative 

control) for 30 minutes and then incubated with 100nM MitoTracker Green 

(Molecular probes) for 30 minutes at 37°C in the dark. Cells were then 

trypsinized, washed twice with PBS and re-suspended in PBS. At the end of 

the infibulation, DAPI was added to each sample before acquisition. Live cells 

were gates based on their forward and side scatter and further identified by 

DAPI to exclude dead cell populations. Ten thousand live events were recorded 

per sample of a BD FACS instrument.  

4.3.4 OXPHOS immunoblotting  
For immunoblot analysis, 50μg of whole-cell lysates from mock-infected and 

MV-infected MSCs (MOI of 1.0, 24hpi), were loaded onto 4-12% Bolt Bis-Tris 

Plus precast gels (ThermoFisher Scientific). After electrophoresis, proteins 

were transferred to a nitrocellulose membrane and blocked with blocking buffer 

for 1 hour at room temperature. The membrane was then incubated with total 

OXPHOS human antibody cocktail against ETC complexes (I-V) (1:1000, 

Abcam) in blocking buffer overnight at 4°C. The membrane was then incubated 

with anti-rabbit IgG secondary antibody (1:50,000) in blocking buffer for 1 hour 

at room temperature before immunodetection (see Chapter 2: methods). 

4.3.5 Measurement of ATP production  
Cellular ATP levels were measured using CellTiter-Glo 2.0 assay (Promega) 

according to the manufacturer’s protocol. Briefly, 103 MSCs were dispensed 

into each well of a black 96 well plate in 100μl of media. Cells were mock-

infected or MV-infected at an MOI of 1.0. At 24hpi and 48hpi, 100μl of CellTiter-

glo 2.0 reagent was added to each well, mixed for 2 minutes on an orbital 

shaker to induce cell lysis and incubated for 10 minutes at room temperature. 

An ATP standard curve was generated using ATP (Promega) in concentrations 
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ranging from 1uM to 10nM. Total luminescence was measured using 

VarioskanTM LUX multimode microplate reader (Thermo Fisher Scientific, UK). 

Values were corrected for extent of MV-specific cell death and expressed as 

relative to uninfected controls.   

 

4.3.6 Metabolic assessment through seahorse extracellular 
flux analysis 

The Seahorse XF24 extracellular flux analyzer (Agilent Seahorse 

Technologies, MA, USA) was used to measure the mitochondrial oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) in mock-

infected and MV-infected MSCs. Before the day of the assay, the cartridge 

sensors were hydrated in XF24 Calibrant overnight in a non-CO2 incubator at 

37°C. MSCs were seeded (2x104 per well in 250μl) in 10 replicates on a 

Seahorse XF24 culture plate and either mock-infected or infected with MV-NSe 

(MOI 1.0). On the day of the assay, at 24hpi, the growth medium was removed, 

cells were washed twice and replaced with unbuffered XF assay media (Agilent 

Seahorse Technologies) supplemented with 5mM glucose, 2mM L-glutamine 

and 0.5mM pyruvate and adjusted to pH of 7.4 with NaOH, and incubated for 

60 minutes at 37°C and 5% CO2. The cartridges were loaded with three drugs, 

which were injected during the assay, at the following concentrations: 

oligomycin (2μM; Sigma, O4876), FCCP (1μM; Sigma, C2920) and rotenone (1 

μM; Sigma, R8875). The cartridge and calibration plate were placed into the 

XF24 analyzer to equilibrate and calibrate the sensor probes. Following 

calibrations, the Seahorse XF microplate containing the cells was placed in the 

machine and the protocol was run starting with four readings to establish basal 

OCR/ECAR rates, followed by measurements after the injection of the drugs. 

Output measurements were analyzed by Prism and values were corrected for 

MV-specific cell death for each cell type and expressed as OCR in pmol/min 

and ECAR in mpH/min. Six parameters of the mitochondrial stress test from the 

bioenergetics profile were calculated; basal OCR, ATP-linked OCR, proton leak 

OCR, maximal OCR, spare respiratory capacity and non-mitochondrial OCR as 

illustrated in Figure 4-1. Calculations were performed as described in Table 4-

1.  
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Figure 4-1: Schematic of OCR trace from mitochondrial stress test (adapted from 
Nikolajczyk et al., 2017). Firstly added is oligomycin, which inhibits ATP-synthase, 

resulting in a decrease in basal OCR. Next is FCCP, a mitochondrial uncoupler, which 

pushes cells to reach their maximal respiratory capacity. FCCP treatment gives two 

indexes: the maximal OCR capacity of the cells and their spare respiratory capacity 

(SRC; calculated by subtracting the maximal capacity from the basal OCR). The final 

inhibitor added in the assay is rotenone, which completely stops mitochondrial 

respiration.  

 

Table 4-1: Parameters of Seahorse mitostress assay 

Parameter Value Equation 
Non-mitochondrial OCR Minimum rate measurement after 

Rotenone/antimycin A injection 

Basal Respiration (Last rate measurement before first injection)- (Non-

mitochondrial respiration rate) 

Maximal Respiration (Maximum rate measurement after FCCP injection) - 

(Non-mitochondrial respiration) 

H+ (Proton) Leak (Minimum rate measurement after Oligomycin 

injection) - (Non-mitochondrial respiration) 

ATP Production (Last rate measurement before Oligomycin 

injection)- (Minimum rate measurement after 

Oligomycin injection) 

Spare Respiratory Capacity 

(SRC) 

(Maximal respiration) – (Basal respiration) 

SRC as a % of basal OCR (Maximal respiration) / (Basal respiration) x 100 
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4.4 Results  

4.4.1 The impact of MSC transformation and MV infection on 
mitochondrial morphology and distribution 

To explore changes in mitochondrial dynamics and morphology, imaging 

experiments were performed where mitochondria of mock-infected and MV-

infected MSCs were stained with Hoechst, TMRM and Calcein AM. Hoechst 

nuclear stain was used to identify nuclei, TMRM was used to stain mitochondrial 

networks and Calcein AM was used to stain the cytoplasm.   

 

As seen in Figure 4-2, at baseline, hTERT cells exhibited mitochondria which 

were larger and elongated when compared to any of their transformed 

counterparts.  

 

In response to MV infection, whereas hTERT cells retained the same 

mitochondrial morphology, indistinguishable from that of non-infected controls, 

mitochondria of 3H, 4+V and 5H cells looked fragmented following oncolytic MV 

infection, especially at sites of MV-induced syncytia. Since mitochondrial 

morphology is governed by fusion and fission, these observations suggest that 

oncolytic MV infection may perturb the fusion and fission machinery (Figure 4-

2) 
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Figure 4-2: Live-cell imaging of mitochondria in the MSC model. MSCs were 

infected or mock-infected with MV-NSe (MOI of 1.0). At 24hpi and 48hpi, cells were 

stained with 30nM TMRM for 30 minutes at 37°C. This figure shows representative 

images, which were acquired using a fluorescence microscope at 10X magnification 

to assess for mitochondrial morphology.  
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4.4.2 MSC transformation and MV infection are associated 
with alterations of mitochondrial dynamics at a 
molecular level   

 
To investigate further, the impact of MSC transformation and oncolytic MV 

infection I interrogated the RNA-seq data to determine relative gene expression 

levels of the fusion regulators MFN1, MFN2 and OPA1, as well as fission 

regulators, DRP1 and FIS1 in the hTERT and 5H cells with and without 

oncolytic MV infection. Compared to hTERT cells, 5H cells exhibited 

significantly increased baseline expression of MFN2 (Figure 4-3B), OPA1 

(Figure 4-3C) and FIS1 (Figure 4-3E), implying that cellular transformation 

activates the mitochondrial fusion-fission cycle. Since fusion is generally related 

to increased respiration, transformed MSCs may be attempting to increase 

mitochondrial respiration by upregulating fusion regulators MFN2 and OPA1. 

 

Whilst fusion regulators were not affected by MV infection in hTERT cells, viral 

infection significantly upregulated DRP1 expression (Figure 4-3D), suggesting 

MV-induced mitochondrial fission. On the other hand, infection of the 

transformed 5H cells resulted in a lower expression of MFN1 (Figure 4-3A) and 

OPA1 (Figure 4-3C). Taken together, MV infection induced mitochondrial 

fission, via different mechanisms, by directly increasing expression of fission 

regulators or decreasing expression of fusion regulators, in hTERT and 5H 

cells, respectively. Since, mitochondrial fission is a prerequisite for mitophagy, 

these findings are indicative of MV-induced mitophagy in MSCs, irrespective of 

their transformational stage. This is consistent with data from Xia et al., (2014) 

showing that oncolytic MV infection triggers mitophagy [290] .  
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Figure 4-3: Effect of MSC transformation and MV infection on genes involved in mitochondrial dynamics. hTERT and 5H MSCs were 

infected or mock-infected with MV-NSe (MOI of 1.0) and RNA was extracted at 24hpi. mRNA levels of (A) MFN1, (B) MFN2, (C) OPA1, (D) 
DRP1 and (E) FIS1 were quantified by RNA-seq. Data shown is the mean ± SEM of 3 independent experiments. 
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4.4.3 MV infection induces mitochondrial biogenesis in all 
MSCs 

 
To explore whether MV impacted overall mitochondrial biogenesis, 

fluorescence intensities from our imaging experiments were analyzed to assess 

the total area of all mitochondria within a cell (normalized to the cell area), 

mitochondrial number (averaged per cell) and mitochondrial biogenesis. MSCs 

were either mock-infected or MV-infected in the presence and absence of 

fusion inhibitory peptide (FIP), which blocks MV-induced syncytia formation, to 

evaluate the role of syncytia in this context. 

 

At baseline, transformed MSCs had smaller mitochondria compared to non-

transformed hTERT cells as seen in Figure 4-2. Whilst MV infection increased 

the number of mitochondria only in 5H cells (Figure 4-4B), mitochondrial area 

(Figure 4-4A) and mitochondrial biogenesis (Figure 4-4C) were both increased 

by MV infection in all MSCs. This was not correlated to cellular transformation. 

However, none of the changes in response to MV infection reached statistical 

significance. The addition of FIP completely abrogated all the increases 

observed, suggesting that MV-induced syncytia are closely related to the 

mitochondrial alterations. 
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Figure 4-4: Effect of MV infection on mitochondrial biogenesis of MSCs. MSCs were infected with MV-NSe (MOI 1.0) in the presence or 

absence of FIP. Mitochondrial imaging was performed at 24 hours post infection using fluorescent probes TMRM, Calcein AM and Hoechst that 

label the mitochondria, cytoplasm and nuclei, respectively.  Data shown is mean of ± SEM of a single experiment with 8 replicates for each data 

point. 
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To confirm the induction of mitochondrial biogenesis in response to MV 

infection, mRNA levels of the transcriptional co-activator PGC1- a were 

assessed by RQ-PCR. As shown in Figure 4-5, oncolytic MV infection did not 

significantly alter the expression of PGC-1a in any of the MSCs at 24hpi. One 

potential explanation for the observed results is that PGC-1a may not need to 

be overexpressed to be more active. In fact, PGC-1a can be activated by 

several post-transcriptional modifications (PTMs) [292].  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-5: Relative quantification of mitochondrial biogenesis marker PGC-1a 

in MSCs following MV infection. MSCs infected or mock-infected with MV-NSe (MOI 

of 1.0) and RNA was extracted at 24hpi. mRNA levels of PGC-1a was quantified by 

RQ-PCR. Data shown is the mean ± SEM of n=3 independent experiments with data 

collected in triplicate.  

 

 

 

 

 

 

 

 

 



 131 

To confirm the changes in mitochondrial mass correlated to MSC 

transformation, cells were stained with MitoTracker Green (MTG), whose 

fluorescence monitors total mitochondrial mass, and assessed by flow 

cytometry (Figure 4-6). This experiment was performed using all MSCs in the 

absence of MV infection. In contrast to the aforementioned imaging 

experiments indicating increased mitochondrial mass in hTERT cells compared 

to transformed MSCs (Figure 4-4A), the MFI of MTG was similar across cell 

lines suggesting that MSCs do not significantly differ in their mitochondrial 

mass. Unexpectedly, MTG consistently increased with FCCP treatment. FCCP 

was used in this experiment as a negative control, hence MTG should not been 

affected by FCCP-mediated disruption of the mitochondrial membrane 

potential. Future repetition and understanding the reason for this may be 

necessary to correctly asses mitochondrial mass.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-6: Assessment of mitochondrial mass of MSCs. Mitochondrial mass of 

MSCs at basal levels (in the absence of MV infection) were assessed by staining the 

with MitoTracker Green (MTG) and subjecting them to flow cytometric analysis. MFI 

values were plotted. Viable cells were gated according to FSC and SSC characteristics 

and DAPI staining. Data shown for hTERT is from a single experiment. Data for 3H, 

4+V and 5H cells is the mean ± SEM of 3 independent experiments. FCCP is used as 

a negative control.  
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4.4.4 Effect of MV infection on ETC complexes 
Mitochondrial biogenesis is associated with enhanced oxidative metabolism. 

Therefore, I used immunoblotting with antibodies to mitochondrial ETC 

complexes (I-V) to quantify mitochondrial ETC complexes across the 

transformed MSC cells as well as in response to MV infection. As depicted in 

Figure 4-7, baseline levels were similar across the various MSCs, with the 

exception of complex IV, COX II, which showed stronger bands in hTERT cells 

compared to their malignant counterparts. Interestingly, MV infection of MSCs 

did not significantly affect the protein expression of ETC complexes.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4-7: Expression of mitochondrial ETC complexes in response to MV 

infection. Immunoblotting of five mitochondrial ETC complexes; NDUF88, SDHB, 

UQCRC2, COX II and ATP5A, using cell lysates of uninfected and MV-infected MSCs 

collected at 24hpi. GAPDH was used as a loading control. Blot is representative of n=2 

independent experiments.  

 

Additionally, transcriptomic analysis of hTERT and 5H cells showed no 

significant differences in the expression of genes involved in OXPHOS after 

infection in either hTERT or 5H (Appendix). Taken together, data suggests that 

MV infection of MSCs does not significantly impact mitochondrial OXPHOS.  
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4.4.5 MV does not significantly affect ATP production of MSCs 
 

ATP levels would be expected to change with changes in mitochondrial 

respiration, which is associated with enhanced energy production. ATP levels 

were examined in all MSCs at 24 and 48 hours post MV infection using a 

luciferase-based assay. As shown in Figure 4-8, none of the cell lines displayed 

a significant difference in ATP production with the exception of a marked ATP 

increase in 5H cells at 48hpi, possibly reflecting the maximal cell death 

observed at this timepoint, as an increase in ATP is associated with the 

induction of the apoptotic process [293]. This is one explanation; the other 

explanation is that MV infection may be actually inducing this energy release to 

either further support its replication or it’s the cell’s response to keep 

proliferating. 

 

 

Figure 4-8: Effect of MV infection on cellular ATP production. MSCs, either 

uninfected, or post infection with MV-NSe (MOI 1.0) were assessed at 24hpi and 48hpi 

for intracellular ATP production. ATP concentration was quantified using a luciferase-

based assay and represented as fold changes relative to UI controls. Data shown for 

24hpi is for a single experiment performed in 8 replicates. Data shown for 48hpi is the 

mean ± SEM of n=3 with 8 replicates. Statistical analysis is performed using paired t-

test. For 5H 48hpi UI vs MV *p= 0.013 
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4.4.6 The effect of MSC transformation and MV infection of 
cellular bioenergetics  

 
To try to resolve the findings from prior experiments, we employed Seahorse 

XF extracellular flux analysis, which measures oxygen consumption rate 

(OCR), as an indicator of OXPHOS, and extracellular acidification rate (ECAR), 

a consequence of lactic acid production, as an indicator of glycolysis in real 

time. 

 

Mitostress tests were conducted to measure various parameters of 

mitochondrial functions. Illustrative examples for each of the cell types are show 

in Figure 4-9 (See methods section for more detail). The first agent added was 

oligomycin, which inhibits ATP-synthase, resulting in a decrease in basal OCR. 

Next was FCCP, a mitochondrial uncoupler, which pushes cells to reach their 

maximal respiratory capacity. FCCP treatment gives two indexes: the maximal 

OCR capacity of the cells and their spare respiratory capacity (SRC; 

determined as the difference between maximal respiration and basal 

respiration). Finally, rotenone was added, which completely stops mitochondrial 

respiration. Spare respiratory capacity (SRC) or reserve respiratory capacity, is 

the extra mitochondrial capacity available in a cell to produce energy under 

conditions of increased stress or energy demand and is important for long-term 

cellular survival and function [294-297]. 
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Figure 4-9: Profiles of Mito stress test data for OCR. All MSCs were either mock-infected or infected with MV-NSe (MOI of 1.0). At 24hpi, 

OCR was measured under basal and stressed conditions using the Seahorse XF Mito stress test kit. Sequential injections (dotted vertical lines) 

of the indicated inhibitors was used to calculate various parameters of mitochondrial respiration (See methods section for details). Values shown 

are the mean ± SEM of n=2 with 5 replicates for each data point.  
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4.4.6.1 Effect of MSC transformation  

 
We quantified the effect of MSC transformation on baseline cellular 

bioenergetics expressing OCR, ECAR and SRC (N= 2 independent 

experiments) and plotted them as indicated in figure 4-1. Progressive 

transformation was associated with a significant increase in both basal OCR 

(Figure 4-10A) and ECAR (Figure 4-10B) levels, which was correlated with the 

transformational stage implying that transformed MSCs have adopted an 

altered response to ATP demand and glycolysis. This is in agreement with the 

findings from Funes et al., (2007) demonstrating that transformed MSCs rely 

on increased oxidative phosphorylation to meet their bioenergetics 

requirements [217] . 

 

SRC was calculated as the difference between the maximal respiration (after 

FCCP treatment) and basal OCR and expressed as percentage of basal OCR 

in Figure 4-10C. While 3H, 4+V and 5H cells showed no difference in OCR 

under basal and stressed conditions, hTERT cells behaved differently, 

exhibiting an increase of ~90% in OCR following FCCP-induced stress, 

suggesting that more transformed cells have a reduced capacity to respond to 

an energy crisis or stress. 
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Figure 4-10: Progressive MSC transformation is correlated with increased oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) and a decreased spare respiratory capacity (SRC). Determination of basal OCR (A), basal ECAR (B) of MSCs 

using Seahorse XF. (C) Quantification of spare respiratory capacity (SRC) of MSCs using the Seahorse XF Mito stress test kit. SRC was 

expressed the percentage of basal OCR. ***p<0.001, ****p<0.0001 
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4.4.6.2 Effect of MV infection  

 
The Seahorse XF Mito stress tests were carried out at 24hpi (N=2 experiments 

with 5 replicates for each data point) in each of the MSC cells lines to measure 

various parameters of mitochondrial; basal OCR, ATP-linked OCR, proton leak 

OCR, maximal OCR, SRC and non-mitochondrial OCR. As shown in Figure 4-

11, basal OCR was minimally affected by MV infection in all cell lines. Although 

viral infection decreased basal OCR in 5H cells (Figure 4-11D), this did not 

reach statistical significance. In general, MV infection had no significant effect 

on all parameters of mitochondrial respiration in hTERT, 3H and 4+V. 

Interestingly, 5H exhibited a significant decrease of ~50% in proton leak OCR 

and an increase of ~300% in spare respiratory capacity (maximal OCR – basal 

OCR). MV infection significantly increased SRC specifically in 5H cells 

suggesting that infected 5H cells have gained the capacity to increase their 

respiration under stressed conditions, suggesting this as a mechanism utilized 

by MV for supporting its replication.  
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Figure 4-11: Data summary of Seahorse XF cell Mito stress test assays. Values 

of parameters of mitochondrial respiration in uninfected and MV-infected MSCs. Initial 

basal OCR, ATP-linked OCR, proton leak OCR, maximal OCR, SRC and non-

mitochondrial OCR for hTERT, 3H, 4+V and 5H MSCs are depicted as labelled. Values 

shown are the mean ± SEM of n=2 with 5 replicates for each data point. Statistical 

analysis was performed using paired t-test. For 5H proton leak UI vs MV **p=0.0012, 

5H spare respiratory capacity UI vs MV **p= 0.0053. 
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When SRC is expressed as a percentage of basal OCR, as shown in Figure 4-

12, it was significantly increased in both 4+V and 5H cells after oncolytic MV 

infection, implying that this feature is specific to the more transformed MSCs as 

opposed to less transformed 3H and hTERT cells and may be contributory the 

circumstances in which MV replicates more effectively in transformed than non-

transformed cells.  

 

 

 

 

 

 

 

 

 

 

Figure 4-12: Spare respiratory capacity of MSCs following MV infection. SRC (the 

percentage maximum OCR after FCCP injection of baseline OCR) of MSCs after MV 

infection.  Values shown are the mean ± SEM of n=2 experiments with 5 replicates for 

each data point. Statistical analysis is performed using paired t-test. For 4+V UI vs MV 

*p<0.01; 5H UI vs MV ***p<0.0001.  
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4.5 Discussion 
 
The effect of viral infection on the host cell mitochondria is becoming 

increasingly well-recognized with numerous studies reporting virally-induced 

modulation of mitochondrial dynamics and functions.  

 

In the case of MV, studies by Xia et al. (2014) have demonstrated that 

autophagy and mitophagy were both induced by oncolytic MV infection as a 

way to subvert apoptosis and anti-viral innate immunity [290, 291] . This was 

speculated to be a result of mitochondrial fission, a phenomenon which had 

been observed for many viruses including HBV, HCV, DENV, EBV, IAV, HCMV 

and ECTV as a mechanism for supporting their replication [275-282]. 

 

In this chapter, I aimed to investigate the effects of oncolytic measles virus, as 

well as the effects of malignant transformation in our model system, on 

mitochondrial morphology, dynamics, biogenesis and respiration 

(bioenergetics).  

 

Mitochondrial dynamics regulate mitochondrial morphology and size depending 

on the cell’s metabolic needs and a fined-tuned balance between mitochondrial 

fusion and fission is necessary for quality control. Mitochondria lacking fusion 

become more fragmented and aggregated, while loss of fission results in hyper-

fused mitochondrial networks. At baseline, hTERT cells exhibited elongated 

mitochondrial networks compared to their malignant counterparts, suggestive 

of increased mitochondrial surface area. MV infection seemed to have induced 

fusion of mitochondria in transformed 3H, 4+V and 5H cells with fragmented 

mitochondria being concentrated at sites of syncytia.  

 

At a molecular level, 5H cells exhibited elevated expression of genes involved 

in the mitochondrial fusion and fission machinery compared to their normal 

counterparts, indicating that MSC transformation impacted mitochondrial 

dynamics to meet their energy and biosynthesis requirements. MV infection of 

both hTERT and 5H cells favoured mitochondrial fission by increasing FIS1 

expression and decreasing MFN1/OPA1 expression, respectively. This finding 
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confirms the results observed with the mitochondrial experiment suggesting 

MV-induced fission in transformed MSCS. Moreover, this is in consistence with 

the assumption made by Xia et al., (2014) that MV infection induces fission, 

which precedes mitophagy; a mechanism exploited by viruses to restrict 

apoptosis.  

 

Although fluorescence intensities indicated that oncolytic MV infection 

increased mitochondrial mass and biogenesis in all MSCs at 24hpi, this did not 

reach statistical significance. The fluorescence imaging results were reflected 

by ATP production and PGC-1a mRNA levels, which were not altered by MV 

infection in any of the cell lines. 

 

Due to the conflicting results obtained, I was interested in examining the cellular 

bioenergetics in the MSC model using the Seahorse XF extracellular flux 

analysis which can simultaneously give readouts about OCR and ECAR as 

indicators of OXPHOS and glycolysis, respectively, in real time. MSC 

transformation was associated with an increase in both OCR and ECAR, which 

was correlated to the transformational stage of the cells, suggesting that both 

energy-producing pathways are necessary for meeting their energy demands. 

These findings are consistent with the notion that oncogenes activated in our 

model system are associated with increased OXPHOS. The oncogene c-MYC 

has been shown to concurrently drive aerobic glycolysis and/or OXPHOS 

according to tumor cell microenvironment, via the expression of glycolytic 

genes or activation of mitochondrial oxidation of glutamine, respectively [218]. 

Moreover, H-RAS mediated oncogenesis induces increased OCR and 

sensitivity to ETC inhibitors [298]. 

 

Spare respiratory capacity (SRC) is a measure of the cell’s capacity to generate 

ATP via OXPHOS in the event of energy crisis and is therefore an indicator of 

how ‘fit’ the cell can be [296]. We found that MSC transformation decreased 

SRC, suggesting that transformed cells respond to energy crisis less efficiently 

compared to their non-transformed counterparts. This is in agreement with the 

literature reporting that cancer cells have a high basal respiration and lower 



 143 

SRC [299-301]. Moreover, a lower SRC is reported to be associated with a 

reduction in the ability of cells to cope with oxidative stress [299]. 

Sriskanthadevan et al., (2015) demonstrated that acute myeloid leukaemia 

(AML) cells with had lower SRC compared to normal hematopoietic cells and 

were more susceptible to oxidative stress. 

 

In summary, data in this chapter demonstrates modulation of mitochondrial 

dynamics and respiration by MSC transformation and oncolytic MV infection. 

Most interestingly, the findings presented here suggest that basal levels of SRC 

and the capacity of the cell to respond to stress is a determinant of MV-

mediated oncolysis. Although more studies are necessary to validate this 

finding, I speculate that the increased demands on mitochondrial activity and 

OXPHOS in cancer cells lowers their SRC as a result of respiring at maximal 

capacity at baseline, thus making them more susceptible to oxidative stress 

and MV-mediated oncolysis. Evaluating this in more cancer cell lines with 

variable SRC levels will aid in further validating this.   

 

In future studies, it will be imperative to identify switches in metabolic 

parameters and maybe monitor OCR and ECAR in a time-dependent manner 

during the course of viral infection to explore primary changes that we might 

have missed using only the 24 hour timepoint across our experiments. The role 

of MV-induced syncytia in changes in host cell bioenergetics can be evaluated 

by extracellular flux analysis. Furthermore, the combination of ETC inhibitors 

with oncolytic MV may present an attractive therapeutic approach in cancer 

cells relying on mitochondrial oxidative metabolism. In fact, sensitivity to ETC 

inhibitor, metformin (inhibitor of complex I), has been linked to lower SRC [300]. 

In this case, SRC levels can be considered as a biomarker for this kind of 

therapy.   
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Chapter 5 The interplay of oncolytic measles virus 
and the host cell metabolome 

 

5.1 Background 

5.1.1 Metabolomics 
Omics approaches such as genomics, transcriptomics and proteomics have 

revolutionized many fields of biology. More recently, metabolomics has 

emerged as a major and rapidly evolving platform aiming to provide a 

comprehensive description of the metabolome [302]. The metabolome, first 

defined by Oliver et al. (1998), refers to the entire repertoire of small molecules 

or ‘metabolites’, typically less than 1,500 daltons in size, within a biological 

sample. These metabolites act as intermediate or end products of cellular 

metabolic pathways and are necessary for maintenance, growth and normal 

cellular functions [303, 304]. Besides endogenous metabolites, the 

metabolome includes compounds derived from external sources such as diet 

and xenobiotics [305]. In contrast to genomics, transcriptomics and proteomics, 

which identify what might happen, metabolomics is the end point of the omics 

cascade and therefore identifies what is actually happening, hence considered 

to provide the closest readout of the phenotype [306, 307]. 

 

Metabolomics studies can have a targeted or an untargeted approach, based 

on metabolite coverage. Untargeted or global metabolomics aims to quantify 

as many metabolites as possible in a biological sample in an unbiased manner 

without prior knowledge. In contrast, targeted metabolomics is more sensitive, 

aiming at quantifying a limited number of compounds of interest. Current 

metabolomics techniques rely primarily mass spectrometry (MS) and nuclear 

magnetic resonance (NMR) [306, 307].  

 

The last years have witnessed a rising interest in metabolomics, which is 

increasingly being applied to a wide range of applications including discovering 

metabolic functions of enzymes, examining drug toxicities and comparing 

healthy and unhealthy conditions in patients [302, 308]. 
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5.1.2 Viral-induced reprogramming of cellular metabolism 
Viruses rely on host cells metabolic resources for providing energy and building 

blocks necessary for their replication and assembly. The effects of viruses on 

metabolic pathways was demonstrated in the 1950s, when the addition of 

glucose and glutamine to the media resulted in an increase in poliovirus 

production from infected HeLa cells [309]. However, the recent possibility of 

quantifying thousands of metabolites as well as measuring carbon flux using 

isotope labelled carbon sources, has considerably enhanced the understanding 

of specific virally-induced metabolic pathways [310]. Viral metabolomics was 

first employed to examine metabolic alterations of human cytomegalovirus 

(HCMV) in 2006 by Menger et al. By measuring the levels of 63 metabolites 

during the lytic course of viral infection, HCMV was shown to increase the level 

of metabolites involved in the TCA cycle, glycolysis and pyrimidine nucleotide 

biosynthesis [311]. A follow-up study using carbon flux experiments 

demonstrated that HCMV and influenza A virus (IAV) activate the fatty acid 

biosynthesis pathway, identifying this pathway as a target for antiviral therapy 

[312]. Global metabolomics has also been performed on Kaposi’s sarcoma-

associated herpesvirus (KSHV), HSV-1, HCV, HIV, dengue virus, vaccinia 

virus, adenovirus, influenza A virus (IAV) and rhinovirus [313-322]. All these 

reports demonstrated the modulation of core metabolic pathways, particularly 

carbon utilizing pathways; glycolysis, fatty acid synthesis and glutaminolysis 

[323].  

 

5.1.3 Oncolytic viruses and cellular metabolism  
In many ways, the metabolic alterations caused by viruses are comparable to 

those seen in many cancer cells, which need to fulfill their need for continuous 

proliferation. The most well-defined metabolic reprogramming phenomenon by 

cancer cells is what is known as the Warburg effect, where cancer cells divert 

from TCA cycle as their main source of ATP to undertake more glycolysis even 

in the presence of oxygen. This is known as “aerobic glycolysis” [211, 324]. The 

possibility that cancer-specific metabolic transformation contribute to tumour 
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selectivity of oncolytic viruses has not been thoroughly investigated. Li et al. 

(2005) demonstrated that infection of GBM cells with oncolytic MV resulted in 

an increased glucose uptake, thus sensitizing them to treatment with 

dichloroacetate (DCA), a pyruvate mimetic drug which has shown anti-tumour 

activity in a number of cancers [325]. 

 

Moreover, Dyer et al. (2018) reported that similar to most other viruses, 

oncolytic adenovirus enadenotucirev (EnAd) resulted in a greater uptake of 

both glucose and glutamine in infected cancer cells. Surprisingly, viral infection 

was independent of glucose, but required glutamine, suggesting that reductive 

carboxylation, a hallmark of many cancers, is essential for the lifecycle of EnAd. 

Their findings suggest that the metabolic pathways usually activated in cancer 

cells might be supporting viral replication, thereby contributing to its onco-

selectivity [326]. 

 

More recently, Kennedy et al., (2019) investigated the metabolic changes 

associated with reovirus-mediated oncolysis. They found that reovirus infection 

induced glycolysis in cell lines which were relatively resistant to oncolysis. This 

was accompanied with an inhibition of the TCA cycle, resulting in a metabolic 

state unsupportive of reovirus replication [327].  

 

5.2 Hypothesis 
The basal metabolic state of hTERT cells is unsupportive for MV replication 

compared to that of 5H cells and MV induces metabolic reprogramming of 

infected cells to support its replication 

5.2.1 Aims  
1. To explore the metabolic host-MV interplay in two different cell lines, MV-

resistant hTERT cells and MV-susceptible 5H cells, using a global 

metabolomics approach. 

2. To identify candidate metabolites which may potentially be associated 

with susceptibility to MV-mediated oncolysis.  
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5.3 Methods  

5.3.1 Metabolite extraction 
Intracellular metabolites were extracted following the manufacturer’s protocol. 

Briefly, 2 x 106 cells were seeded on 60-mm plates and either mock-infected or 

infected with MVNSe at an MOI of 1.0. 24hpi, the plates were washed twice in 

5ml of wash buffer (5% mannitol solution in Milli-Q water). After removing the 

wash buffer, 400ul of 100% methanol was added to each plate, followed by the 

addition of 275ul of Internal Standard solution and incubated at room 

temperature for 30 seconds. The extracted solution was then transferred to the 

corresponding microtube, kept on ice for 10 minutes and centrifuged at 2,300xg 

for 5 minutes. 350ul of the supernatant was transferred into each of two 

centrifugal filter units (Ultrafree-MC-PLHCC-HMT, pre-washed with Milli-Q 

water). The filter units were centrifuged for approximately 3 hours until no liquid 

remained in the filter cup. Collection tubes were stored at -80°C until shipping 

to HMT packaged in dry ice. Metabolite concentrations measured by HMT were 

normalized based on the number of viable cells. Cell viability was assessed 

using culture plates representing each experimenting group by trypan blue 

excursion assay.  

 

5.3.2 Metabolite quantification 
The absolute concentration of 116 metabolites were analyzed using the 

metabolome analysis package “CARCINOSCOPE” provided by Human 

Metabolome Technologies (HMT; Tsuruoka, Japan). Targeted quantitative 

analysis was performed by HMT on mock-infected and MV-infected hTERT and 

5H cells (n=3) using CE-TOFMS (capillary electrophoresis time-of-flight mass 

spectrometry; Agilent Technologies) for measuring cationic metabolic 

compounds and CE-MS/MS (Agilent) for measuring anionic metabolic 

compounds. Capillary electrophoresis was carried out using Agilent G1600A 

capillary electrophoresis system (Agilent Technologies). The metabolites 

quantified are involved in glycolysis, tricarboxylic acid cycle, pentose phosphate 

pathway, urea cycle, polyamine, creatinine, purine, glutathione, choline, 
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nicotinamides and amino acid metabolism. Their migration times were 

normalized using those of the internal standards.  

 

5.3.3 Analysis of the metabolomics data 
Peaks detected in CE-TOFMS analysis were extracted using the automatic 

integration software MasterHands (ver.2.17.1.11, developed at Keio University) 

and those in CE-MS/MS analysis were extracted using the automatic 

integration software MassHunter Quantitative Analysis (B.06.00, Agilent 

Technologies, Santa Clara, CA, USA) in order to obtain peak information 

including m/z ratio, migration time (MT) and peak area. Annotation of peaks 

was performed by matching peaks with measurements profiles corresponding 

to metabolites from the HMT metabolite database. All metabolite 

concentrations were calculated by normalizing the peak area of each 

metabolite with respect to the area of the internal standard with a known 

concentration.  

 

5.3.4 Metabolomics statistical analysis 
Group comparisons (average in groups, ratio and p-values), principal 

component analysis (PCA) and hierarchal clustering analysis (HCA) were 

performed by HMT using StatSuite (developed by HMT). Welch’s t test was 

used to assess statistical significance (See supplementary tables S1 and S2). 

Pathway analysis was performed by HMT using VANTED (developed by 

Passau University) based on the metabolic pathways that are known to exist in 

human cells according to the information in KEGG database 

(http://www.genome.jp/kegg/). 

 

5.3.5 Glutathione imaging 
For GSH imaging, MSCs were seeded at a density of 3 x 105 cells/well of a 

glass bottom 6-well plate. Cells were mock-infected or infected with MV-NSe 

(MOI 1.0). At 24hpi, cells were stained with 50µM of the cell-permeable 

monochlorobimane (MCB) probe (Invitrogen, Molecular Probes) in the dark at 
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37°C for 30 minutes. The cell-permeable MCB probe is non-fluorescent but 

forms a fluorescent adduct with GSH in a reaction catalyzed by glutathione S-

transferase (GST) [328]. The cells were then washed 1x with PBS and live cell 

imaged using a UV confocal microscope at excitation 380 nm and emission 461 

nm.  

 

5.3.6 Cellular reactive oxygen species (ROS) analysis  
MSCs were seeded at a density of 3x105 cells/well of a 6-well plate and infected 

or mock infected with MV-NSe (MOI 1.0). At 4 hours post infection, cells were 

trypsinized, counted and incubated with 10µM CellROXâ Green Reagent (Life 

Technologies) at 37°C in the dark for 30 minutes. Cells were then washed with 

3x PBS and stained with DAPI before performing flow cytometric analysis. Cells 

were gated according to FSC and SSC characteristics. Viable cells were gated 

according to their DAPI staining. SD1 acute lymphoblastic leukaemia (ALL) 

cells were used as a positive control due to their high intrinsic ROS levels, which 

was confirmed by our lab. For the fluorescence imaging of ROS, 24 hours post 

infection, MSCs were stained with 10µM CellROXâ Green as above, washed 

with PBS and replaced with fresh media. The cells were then imaged on an 

inverted microscope (Zeiss Axio Observer Z1 microscope with apotpome) using 

a 20X objective using excitation at 485nm and emission at 520nm. 5H cells 

treated with cytarabine, a ROS-inducing chemotherapy drug, was used as a 

control.  

 

5.3.7 Exogenous treatment of 5H MSCs with NAC  
N-acetyl-L-cysteine (NAC) (Sigma-aldrich) was dissolved in distilled H2O. 5H 

MSCs were either infected or mock-infected with MV-NSe (MOI 1.0) in the 

absence or presence of NAC at a concentration range of 1-10mM. After 

removal of the viral inoculum, cells were continuously treated with same 

concentration of NAC until the time of the assay. 
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5.4 Results  
To investigate the effects of oncolytic MV on host cell metabolism and identify 

metabolic correlates of MV-mediated oncolysis, as well as to identify which 

metabolic pathways are impacted by MSC transformation and oncolytic MV 

infection, I utilized a targeted metabolic profiling approach to quantify the 

absolute concentration of 116 metabolites in mock-infected and MV-infected 

hTERT and 5h MSC. The overall experimental design is shown in Figure 5-1. 

The list of all metabolites with their absolute concentrations and P-values for all 

comparisons is provided in supplementary table S1.  

 

 

 

 

 

 

 

 

 

Figure 5-1: Overall design of the metabolomics experiment. hTERT and 5H cells 

were plated at the density of 2x106 cells per condition. Cells were either uninfected 

(UI) or MV-infected (MV). 24hpi, cells were counted by trypan blue before performing 

metabolite extraction and sending the samples for metabolomics experiment.  

 

The metabolomics results were analysed by hierarchical cluster analysis (HCA) 

and represented as heat maps in Figure 5-2. The detailed heatmaps with 

relative fold changes are shown in supplementary table S2. In Figure 5-2A, 

baseline alterations in metabolites between hTERT and 5H cells are compared. 

Although variation can be observed within biological replicates of each cell type, 

at least ten metabolites (cluster 2) are at higher levels in 5H cells compared to 

their non-transformed counterparts. Figure 5-2B shows a heat map comparing 

the metabolome of hTERT cells before and after MV infection. A pattern of 

increased levels of metabolites in cluster 6 following MV infection seems to be 

consistent with all replicates. Furthermore, Figure 5-2C, which compares the 
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metabolic profiles of 5H cells before and after infection, suggests that 

metabolite levels fluctuated, and no consistent pattern was observed following 

MV infection.  

 

Principal component analysis (PCA) is a statistical test to help identify clusters 

in a dataset [329]. PCA was used to generate the two-dimensional scatter plots 

shown in Figure 5-3. PCA results showed that the first two components 

accounted for more than 70% of the total variance in all plots. As seen in Figure 

5-3A, there was a clear separation between hTERT and 5H cells, with the 

exception of two samples (hTERT UI1 and 5H UI2) which did not cluster with 

their corresponding replicates. Overall, the separation observed indicates that 

the two cell lines, hTERT and 5H, have distinct metabolic profiles at baseline. 

In the case of MV infection, no clear separation was observed between 

uninfected and MV-infected hTERT cells (Figure 5-3B), as well as between 

uninfected and MV-infected 5H cells (Figure 5-3C), suggesting that MV 

infection does not drastically alter their metabolic profiles.  
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Figure 5-2: Heat map representation of metabolome profiles analyzed 
by hierarchical cluster analysis (HCA) comparing the altered metabolites between (A) hTERT UI and 5H UI (n=3), (B) hTERT UI and hTERT 

MV (n=3) and (C) 5H UI and 5H MV (n=3). Each row represents one metabolite and each column represents each sample. The degrees of red 

colour and of green colour indicate higher and lower contents of the metabolites, respectively. The rows of the data matrix are re-ordered 

according to the hierarchical clustering result, putting similar observation vectors close to each other., UI= uninfected, MV=infected  
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Figure 5-3: Principal component analysis (PCA). Score plots of metabolites in hTERT and 5H uninfected and MV-infected. Each plotted dot 

represents a sample and color coded as shown in legends. Metabolically similar samples are located close to one other in the score plot. PC1 

and PC2 are plotted on x-axis and y- axis, respectively. Each PC represents an axis in multidimensional space and corresponds to the direction 

of maximum variation of the original data. 



 156 

5.4.1 Impact of MSC transformation and MV infection on 
glycolysis 

 
As cellular transformation by itself switches glucose metabolism to aerobic 

glycolysis, what is termed as the “Warburg effect”, we anticipated a difference 

between hTERT and 5H cells, indeed metabolic differences between the cells 

were noted in the original paper by Funes et al. as well as from the 

bioenergetics studies implemented in chapter 4 [217]. I compared mock-

infected hTERT and 5H cells. Interestingly, cellular transformation reduced the 

levels of the early glycolytic metabolites glucose 6-phosphate (G6P) and 

fructose 6-phosphate (F6P) and increased metabolites fructose-1, 6-

bisphosphate (F1, 6P) and glyceraldehyde 3-phosphate, whereas lower 

glycolytic intermediates were minimally affected by cellular transformation 

(Figure 5-4A).  

 

Glycolysis was also one of the perturbed metabolic pathways in response to 

MV infection. As shown in Figures 5-4B and 5-4C, the levels of almost all 

detected glycolytic metabolites increased in MV-infected hTERT and 5H cells, 

compared to their mock-infected counterparts. The main carbohydrate product 

of glycolysis, pyruvate or pyruvic acid, was similarly elevated in response to MV 

infection in both cell lines. 

 

The glycolytic enzyme hexokinase 2 (HK2) is the first regulatory point of 

glycolysis [330]. I therefore interrogated the RNA-seq data for HK2 expression 

levels in hTERT and 5H cells at 24hpi as shown in Figure 5-4D. At baseline, 

HK2 was significantly overexpressed in 5H cells compared to their normal 

counterparts, further suggesting increased glycolytic flux as indicated by 

metabolomics data. Also supporting our metabolomics data was the 

observation that MV infection increased HK2 gene expression in hTERT cells 

(FC=1.7, p<0.001). Although MV infection induced HK2 expression in 5H cells, 

this was not found to be statistically significant. 
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Figure 5-4: Impact of MSC transformation and MV infection on the glycolytic pathway. (A-C) Graphs of metabolites involved in glycolysis. 

The bars/lines represent absolute concentrations of each metabolite in hTERT uninfected (green), hTERT MV-infected (yellow), 5H uninfected 

(blue) and 5H MV-infected (red). (D) HK2 mRNA expression at 24hpi from RNA-seq results. 
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5.4.2 Impact of MSC transformation and MV infection on the 
tricarboxylic acid (TCA) cycle  

 
Acetyl-coenzyme A (CoA) represents an important metabolite, linking glycolysis 

to the TCA cycle. It is also involved in fatty acid and de novo lipid biosynthesis. 

Acetyl-CoA is predominantly converted from pyruvate by enzyme pyruvate 

dehydrogenase (PDH), after which it feeds into the TCA cycle [331]. The 

analysis of intermediate metabolites of the TCA cycle is shown in Figure 5-5. 

At baseline levels, in agreement with our previous flux data (presented in 

chapter 4), showing higher OXPHOS in 5H cells compared to hTERT cells, the 

levels of TCA constituents were markedly increased in 5H cells, suggesting that 

the metabolic demand for energy generation was higher in the transformed 

cells (Figure 5-5A).  

 

Following MV infection, levels of acetyl-CoA increased slightly in both hTERT 

and 5H MSCs. As shown in Figure 5-5B, a general trend of elevation was 

observed for the detectable TCA metabolites; citric acid, succinic acid and 

fumaric acid, in MV-infected hTERT cells. Interestingly, an opposite effect of 

MV infection was observed in 5H cells, resulting in an overall decrease in the 

TCA metabolite pool, with the exception of succinic acid (figure 5-5C). This was 

despite of MV-induced acetyl-CoA, indicating that the produced acetyl-CoA 

may be directed for use in lipid metabolism and/or cholesterol synthesis.  

 

Major enzymes involved in the TCA cycle are depicted in Figure 5-5C and 

genes encoding these enzymes, which were differentially expressed (p<0.05), 

are shown in Figure 5-5D. In agreement with metabolomics results and flux 

data, I found 6 out of 9 genes to be significantly upregulated in uninfected 5H 

cells compared to uninfected hTERT cells.  
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Figure 5-5: Impact of MSC transformation and MV infection on the TCA cycle. (A-C) Graphs of metabolites involved in the TCA cycle. The bars/lines represent absolute 

concentration of each metabolite in hTERT uninfected (green), hTERT MV-infected (yellow), 5H uninfected (blue) and 5H MV-infected (red). (D) A schematic diagram of the TCA 

cycle with the major enzymes involved. (E) Table summarizing changes in gene expression of genes involved in the TCA cycle from analysis of the RNA-seq. 
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5.4.3 Impact of MSC transformation and MV infection on the 
pentose phosphate pathway (PPP) and purine synthesis 

 
The pentose phosphate pathway (PPP) is an alternative pathway parallel to 

glycolysis, utilizing glucose as a carbon source, taking place in the cytosol. It is 

comprised of an oxidative phase, in which NAPDH is produced and a non-

oxidative phase which results in the synthesis of 5-carbon sugars. NAPDH is 

then used in reductive biosynthesis such as fatty acid synthesis and ribose-5-

phosphate is used for the generation of nucleotides and nucleic acids [332]. 

 

Linking PPP and purine metabolism is phosphoribosyl pyrophosphate (PRPP). 

PRPP is involved in the de novo synthesis of purine and pyrimidine nucleotides 

and is synthesized from ribose 5-phosphate in the reaction shown in figure 5-

6D. Ribose-5 phosphate isomerase A (RPIA) isomerizes Ru5p into R5P, while 

phosophoribosyl pyrophosphate synthetase isoforms I and II (PRPS1 and 

PRP2) convert ribose-5-phosphate into PRPP [333]. 

 

The analysis of intermediate metabolites of the PPP is depicted in figure 5-6. 

PPP intermediates ribose 5-phosphate (R5P) and ribulose 5-phosphate (Ru5P) 

are at higher levels in 5H cells compared to hTERT cells at baseline, as 

expected, suggesting that in transformed cells, the PPP is activated to meet 

their biosynthetic requirements. This, in turn, resulted in increased PRPP 

production in 5H cells as shown in Figure 5-6A.   

 

Following MV infection, both R5P and Ru5P increased in hTERT and 5H cells 

compared to their uninfected controls (Figure 5-6B and 5-6C). PRPP levels 

were more abundant in MV-infected hTERT cells compared to their levels in 

uninfected cells (Figure 5-6B). Interestingly, MV infection of 5H resulted in a 

decreased concentration of PRPP, which correlated with the significant 

decrease in transcript levels of several PPP enzymes including PRPS1, PRPS2 

and RPIA as shown in Figure 5-6E.  

 
Overall, purine levels were induced by MV infection in hTERT cells, resulting in 
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a high level of uric acid, which has been implicated in immunity as a scavenger 

of oxygen singlets and radicals [334] (Figure 5-7A). MV-infected 5H cells 

exhibited almost no change in their purine levels compared to uninfected 

control 5H cells, with the highest increase observed for adenosine and xanthine 

(Figure 5-7B). This is probably due to low levels of PRPP and IMP, 

the precursors of purine synthesis  
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Figure 5-6: Impact of MSC transformation and MV infection on the pentose phosphate pathway (PPP). (A-C) Graphs of metabolites 

involved in the PPP. The bars/lines represent absolute concentration of each metabolite in hTERT uninfected (green), hTERT MV-infected 

(yellow), 5H uninfected (blue) and 5H MV-infected (red). (D) Synthesis of 5-phosphoribosyl-1 pyrophosphate (PRPP). Ru5P is converted to R5P 

through ribose-5-phosphate isomerase (RPIA) enzyme catalysis. During nucleotide biosynthesis, R5P is activated by PRP synthetase (PRPS1 

and PRPS2) to form PRPP. (E) RPIA, PRPS1, PRPS2 mRNA expression at 24hpi analyzed from RNA-seq data. 
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Figure 5-7: Impact of MSC transformation and MV infection on purine metabolism. (A-C) Graphs of metabolites involved in purine 
metabolism. The bars/lines represent absolute concentration of each metabolite in hTERT uninfected (green), hTERT MV-infected (yellow), 
5H uninfected (blue) and 5H MV-infected (red). 

C 
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5.4.4 Impact of MV infection on energy metabolites 
 
Total adenylate is the sum of adenylate phosphates, ATP, ADP and AMP and 

total guanylate is the sum of guanylate phosphatases GTP, GDP and GMP. 

These were evaluated by the following equation:  

Total adenylate= [ATP] + [ADP] + [AMP], Total guanylate= [GTP] + [GDP] + 

[GMP] 

 

Total adenylate and total guanylate are often affected by the rate of de novo 

purine synthesis and decrease under stressed conditions [335]. As seen in 

figure 5-8A, whilst MV infection had very little effect on energy metabolites ATP, 

ADP and AMP in 5H cells, these metabolites were slightly increased in hTERT 

cells. A similar pattern was observed for GTP, GDP and GMP (Figure 5-8B).  
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Figure 5-8: Impact of MSC transformation MV infection on energy metabolites. (A-B) Graphs of energy metabolites. 

The bars/lines represent absolute concentration of each metabolite in hTERT uninfected (green), hTERT MV-infected 

(yellow), 5H uninfected (blue) and 5H 
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5.4.5 MSC transformation and MV infection alter glutathione 
metabolism 

 
Glutathione is the most abundant antioxidant and plays a key role in maintaining 

intracellular redox balance [336]. It is synthesized from glutamate, cysteine and 

glycine in a two-step process via two cytosolic enzymes. The first step is 

catalyzed by the enzyme gamma-glutamyl-cysteine synthetase (GCLC) to join 

glutamate and cysteine. The second step involves the addition of glycine and 

is carried out by the enzyme glutathione synthetase (GSS) [337]. Glutathione 

is present in the cell in a reduced form (GSH) and an oxidized form (GSSG) 

and the ratio of GSH to GSSG is often used as an indicator of the cellular redox 

state [338]. Under healthy conditions, the majority of the glutathione pool is in 

the reduced form (GSH). However, exposure to oxidative stress leads to the 

accumulation of GSSG, decreasing the ratio of GSH-to-GSGG. 

 

As shown in Figure 5-9A, at baseline, GSH levels were markedly and 

significantly (p<0.05) reduced in uninfected 5H cells compared to their levels in 

control uninfected hTERT cells, suggesting a compromised or ineffective 

antioxidant defence mechanism associated with MSC transformation. A similar 

pattern was observed for cysteine metabolism with levels being almost non-

detectable in 5H cells. Furthermore, the GSH/GSSG ratio was significantly 

higher in hTERT cells compared to 5H cells at baseline, suggesting that 5H 

cells are under oxidative stress. 

 

MV infection of hTERT cells increased GSH synthesis. This was also reflected 

by the elevation of glutathione precursors, cysteine, glutamate and glycine. 

Moreover, MV infection resulted in a slight reduction in GSH/GSSG in hTERT 

cells indicative of MV-induced oxidative stress (Figure 5-9A). On the contrary, 

levels of glutathione, glutamate and glycine were minimally affected in 5H cells 

in response to MV infection (Figure 5-9A).  

 

To complement the metabolomics results, I interrogated the RNA-seq data for 

GCLC and GSH mRNA expression levels and found that they were not affected 
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by MV infection in hTERT or 5H cells. However, two genes encoding serine 

hydratase like (SDSL) and aminopeptidase (LAP3), which fuel into cysteine 

metabolism, were differentially expressed in response to MV infection. As seen 

in Figure 5-9B, there is a significant increase in SDSL (FC=2.5, p<0.001) and 

LAP3 (FC= 4.9, p<0.001) mRNAt levels following MV infection of 5H cells, likely 

contributing to cysteine biosynthesis. Similarly, MV infection of hTERT induced 

a 4-fold upregulation in LAP3 gene expression (figure 5-9B).  

 

To further validate the above results, GSH was visualized by fluorescence 

microscopy in uninfected and MV-infected cells stained with the cell-permeable 

dye monochlorobimane (MCB). MCB is essentially non-fluorescent until it 

reacts with reduced GSH to form a blue fluorescent product [328]. As seen in 

Figure 5-9C, GSH was minimally affected by MSC transformation and MV 

infection. One potential explanation for this finding is that MCB may be non-

specifically binding to other thiols present in the cells and not to only the 

reduced form of glutathione [339, 340].  
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Figure 5-9: MSC transformation and MV infection alter glutathione metabolism. 
(A) Graphs of metabolites involved in glutathione synthesis. The bars/lines represent 

absolute concentration of each metabolite in hTERT uninfected (green), hTERT MV-

infected (yellow), 5H uninfected (blue) and 5H MV-infected (red). The figure includes 

a schematic of the glutathione synthesis reaction. (B) Quantification of SDSL and 

LAP3 expression at 24hpi from RNA-seq results. (C) Representative fluorescence 

imaging of MSCs uninfected and 24hpi after staining with50µM MCB for 30 minutes to 

visualize glutathione. 
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5.4.6 Basal ROS is positively correlated with MV-mediated 
oncolysis 

 
In order to determine the role of intracellular reactive oxygen species (ROS) in 

susceptibility to MV-mediated oncolysis, basal and MV-induced ROS were 

measured by flow cytometry. Attempts to quantify ROS induced by MV were 

challenging due to syncytia formation post infection which result in an 

underestimation of values. For this reason, ROS was measured at an early 

timepoint post infection (4hpi), by staining the cells with CellROX Green 

reagent. Positive controls for ROS were SD1, acute lymphoblastic leukemia 

(ALL), cells which have been shown by our host laboratory to exhibit high 

intrinsic ROS levels.  

 

Flow cytometric analysis of intracellular ROS at baseline level demonstrated 

that the percentage of cells positive for CellROX Green was lowest for hTERT 

cells and increased significantly with cellular transformation in 4+V and 5H cells 

(Figure 5-10A). This finding is in agreement with data from Funes et al., (2014) 

demonstrating ROS accumulation with oncogenic MSC transformation [341]. 

On the contrary, the mean fluorescence intensity (MFI) of CellROX Green was 

not affected by cellular transformation as seen in figure 5-10B. Interestingly, 

flow cytometric analysis of MSCs at 4hpi demonstrated that MV did not affect 

ROS production in any of the cell lines at this timepoint (Figure 5-10C).  

 

To validate the above finding, fluorescence microscopy of CellROX Green-

stained MSCs as well as 5H cells treated with cytarabine (positive control) was 

performed. As seen in figure 5-10D, ROS production was increased in 

transformed MSCs compared to their normal counterparts. At 24hpi, ROS 

production increased in all cell lines, with a marked increase in hTERT cells 

specifically, suggesting that MV infection of MSCs induces ROS at this 

timepoint.   
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Figure 5-10: Basal ROS level is positively correlated with MV-mediated oncolysis.  MSCs were stained with CellROX Green Reagent and 

analyzed by flow cytometry. SD1 ALL cells were used as a positive control. (A) and (B) show CellROX Green percentage and MFI, respectively 
(n=3). (C) CellROX Green MFI of MSCs at 4hpi relative to uninfected controls (n=3). (D) Representative fluorescence microscopy images of 

uninfected and MV-infected MSCs at 24hpi, showing localization of ROS, by staining with CellROX Green (10µM). 5H +Cytarabine was used as 

a positive control. 
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5.4.7 Exogenous antioxidant treatment inhibits viral 

replication 
 
The above data suggested that the lack of an intact oxidative response may 

play a role in the oncolytic selectivity of MV. I therefore asked whether it was 

possible to ‘rescue’ the highly susceptible 5H cells from MV-mediated oncolysis 

by the external supplementation of the antioxidant and ROS-scavenger N-

acetyl-L-cysteine (NAC), the synthetic precursor of intracellular cysteine and 

glutathione [342]. Hence, 5H MSCs were treated with NAC at concentrations 

ranging from 1 to 10mM at the time of viral infection as well as continuously 

after infection. As shown in Figure 5-11A, NAC treatment delayed MV-mediated 

cell death. While cells infected without NAC and at the lowest concentration of 

NAC (1mM) were almost completely lifted off at 48hpi, cells treated with 5mM 

and 10mM NAC were ‘stuck’ in the syncytia phase and have not begun to lift 

off, suggesting that NAC treatment may be delaying the MV-induced cell killing. 

Quantification of MV-N gene expression by qRT-PCR at 30hpi showed that 

NAC treatment reduced viral replication in a dose-dependent manner with the 

maximum reduction observed at the highest concentration of NAC (10mM) 

(Figure 5-11B).  
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Figure 5-11: Exogenous antioxidant treatment inhibits viral replication (A) 
Representative bright-field microscopy images of 5H cells pre-treated with variable 

concentrations of NAC (1-10mM) and either uninfected or infected with MV-NSe (MOI 

1.0). (B) MV-N mRNA expression levels as assessed by QR-PCR for 5H cells (pre-

treated with NAC) at 24hpi. Data shown are relative to housekeeping gene GAPDH 

and normalized to uninfected control cells (n=3).  
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5.4.8 Basal NRF2 gene expression is negatively correlated 

with MV-mediated oncolysis 
 
Another important player in the antioxidant response is the transcription factor 

NF-E2-related factor (NRF2), which regulates gene expression of a number of 

antioxidant enzymes by binding to their promoter regions [343]. I analysed the 

full set of sequentially transformed MSCs for basal expression of NRF2 in the 

absence of MV infection by QR-PCR (Figure 5-12A). Baseline NRF2 

expression was progressively decreased with MSC transformation, with a 

significant reduction in 5H cells compared to hTERT cells. This is consistent 

with findings from Funes et al., (2014) showing transcriptional downregulation 

of NRF2 with MSC transformation, which was found to be a result of the 

activation of the RAS/RAF/ERK pathway [341]. This baseline reduction NRF2 

expression levels was positively correlated with the degree of MV-mediated 

oncolysis (Figure 5-12B). Moreover, NRF2 gene expression was not 

significantly affected at 24 hours after MV infection in any of the MSCs (Figure 

5-12C).  
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Figure 5-12: Basal NRF2 gene expression is negatively correlated with MV-
mediated oncolysis.  (A) NRF2 mRNA expression levels as assessed by QR-PCR 

for all MSCs. Data shown are relative to housekeeping gene GAPDH and normalized 

to hTERT cells (n=3) (B) Correlation between NRF2 mRNA expression level and the 

percentage of MV-specific cell death in MSCs. r= correlation coefficient. (C) NRF2 

mRNA expression levels as assessed by QR-PCR for all MSCs at 24hpi. Data shown 

are relative to housekeeping gene GAPDH and normalized to uninfected control cells 

(n=3).  
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5.5 Discussion 
 
Reprogramming of cellular metabolism is one of the hallmarks of cancer cells 

[344] and it is now recognized that most, if not all, oncogenes and tumour 

suppressors are key regulators of metabolic pathways [345]. Studies of cancer 

metabolism have developed from the pioneering work of Otto Warburg during 

the 1920’s, when cancer cells were proposed to preferentially utilize glucose as 

a carbon source for aerobic glycolysis [346].  

 

Extracellular flux analysis from chapter 4 suggested that under basal 

conditions, progressive MSC transformation was associated with a shift to 

increased glycolytic activity and an enhanced mitochondrial respiration via 

OXPHOS. In agreement with this, our metabolomics data showed that almost 

all TCA metabolites were elevated in fully transformed 5H cells compared to 

hTERT cells. Counterintuitively, most of the glycolytic intermediates were 

reduced by cellular transformation even when HK2 levels were upregulated. 

These opposing observations may be a result of the cell culture media, which 

was not changed during the course of infection. As the proliferation rate of 5H 

cells massively exceeds that of hTERT cells, and the concentration of glucose 

and glutamine that the cells can uptake were becoming less abundant, 

readouts of 5H metabolites may have therefore been underestimated. Another 

drawback of this study is the different size of the cells under investigation. 

hTERT cells are spindle-shaped fibroblasts and are bigger in size than their 

transformed counterparts, 5H cells. This can skew the results, with hTERT cells 

showing generally increased metabolite levels. Given that the metabolomics 

results were normalized to cell number, this bias most likely exists [347]. If this 

work is to be repeated, normalization to protein content could serve to correct 

for this bias.  

 

In ways similar to cancer cells, viruses have evolved to hijack the host cell 

metabolism using different strategies according to their metabolic needs. These 

effects have been virus-specific and sometimes cell-specific. For instance, the 

closely related herpesviruses, HCMV and HSV-1, implement opposite 

metabolic effects. While HCMV increases glucose uptake and the drive of 
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carbon from glucose to the TCA cycle to support fatty acid synthesis, HSV-1 

diverts glucose towards nucleotide synthesis. Concurrently, TCA cycle 

metabolites are increased in HCMV and decreased in HSV-1 infected cells. 

These differences have been attributed to the faster replication cycle of HSV-1 

(24 hours) compared to 96 hours for HCMV [322].  

 

The present study is, to our knowledge, the first targeted metabolomics analysis 

of oncolytic measles virus. Complementary to this, a global transcriptomic 

approach was carried out (see chapter 3). Metabolomics results demonstrated 

that MV infection targets several facets of the host cell metabolome. Glycolysis 

represents a pathway targeted by a wide range of viruses [323]. Similarly, MV 

infection of hTERT and 5H cells resulted in the overall increase of glycolytic 

metabolites, suggesting that MV may be utilizing glucose as a primary carbon 

source and that glycolysis may be essential for viral replication. This glycolytic 

dependence of MV should be validated in future experiments by treating the 

cells with competitive inhibitor of glucose-6-phosphate isomerase, 2DG, to 

inhibit glycolysis and assess the effect on MV replication and production.   

 

The activation of the TCA cycle in hTERT cells by MV infection is perhaps the 

result of virally-induced oxidative stress, pushing the cells to generate more 

energy through the TCA cycle. These effects were not observed for 5H cells, 

where the TCA metabolite pool was somewhat stable during infection. How and 

if this is beneficial for MV replication is yet to be determined. TCA cycle 

induction would ultimately result in changes in ATP and GTP energy 

metabolites. Dramatic changes in energy metabolites, due to their widespread 

utilization, could impact the balance of metabolic interactions. This is why a 

virus may benefit from maintaining levels close to normal physiological level 

[311]. Alternatively, the high basal levels of TCA metabolites in 5H compared 

to hTERT cells may be sufficient to provide both the cancer cell and the virus 

with the required building blocks.  

 

MV infection altered PPP intermediates in both hTERT and 5H cells. The 

increased level of PRPP, a metabolite involved in purine synthesis, in MV-

infected hTERT cells suggests that the virus may be attempting to utilize them 
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for its own macromolecular synthesis. In contrast, MV infection of 5H cells 

reduced PRPP production, contributing to the lack of purines available for 

proliferation of these cells as well as for virus replication. These observations 

suggest that due to the variable rate of viral infection within a population of cells, 

cells at a later stage of infection may be masking the effects of MV on cells at 

earlier stages. 

 

Perhaps the most prominent modulation of metabolism by MV infection was 

that observed for the cellular redox status. Initially, at baseline levels, 5H cells 

have a significantly lower reserve of GSH compared to hTERT cells, suggesting 

that transformed cells may be supporting an environment where the virus can 

replicate within a compromised antioxidant system. The further depletion of 

glutamine in 5H cells after MV infection implicated that the cells are under 

oxidative stress. This was paralleled by the increase in cysteine metabolism, 

the precursor for glutathione synthesis. This is likely the cell’s defence 

mechanism to recycle and increase its glutathione reserve. Additionally, this 

may be a compensatory mechanism for MV to ensure its survival by 

compensating for the compromised antioxidant response.  In contrast to these 

findings, MV infection of hTERT cells increased glutathione synthesis, thereby 

further increasing its antioxidant capacity and limiting viral replication. This was 

further confirmed by the positive correlation between baseline ROS levels and 

MV-mediated oncolysis.  Supplementation of MV-susceptible 5H cells with the 

ROS-scavenger NAC decreased viral replication and delayed MV-mediated cell 

death and syncytia formation, further supporting this notion. The effect of NAC 

on restricting viral infection has been previously documented for influenza A 

virus [348]. Furthermore, basal gene expression levels of NRF2, a transcription 

factor which binds to promoter regions of several antioxidant genes, was 

negatively correlated with MV-specific cell death, as reported by the original 

group who developed the employed stromal model [341].  

 

Taken together, these findings suggest that the compromised antioxidant 

system in transformed cells is a potential determinant of susceptibility of MV-

mediated oncolysis, conferring oncolytic MV its tumour-selectivity. Future 

experiments to evaluate the consequences of GSH depletion in the MV-
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resistant hTERT cells on their susceptibility to MV infection ought to further 

confirm our findings. GSH depletion can be mediated by treatment with 

buthionine sulfoximine (BSO), an inhibitor of y-glutamyl synthase, which leads 

to reduced GSH levels [349]. 

 

Taken collectively, data in this chapter has identified MSC transformation-

mediated and MV-specific metabolic alterations and highlighted the cellular 

antioxidant system as a determinant of MV tumour-selectivity. However, more 

work to decipher the molecular mechanisms behind these metabolic are 

necessary.  
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Chapter 6 General Discussion 
 

The oncolytic potential of attenuated vaccine strains of measles virus is well 

documented in pre-clinical models and is currently being tested in clinical trials 

against a wide range of malignancies. Data from phase I/II clinical trials were 

encouraging and demonstrated that oncolytic MV as a safe and well-tolerated 

oncolytic agent. Despite the advancements in this field, there remains to be a 

limited mechanistic understanding of the factors that confer MV its tumour-

selectivity. This thesis has focused on probing these mechanisms as well as 

exploring the interactions that take place between the oncolytic virus and the 

host cell. Identifying the factors that allow oncolytic MV to differentiate between 

healthy and tumour cells is imperative for driving this promising anticancer 

agent forward into new clinical trials and selecting patients who are more likely 

to benefit from MV oncolytic virotherapy.  

 

 

6.1 Differentiating between normal and cancer cells  
A number of studies as well as previous work from my host laboratory have 

highlighted the importance of an intact innate immune response in restricting 

MV infection. Whereas other investigators have compared MV-permissive and 

non-permissive cancer cell lines to investigate the mechanisms of virus 

selectivity, work from my host lab is the first to employ a well-characterized 

model of step-wise transformation of bone marrow-derived MSCs, allowing the 

direct comparison of the consequences of MV infection, in primary normal cells 

and their malignant counterparts. 

 

Chapter 3 demonstrates the enhanced permissiveness, productivity and 

susceptibility to MV-mediated cell killing and MV-induced syncytia formation of 

fully immortalized MSCs compared to healthy non-transformed MSCs (hTERT).  

 

The variable cell division rates across the transduced MSCs suggests that cell 

division rate may contribute, at least to some extent, to their differential 
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susceptibility to MV-mediated oncolysis by increasing their capacity to support 

viral replication. A recent study has demonstrated that Newcastle disease virus 

(NDV) selectively infected dividing cells in their S/G2 phase [350]. In cancer 

cells, cell cycle regulation and cell proliferation are typically disrupted as a result 

of the activity of oncogenes and loss of tumour suppressor genes. Studies have 

shown that some oncolytic viruses, including reovirus and myxoma virus, 

preferentially target p53-deficient or p53-mutant cells, as normal cells with 

intact p53 would undergo apoptosis upon infection [351]. 

 

In the model used in my studies, 3H and 5H cells exhibit very similar cell division 

rates, whereas 4+V cells show the highest proliferation rate. However, 4+V and 

5H cells are equally susceptible to MV-mediated oncolysis, with 3H cells being 

considerably less permissive. This suggests that while the fast-dividing 

characteristics of the cells may render them permissive to MV infection, it is not 

a main contributor to the differential permissiveness to MV-mediated oncolysis 

in this model. Whilst cell division rates may have influenced readouts of viral 

productivity and MV-mediated cell death, it is less likely to have affected the 

transcriptomic and metabolic data, where data has been normalized to cell 

number.  

 

Moreover, cancer cells have acquired genetic defects, which are targeted by 

oncolytic viruses to achieve their oncoselectivity. For example, defective innate 

antiviral immune responses in the type 1 IFN and RNA-dependent protein 

kinase response (PKR) pathways are common in tumour cells, to facilitate their 

escape from the host immune system [143]. Oncolytic viruses such as VSV and 
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MV have been shown to target this characteristic [161, 245, 252, 253]. Another 

common feature of tumour cells is constitutively activated Ras pathway, which 

can block the activation of PKR and impair the type 1 IFN pathway, promoting 

viral protein translation and successful viral replication in tumour cells [352]. 

 

The observed differential susceptibility of the transduced MSCs to MV-

mediated oncolyis was not related to differences in MV receptor 

overexpression. However, upon investigating the innate immune response 

resultant upon MV infection, an upregulation of MV sensing molecules RIG-I 

and MDA-5 was only found in hTERT MSCS at 24hpi, suggesting a potential 

role of the innate immune system in restricting MV-induced oncolysis in this 

model. Moreover, production of IFNb was significantly reduced and delayed, in 

accordance with the level of cellular transformation and pre-treatment of 5H 

cells with exogenous IFNb restored their resistance to MV-mediated oncolysis. 

Consistently, STAT1 phosphorylation was delayed and reduced in the fully 

transformed 5H cells compared to their normal counterparts. RNA-seq to 

identify genetic correlates of susceptibility to MV oncolysis revealed a 

dampened basal level of immune-related genes in 5H cells compared to hTERT 

cells with IFITM1 as the foremost basally downregulated immune gene. Stable 

overexpression of IFITM1 in 5H cells resulted in a 50% increase in cell viability 

and a significant reduction in viral replication at 24hpi compared to control non-

transduced 5H cells. Despite this reduction by 24hpi, multinucleated syncytia 

were readily apparent by 48hpi and cell killing reached levels similar to those 

in control 5H cells, suggesting that IFITM1 acts as a restriction factor for early 

stages of oncolytic MV infection in this model. Although there is a number of 

putative mechanisms of the viral inhibitory actions of the IFITM proteins, 

including altering the fluidity of cellular membranes and blocking fusion of 

enveloped viruses with target cells [353, 354]. Whether this is the relevant 

mechanism of preventing oncolytic MV infection remains to be elucidated. 

Moreover, it is extremely likely that IFITM1 exerts its actions together with other 

co-factors, which remain to be identified.  
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6.2 Impact of MV on mitochondrial functions and host cell 

bioenergetics  
Chapter 4 focuses on investigating the effects of oncolytic MV on mitochondrial 

dynamics, functions and respiration. The hypothesis that MV-infected cells are 

metabolically active was derived from previous findings stemming for the 

observation that when cell viability was assessed by MTS assay, which relies 

on mitochondrial activity, MV-infected cells typically gave paradoxical readouts 

suggesting enhanced viability although other methods clearly demonstrated 

ongoing cell death.  

 

Mitochondrial dynamics (fusion and fission) influence nearly all aspects of 

mitochondrial functions including mitochondrial respiration, type 1 IFN induction 

and mitophagy [270, 355]. Whether oncolytic MV results in dysregulated 

mitochondrial dynamics and altered expression of fusion and fission regulators 

is unknown. Mitochondrial imaging revealed a hyperfused mitochondrial 

network in MV-infected 3H, 4+V and 5H cells, which were concentrated at sites 

of multinucleated syncytia. The induction of mitochondrial fusion has been 

demonstrated to be an effect of stressful conditions, pushing the cells to 

maximize their energy production [355]. Careful examination of mitochondrial 

morphology at a higher resolution may be necessary for confirming these 

observations. Gene expression of fusion and fission regulators suggested that 

MV infection induced mitochondrial fission in hTERT and 5H cells.  

 

I found no evidence that MV infection impacted either mitochondrial mass (size 

and/or number) or mitochondrial biogenesis in any of the MSCs using 

fluorescence imaging of the mitochondria. Quantification of the master 

regulator of PGC-1a suggested MV infection did not significantly affect the 

expression levels in any of the MSCs. However, gene expression may not be 

the sole determinant of PGC-1a activity. Indeed, post transcriptional 

modifications (PTMs) have been reported by a number of studies [292]. Hence, 

future studies are required to delineate the effects of PTMs of PGC-1a on 

mitochondrial biogenesis in this model.  Furthermore, cellular bioenergetics 

analysis using extracellular flux assays suggested that basal levels of OCR 
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were not significantly different in MV-infected MSCs to that of their uninfected 

controls.  

 

As expected, OCR and ECAR both increased progressively with MSC 

transformation, in concordance with the original paper developing this stromal 

model [217]. Most strikingly, the spare respiratory capacity (SRC), which 

indicates the cell’s ability to respond to energy crisis, was significantly higher in 

MV-resistant hTERT cells compared to their malignant counterparts, 4+V and 

5H cells, suggesting that baseline levels of SRC may be indicative of the cell’s 

permissiveness to oncolytic MV. Whether this is specific to our model or a 

general phenomenon needs to be addressed by further evaluation of SRC, 

where possible in a range of cancer cells, and assess the correlation with MV-

mediated oncolysis.  

 

6.3 The impact of MSC transformation and oncolytic MV 

infection on the host metabolic pathways  
Chapter 5 explores the host-virus interaction on the metabolic level using 

metabolomics, as well as the effect of MSC transformation on the host cell 

metabolome. Various metabolic pathways including the TCA cycle, glycolysis, 

PPP and purine synthesis were perturbed by MSC transformation, and to a 

lesser extent by MV infection.  

 

Metabolomics analysis highlighted a differential level of glutathione production 

in hTERT and 5H cells, with MV-susceptible 5H cells exhibiting significantly 

lower levels of intracellular glutathione as well as a decreased ratio of GSH to 

GSSG, at baseline, strongly indicating cell stress. Indeed, flow cytometric 

analysis of ROS revealed that ROS production in MSCs increased with cellular 

transformation suggesting intrinsic oxidative stress. This was in concordance 

with reduced expression levels of the antioxidant NRF2 in transformed MSCs, 

which correlated with the percentage of MV-specific cell killing. The above 

findings suggested a lack of antioxidant capacity in transformed MSCs 

compared to their non-transformed counterparts. Treating 5H cells with the 

antioxidant and ROS scavenger, NAC, managed to restore their resistance to 
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MV infection by significantly decreasing levels of MV-N mRNA. Taken together, 

my findings from this chapter propose that a lack of an antioxidant response 

and high intrinsic level of ROS sensitize transformed MSCs to MV-mediated 

oncolysis. This therefore suggests that tumours with compromised GSH and 

antioxidants are more likely to benefit from oncolytic MV therapy.  

 

6.4 Challenges and considerations 

6.4.1 Model of transformation 
The cellular model employed here is extremely useful in allowing the direct in 

vitro comparison of primary healthy non-transformed MSCs alongside their 

malignant counterparts. However, the findings from such experiments may only 

be specific to this model and not necessarily general findings. 

 

6.4.2 Metabolomics  
Our study approach in chapter 5 focused heavily on the analysis of the 

metabolite pool using metabolomics as a platform, which inherently came with 

its own set of challenges. The metabolome is highly dynamic and sensitive to 

changes in the environment; therefore, the presence and concentration of 

metabolites are rapidly altered in response to the environment [356, 357]. 

Furthermore, many metabolites have turnover rates of <1 second, which means 

that quenching (the stopping of reactions) must be done as quickly as possible 

for metabolites to give a readout representation at that specific time [358]. 

Another element making metabolomics difficult is the experimental costs, 

especially the cost of analytical instrumentation. While other omics are able to 

acquire a wide range of data using mainly one analytical platform, 

metabolomics requires the combination of different analytical platforms. This is 

due to the vast structural diversity of metabolites [356, 359]. Additionally, 

metabolomics requires complex data analysis and is still associated with 

sample-to-sample variability [307]. 
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6.5 Conclusions and future research areas  
Taken together, work presented in this project has examined the innate immune 

antiviral responses in MV-permissive and MV-susceptible MSCs and unveiling 

a key restriction factor, IFITM1, which acts at early stages of oncolytic MV 

infection. Future work will extend to this by investigating the mechanisms of the 

inhibitory functions of IFITM1.  

 
Understanding the mechanisms of restriction is important to discover at which 

stage of the MV life cycle is targeted by IFITM1 as well as discovering cofactors 

of IFITM1. The latter can be investigated using a shRNA-based approach. 

Moreover, using cell-live fluorescence imaging, a time course experiment using 

MV-GFP is useful for localizing the site of restriction and monitoring the start of 

MV-induced syncytia formation and how it is affected by the overexpression of 

IFITM1. Moreover, the results obtained in Chapter 3 can be further validated by 

knocking down or knocking out IFITM1 in the MV-resistant cell line, hTERT, 

and investigating whether this makes them more susceptible to MV-mediated 

oncolysis. The in vivo contribution of IFITM1 protein to the control of MV 

infection in mouse models is a consideration for future work.  

 

A recent study by Smith et al. (2019), demonstrated by site-directed 

mutagenesis, that the conserved intracellular loop (CIL) domain of the IFITM1 

was essential in determining cellular localization to the plasma membrane. The 

subcellular localization of IFITM1 has been shows to be important for its 

antiviral activity [263]. Therefore, confirming the localization of IFITM1 in the 

transduced MSCs may aid in deciphering its mechanism of action.   

 

The cGAS-STING pathway is a signalling cascade that is activated by 

cytoplasmic double-stranded DNA during viral infection. The detection of viral 

dsDNA by cGAS (cyclic GMP-AMP synthase) triggers the production of cGAMP 

(cyclic GMP-AMP), which subsequently binds to the ER-localized STING to 

activate the type 1 IFN response and production of inflammatory cytokines 

[360, 361]. Although cGAS has been shown to sense DNA viruses, activation 

of the cGAS-STING pathway has also been observed for RNA viruses such as 

West Nile virus and Dengue virus [362, 363]. cGAS-deficient mice were more 
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vulnerable to infection with West Nile virus, for which the mechanisms are 

poorly understood [362]. In the case of Dengue virus, it has been demonstrated 

that mitochondrial DNA (mtDNA) is released into the cytosol of infected cells, 

which triggers the activation of cGAS-STING pathway to elicit a type 1 IFN 

response [363]. The RNAseq experiment conducted in Chapter 3 suggested an 

upregulation of STING expression at 24hpi with MV-NSe in both hTERT and 

5H cells (2.6-fold and 2-fold increase, respectively). Future experiments could 

be aimed to investigate whether oncolytic MV infection induces the release 

mtDNA in infected cancer cells, thereby eliciting an antitumour immune 

response.  

 

Understanding the viral exploitation strategies of metabolic pathways in the 

host cell could fundamentally aid in development of more specific oncolytic MV. 

Work here has begun to investigate the host-virus interactions using 

metabolomics, which to our knowledge is the first for oncolytic MV. Future work 

to investigate which metabolic pathway is necessary for MV replication is in 

consideration. For example, determining whether MV replication depends on 

glycolysis can be assessed in by treating the cells with the competitive glycolytic 

inhibitor 2-DG. 

 

Metabolic screening complemented by transcriptomics and validation 

experiments have strongly identified the lack of antioxidants and high intrinsic 

ROS as markers for MV-mediated oncolysis. Such work is essential to ponder 

over the question of whether metabolic pathways are possible targets to 

modulate MV infection. Future work to evaluate the consequences of GSH 

depletion can be done by treatment with BSO, which reduces GSH levels by 

inhibiting y-glutamyl synthase. Moreover, whether NRF2 overexpression in 

transformed MSCs would affect their susceptibility would be an interesting area 

to investigate.  

 
An appropriate direction for further work would be to analyze the metabolites 

using flux analysis to complement the metabolomics data with additional 

validation experiments. Whilst metabolomics gives a lot of insight about the 

abundance of metabolites at a given timepoint, this is only half of the story. 
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Metabolic flux experiments using stable isotope tracers can reveal pathway 

activities, which do not necessary align with concentrations [364].  

 

In summary, the work undertaken in this thesis has unveiled a key restriction 

factor, IFITM1, for early stages of oncolytic MV infection. My work has also 

provided further insights of the effects of MSC transformation and oncolytic MV 

infection on cellular bioenergetics and metabolic pathways highlighting the lack 

of an intact antioxidant capacity as a determinant for permissiveness to 

oncolytic MV.  
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HMT DB

                  hTERT Control       hTERT Measles virus

hT UI 1 hT UI 2 hT U 3 hT MV 1 hT MV 2 hT MV 3 5H UI 1 5H UI 2 5H UI 3 5H MV 1 5H MV 2 5H MV 3 Mean S.D. Mean S.D. Mean S.D. Mean S.D.

hTERT 
Measles virus

vs
hTERT Control

pvalue

5H Measles 
virus
vs

5H Control

pvalue 5H Control vs 
hTERT Control pvalue

NAD+ 2,011 2,267 2,721 2,224 2,840 4,306 2,521 1,084 1,393 1,342 2,013 905 2,333 359 3,124 1,069 1,666 756 1,420 558 1.3 0.4 0.9 0.8 0.714181751 0.1
cAMP 11 134 156 13 168 369 4.6 18 2.2 10 26 4.3 100 78 184 178 8 8 13 11 1.8 0.4 1.7 0.7 0.080906492 0.0
cGMP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
NADH 68 78 134 80 148 214 232 85 90 126 124 51 93 36 147 67 136 84 100 43 1.6 0.2 0.7 1.0 1.451315205 0.6
Xanthine 5.4 15 17 5.1 34 39 3.0 3.4 7.3 5.0 7.3 8.4 12 6 26 18 5 2 7 2 2.1 0.1 1.5 0.4 0.364939771 0.1
ADP-ribose 1.6 5.4 7.2 2.5 10 24 2.1 1.5 1.9 1.9 8.6 2.4 5 3 12 11 2 0 4 4 2.6 0.4 2.4 0.4 0.385555758 0.1
Mevalonic acid N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
UDP-glucose 1,387 2,069 2,849 1,237 2,631 4,827 554 410 583 321 690 468 2,102 732 2,898 1,810 516 93 493 186 1.4 0.4 1.0 0.6 0.245429772 0.1
Uric acid N.D. 15 26 N.D. 33 36 36 6.7 21 26 18 23 21 8 34 2 21 15 22 4 1.7 0.2 1.0 0.5 1.040622687 0.6
NADP+ 62 117 156 66 159 316 122 55 68 54 111 60 112 47 180 126 82 36 75 32 1.6 0.4 0.9 0.5 0.732612871 0.1
IMP 32 102 128 41 156 330 290 56 974 167 133 577 87 50 176 146 440 477 293 247 2.0 0.4 0.7 0.8 5.051597819 0.5
Sedoheptulose 7-phosphate N.D. 46 20 2.4 N.D. N.D. N.D. 86 N.D. N.D. 138 2.0 33 18 2 N.A 86 N.A 70 96 0.1 0.8 2.608269214
Glucose 6-phosphate 591 810 883 686 962 1,158 317 626 205 339 1,311 276 761 152 935 237 382 218 642 580 1.2 0.2 1.7 0.6 0.502492385 0.3
Fructose 6-phosphate 151 216 214 169 272 324 77 177 63 102 383 73 194 37 255 79 106 62 186 171 1.3 0.2 1.8 0.6 0.546393224 0.3
Fructose 1-phosphate N.D. 9.1 133 N.D. 88 192 668 33 93 354 159 135 71 88 140 74 264 351 216 120 2.0 0.5 0.8 0.2 3.720345801 0.9
Galactose 1-phosphate 24 32 58 21 50 105 24 20 8.8 14 44 8.7 38 18 58 43 17 8 22 19 1.5 0.4 1.3 0.6 0.460122772 0.2
Glucose 1-phosphate 59 108 108 75 77 131 56 139 20 43 210 22 92 29 94 32 72 61 92 103 1.0 0.9 1.3 0.8 0.780152671 0.7
Acetoacetyl CoA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Acetyl CoA 1.1 14 18 1.0 15 33 3.1 8.6 0.9 3.1 12 2.4 11 9 16 16 4 4 6 6 1.5 0.5 1.4 0.7 0.383826636 0.2
Folic acid 2.6 18 16 2.8 32 44 6.9 2.2 8.0 7.3 7.6 12 12 8 26 21 6 3 9 3 2.2 0.2 1.6 0.3 0.474777508 0.1
Ribose 5-phosphate 2.1 25 34 3.5 50 97 14 28 82 20 99 69 20 16 50 47 41 36 63 40 2.5 0.3 1.5 0.5 2.03910727 0.5
CoA 45 36 42 49 47 57 76 21 27 36 38 16 41 4 51 5 41 30 30 12 1.3 0.2 0.7 0.8 1.016297683 0.1
Ribose 1-phosphate 26 51 82 31 79 123 44 20 10 31 46 12 53 28 78 46 25 18 30 17 1.5 0.3 1.2 0.5 0.466029269 0.2
Ribulose 5-phosphate 4.4 22 51 4.1 47 107 20 32 79 19 112 61 26 24 53 52 44 31 64 46 2.0 0.4 1.5 0.5 1.68773059 0.6
Xylulose 5-phosphate N.D. N.D. N.D. N.D. N.D. N.D. 7.7 11 106 29 88 86 N.A N.A N.A N.A 42 56 68 34 N.A 1.6 0.7 N.A
Erythrose 4-phosphate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 1.2 N.D. 2.9 N.D. N.A N.A N.A N.A 1 N.A 3 N.A N.A 2.4 N.A
HMG CoA 3.0 6.2 7.8 2.2 11 16 13 4.6 13 8.4 8.1 9.9 6 2 10 7 10 5 9 1 1.7 0.2 0.8 1.0 1.828669963 0.7
Glyceraldehyde 3-phosphate N.D. 48 59 N.D. 178 299 238 33 340 223 309 318 54 8 239 85 204 157 283 52 4.5 0.2 1.4 0.6 3.799507843 0.5
NADPH 66 47 58 67 68 106 99 44 61 66 38 40 57 10 80 22 68 28 48 16 1.4 0.3 0.7 0.4 1.188874332 1.0
Malonyl CoA 0.5 2.9 3.4 0.2 5.6 7.1 1.2 1.2 2.4 0.6 2.0 1.7 2 2 4 4 2 1 1 1 1.9 0.1 0.9 0.9 0.699562503 0.2
Phosphocreatine 1,427 638 896 1,240 572 978 1,125 830 1,319 471 896 948 987 402 930 337 1,092 246 771 262 0.9 1.0 0.7 0.6 1.106014503 0.4
XMP 0.5 2.1 2.2 0.6 5.9 5.5 24 1.8 28 26 4.6 18 2 1 4 3 18 14 16 11 2.5 0.0 0.9 0.9 11.2231392 0.5
Dihydroxyacetone phosphate 17 126 301 N.D. 500 608 712 67 851 833 647 768 148 143 554 76 543 418 750 94 3.7 0.1 1.4 0.6 3.671952917 0.6
Adenylosuccinic acid 3.8 3.3 4.6 4.9 7.6 11 19 9.4 57 9.1 11 15 4 1 8 3 28 25 12 3 2.0 0.2 0.4 0.6 7.284596982 0.4
Fructose 1,6-diphosphate 208 344 710 167 733 1,388 5,038 92 5,289 3,859 505 3,900 420 260 763 611 3,473 2,931 2,755 1,948 1.8 0.3 0.8 0.9 8.259377825 0.6
6-Phosphogluconic acid 96 199 229 81 218 336 69 90 84 34 173 90 175 70 212 127 81 11 99 70 1.2 0.5 1.2 0.5 0.462537567 0.1
N -Carbamoylaspartic acid 0.4 1.4 1.9 0.2 3.4 3.4 31 31 38 15 29 8.0 1 1 2 2 33 4 17 11 1.9 0.1 0.5 0.3 27.34423815 0.1
PRPP 42 24 55 49 50 115 552 9.3 58 82 17 85 40 16 71 38 206 300 61 38 1.8 0.4 0.3 0.7 5.129938972 0.9
2-Phosphoglyceric acid 6.7 15 21 6.9 33 50 17 5.7 8.0 12 18 11 14 7 30 22 10 6 13 4 2.2 0.2 1.3 0.2 0.740618226 0.1
2,3-Diphosphoglyceric acid 41 12 47 59 22 91 167 67 138 37 61 100 34 19 57 35 124 52 66 31 1.7 0.6 0.5 0.6 3.700366508 0.3
3-Phosphoglyceric acid 57 102 176 59 236 421 151 38 75 90 147 97 112 60 238 181 88 58 111 31 2.1 0.3 1.3 0.2 0.786569914 0.2
Phosphoenolpyruvic acid 11 47 61 N.D. 83 130 65 8.2 30 23 54 38 40 26 107 33 34 29 38 15 2.7 0.2 1.1 0.2 0.863676593 0.1
GMP 37 150 157 46 232 330 90 82 248 96 211 135 115 67 203 144 140 93 147 59 1.8 0.2 1.1 0.9 1.222508897 0.9
AMP 163 509 505 173 763 1,051 163 344 601 251 764 236 392 199 662 448 369 220 417 300 1.7 0.2 1.1 0.9 0.940364946 0.8
2-Oxoisovaleric acid N.D. N.D. 64 N.D. N.D. N.D. 35 26 33 26 41 33 64 N.A N.A N.A 31 5 33 7 N.A 1.1 0.3 0.481191847
GDP 114 224 313 129 290 567 250 201 245 187 334 147 217 99 328 221 232 27 222 99 1.5 0.4 1.0 0.9 1.069367428 0.5
Lactic acid N.D. 16,533 27,001 N.D. 37,864 54,833 17,968 22,154 10,538 14,404 42,837 10,749 21,767 7,402 46,349 11,999 16,887 5,883 22,664 17,566 2.1 0.2 1.3 0.6 0.775792615 0.6
ADP 705 1,325 2,104 846 2,010 3,472 931 935 1,006 729 1,709 552 1,378 701 2,110 1,316 958 42 997 623 1.5 0.4 1.0 0.8 0.694801094 0.3
GTP 1,075 1,753 2,937 1,278 1,889 4,359 2,771 1,070 1,431 1,063 1,501 1,260 1,922 943 2,509 1,631 1,757 897 1,275 219 1.3 0.6 0.7 0.6 0.914338291 0.3
Glyoxylate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
ATP 7,539 7,889 13,456 9,051 9,225 20,052 6,333 3,621 4,282 3,135 4,621 3,468 9,628 3,319 12,776 6,302 4,745 1,414 3,741 780 1.3 0.6 0.8 0.9 0.492839142 0.2
Glycerol 3-phosphate 49 222 341 58 571 872 84 77 47 67 212 44 204 147 501 411 69 19 108 91 2.5 0.2 1.6 0.6 0.340327905 0.2
Glycolic acid N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Pyruvic acid N.D. 158 194 N.D. 284 442 189 172 207 102 374 208 176 25 363 112 189 17 228 137 2.1 0.2 1.2 0.4 1.072853831 0.7
N -Acetylglutamic acid N.D. 23 37 N.D. 41 62 90 48 143 29 70 71 30 10 52 15 94 47 57 24 1.7 0.2 0.6 0.7 3.103559112 0.4
2-Hydroxyglutaric acid 27 52 103 22 82 165 149 107 143 76 132 75 61 38 90 72 133 23 94 33 1.5 0.5 0.7 0.6 2.18931412 0.3
Carbamoylphosphate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Succinic acid 58 188 431 N.D. 378 734 131 446 162 211 694 152 226 189 556 252 247 174 352 297 2.5 0.4 1.4 0.7 1.093479128 1.0
Malic acid N.D. N.D. N.D. N.D. N.D. N.D. 1,017 1,370 2,110 641 1,863 999 N.A N.A N.A N.A 1,499 558 1,168 628 N.A 0.8 0.6 N.A
2-Oxoglutaric acid N.D. N.D. N.D. N.D. N.D. N.D. 454 78 349 138 46 190 N.A N.A N.A N.A 293 194 125 73 N.A 0.4 0.6 N.A
Fumaric acid N.D. N.D. 24 N.D. N.D. 41 269 235 369 137 348 160 24 N.A 41 N.A 291 70 215 115 1.7 0.7 0.7 11.91059414
Citric acid 421 757 856 581 1,377 1,535 2,231 1,258 2,611 1,244 1,547 1,762 678 228 1,164 511 2,033 698 1,517 260 1.7 0.0 0.7 0.8 3.000233745 0.3
cis -Aconitic acid N.D. 0.2 N.D. N.D. N.D. N.D. 38 25 48 18 29 31 0 N.A N.A N.A 37 12 26 7 N.A 0.7 0.7 226.0128511
Isocitric acid N.D. N.D. N.D. N.D. N.D. N.D. 89 71 136 53 69 97 N.A N.A N.A N.A 98 34 73 22 N.A 0.7 0.6 N.A
Urea N.D. 1,293 N.D. N.D. 2,250 3,524 N.D. N.D. 686 N.D. 1,070 857 1,293 N.A 2,887 901 686 N.A 964 151 2.2 1.4 0.530613252
Gly 8,199 15,714 21,427 8,841 20,296 44,554 6,016 6,385 9,902 2,528 8,185 7,050 15,113 6,634 24,564 18,235 7,434 2,145 5,921 2,992 1.6 0.5 0.8 0.8 0.491901528 0.1
Putrescine N.D. 1.0 1.0 N.D. 1.1 120 47 30 53 22 42 36 1 0 61 84 43 12 33 10 63.2 0.5 0.8 0.9 45.09866815 0.2
Sarcosine N.D. N.D. 39 N.D. N.D. N.D. 12 15 28 N.D. N.D. N.D. 39 N.A N.A N.A 18 8 N.A N.A N.A N.A 0.466668347

5H Control5H Control 5H Measles virus Ratio ¶

Comparative AnalysisConcentration (pmol/106 cells)

5H Measles virus

Compound name

hTERT Control hTERT Measles virus
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HMT DB

                  hTERT Control       hTERT Measles virus

hT UI 1 hT UI 2 hT U 3 hT MV 1 hT MV 2 hT MV 3 5H UI 1 5H UI 2 5H UI 3 5H MV 1 5H MV 2 5H MV 3 Mean S.D. Mean S.D. Mean S.D. Mean S.D.

hTERT 
Measles virus

vs
hTERT Control

pvalue

5H Measles 
virus
vs

5H Control

pvalue 5H Control vs 
hTERT Control pvalue

NAD+ 2,011 2,267 2,721 2,224 2,840 4,306 2,521 1,084 1,393 1,342 2,013 905 2,333 359 3,124 1,069 1,666 756 1,420 558 1.3 0.4 0.9 0.8 0.714181751 0.1
cAMP 11 134 156 13 168 369 4.6 18 2.2 10 26 4.3 100 78 184 178 8 8 13 11 1.8 0.4 1.7 0.7 0.080906492 0.0
cGMP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
NADH 68 78 134 80 148 214 232 85 90 126 124 51 93 36 147 67 136 84 100 43 1.6 0.2 0.7 1.0 1.451315205 0.6
Xanthine 5.4 15 17 5.1 34 39 3.0 3.4 7.3 5.0 7.3 8.4 12 6 26 18 5 2 7 2 2.1 0.1 1.5 0.4 0.364939771 0.1
ADP-ribose 1.6 5.4 7.2 2.5 10 24 2.1 1.5 1.9 1.9 8.6 2.4 5 3 12 11 2 0 4 4 2.6 0.4 2.4 0.4 0.385555758 0.1
Mevalonic acid N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
UDP-glucose 1,387 2,069 2,849 1,237 2,631 4,827 554 410 583 321 690 468 2,102 732 2,898 1,810 516 93 493 186 1.4 0.4 1.0 0.6 0.245429772 0.1
Uric acid N.D. 15 26 N.D. 33 36 36 6.7 21 26 18 23 21 8 34 2 21 15 22 4 1.7 0.2 1.0 0.5 1.040622687 0.6
NADP+ 62 117 156 66 159 316 122 55 68 54 111 60 112 47 180 126 82 36 75 32 1.6 0.4 0.9 0.5 0.732612871 0.1
IMP 32 102 128 41 156 330 290 56 974 167 133 577 87 50 176 146 440 477 293 247 2.0 0.4 0.7 0.8 5.051597819 0.5
Sedoheptulose 7-phosphate N.D. 46 20 2.4 N.D. N.D. N.D. 86 N.D. N.D. 138 2.0 33 18 2 N.A 86 N.A 70 96 0.1 0.8 2.608269214
Glucose 6-phosphate 591 810 883 686 962 1,158 317 626 205 339 1,311 276 761 152 935 237 382 218 642 580 1.2 0.2 1.7 0.6 0.502492385 0.3
Fructose 6-phosphate 151 216 214 169 272 324 77 177 63 102 383 73 194 37 255 79 106 62 186 171 1.3 0.2 1.8 0.6 0.546393224 0.3
Fructose 1-phosphate N.D. 9.1 133 N.D. 88 192 668 33 93 354 159 135 71 88 140 74 264 351 216 120 2.0 0.5 0.8 0.2 3.720345801 0.9
Galactose 1-phosphate 24 32 58 21 50 105 24 20 8.8 14 44 8.7 38 18 58 43 17 8 22 19 1.5 0.4 1.3 0.6 0.460122772 0.2
Glucose 1-phosphate 59 108 108 75 77 131 56 139 20 43 210 22 92 29 94 32 72 61 92 103 1.0 0.9 1.3 0.8 0.780152671 0.7
Acetoacetyl CoA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Acetyl CoA 1.1 14 18 1.0 15 33 3.1 8.6 0.9 3.1 12 2.4 11 9 16 16 4 4 6 6 1.5 0.5 1.4 0.7 0.383826636 0.2
Folic acid 2.6 18 16 2.8 32 44 6.9 2.2 8.0 7.3 7.6 12 12 8 26 21 6 3 9 3 2.2 0.2 1.6 0.3 0.474777508 0.1
Ribose 5-phosphate 2.1 25 34 3.5 50 97 14 28 82 20 99 69 20 16 50 47 41 36 63 40 2.5 0.3 1.5 0.5 2.03910727 0.5
CoA 45 36 42 49 47 57 76 21 27 36 38 16 41 4 51 5 41 30 30 12 1.3 0.2 0.7 0.8 1.016297683 0.1
Ribose 1-phosphate 26 51 82 31 79 123 44 20 10 31 46 12 53 28 78 46 25 18 30 17 1.5 0.3 1.2 0.5 0.466029269 0.2
Ribulose 5-phosphate 4.4 22 51 4.1 47 107 20 32 79 19 112 61 26 24 53 52 44 31 64 46 2.0 0.4 1.5 0.5 1.68773059 0.6
Xylulose 5-phosphate N.D. N.D. N.D. N.D. N.D. N.D. 7.7 11 106 29 88 86 N.A N.A N.A N.A 42 56 68 34 N.A 1.6 0.7 N.A
Erythrose 4-phosphate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 1.2 N.D. 2.9 N.D. N.A N.A N.A N.A 1 N.A 3 N.A N.A 2.4 N.A
HMG CoA 3.0 6.2 7.8 2.2 11 16 13 4.6 13 8.4 8.1 9.9 6 2 10 7 10 5 9 1 1.7 0.2 0.8 1.0 1.828669963 0.7
Glyceraldehyde 3-phosphate N.D. 48 59 N.D. 178 299 238 33 340 223 309 318 54 8 239 85 204 157 283 52 4.5 0.2 1.4 0.6 3.799507843 0.5
NADPH 66 47 58 67 68 106 99 44 61 66 38 40 57 10 80 22 68 28 48 16 1.4 0.3 0.7 0.4 1.188874332 1.0
Malonyl CoA 0.5 2.9 3.4 0.2 5.6 7.1 1.2 1.2 2.4 0.6 2.0 1.7 2 2 4 4 2 1 1 1 1.9 0.1 0.9 0.9 0.699562503 0.2
Phosphocreatine 1,427 638 896 1,240 572 978 1,125 830 1,319 471 896 948 987 402 930 337 1,092 246 771 262 0.9 1.0 0.7 0.6 1.106014503 0.4
XMP 0.5 2.1 2.2 0.6 5.9 5.5 24 1.8 28 26 4.6 18 2 1 4 3 18 14 16 11 2.5 0.0 0.9 0.9 11.2231392 0.5
Dihydroxyacetone phosphate 17 126 301 N.D. 500 608 712 67 851 833 647 768 148 143 554 76 543 418 750 94 3.7 0.1 1.4 0.6 3.671952917 0.6
Adenylosuccinic acid 3.8 3.3 4.6 4.9 7.6 11 19 9.4 57 9.1 11 15 4 1 8 3 28 25 12 3 2.0 0.2 0.4 0.6 7.284596982 0.4
Fructose 1,6-diphosphate 208 344 710 167 733 1,388 5,038 92 5,289 3,859 505 3,900 420 260 763 611 3,473 2,931 2,755 1,948 1.8 0.3 0.8 0.9 8.259377825 0.6
6-Phosphogluconic acid 96 199 229 81 218 336 69 90 84 34 173 90 175 70 212 127 81 11 99 70 1.2 0.5 1.2 0.5 0.462537567 0.1
N -Carbamoylaspartic acid 0.4 1.4 1.9 0.2 3.4 3.4 31 31 38 15 29 8.0 1 1 2 2 33 4 17 11 1.9 0.1 0.5 0.3 27.34423815 0.1
PRPP 42 24 55 49 50 115 552 9.3 58 82 17 85 40 16 71 38 206 300 61 38 1.8 0.4 0.3 0.7 5.129938972 0.9
2-Phosphoglyceric acid 6.7 15 21 6.9 33 50 17 5.7 8.0 12 18 11 14 7 30 22 10 6 13 4 2.2 0.2 1.3 0.2 0.740618226 0.1
2,3-Diphosphoglyceric acid 41 12 47 59 22 91 167 67 138 37 61 100 34 19 57 35 124 52 66 31 1.7 0.6 0.5 0.6 3.700366508 0.3
3-Phosphoglyceric acid 57 102 176 59 236 421 151 38 75 90 147 97 112 60 238 181 88 58 111 31 2.1 0.3 1.3 0.2 0.786569914 0.2
Phosphoenolpyruvic acid 11 47 61 N.D. 83 130 65 8.2 30 23 54 38 40 26 107 33 34 29 38 15 2.7 0.2 1.1 0.2 0.863676593 0.1
GMP 37 150 157 46 232 330 90 82 248 96 211 135 115 67 203 144 140 93 147 59 1.8 0.2 1.1 0.9 1.222508897 0.9
AMP 163 509 505 173 763 1,051 163 344 601 251 764 236 392 199 662 448 369 220 417 300 1.7 0.2 1.1 0.9 0.940364946 0.8
2-Oxoisovaleric acid N.D. N.D. 64 N.D. N.D. N.D. 35 26 33 26 41 33 64 N.A N.A N.A 31 5 33 7 N.A 1.1 0.3 0.481191847
GDP 114 224 313 129 290 567 250 201 245 187 334 147 217 99 328 221 232 27 222 99 1.5 0.4 1.0 0.9 1.069367428 0.5
Lactic acid N.D. 16,533 27,001 N.D. 37,864 54,833 17,968 22,154 10,538 14,404 42,837 10,749 21,767 7,402 46,349 11,999 16,887 5,883 22,664 17,566 2.1 0.2 1.3 0.6 0.775792615 0.6
ADP 705 1,325 2,104 846 2,010 3,472 931 935 1,006 729 1,709 552 1,378 701 2,110 1,316 958 42 997 623 1.5 0.4 1.0 0.8 0.694801094 0.3
GTP 1,075 1,753 2,937 1,278 1,889 4,359 2,771 1,070 1,431 1,063 1,501 1,260 1,922 943 2,509 1,631 1,757 897 1,275 219 1.3 0.6 0.7 0.6 0.914338291 0.3
Glyoxylate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
ATP 7,539 7,889 13,456 9,051 9,225 20,052 6,333 3,621 4,282 3,135 4,621 3,468 9,628 3,319 12,776 6,302 4,745 1,414 3,741 780 1.3 0.6 0.8 0.9 0.492839142 0.2
Glycerol 3-phosphate 49 222 341 58 571 872 84 77 47 67 212 44 204 147 501 411 69 19 108 91 2.5 0.2 1.6 0.6 0.340327905 0.2
Glycolic acid N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Pyruvic acid N.D. 158 194 N.D. 284 442 189 172 207 102 374 208 176 25 363 112 189 17 228 137 2.1 0.2 1.2 0.4 1.072853831 0.7
N -Acetylglutamic acid N.D. 23 37 N.D. 41 62 90 48 143 29 70 71 30 10 52 15 94 47 57 24 1.7 0.2 0.6 0.7 3.103559112 0.4
2-Hydroxyglutaric acid 27 52 103 22 82 165 149 107 143 76 132 75 61 38 90 72 133 23 94 33 1.5 0.5 0.7 0.6 2.18931412 0.3
Carbamoylphosphate N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Succinic acid 58 188 431 N.D. 378 734 131 446 162 211 694 152 226 189 556 252 247 174 352 297 2.5 0.4 1.4 0.7 1.093479128 1.0
Malic acid N.D. N.D. N.D. N.D. N.D. N.D. 1,017 1,370 2,110 641 1,863 999 N.A N.A N.A N.A 1,499 558 1,168 628 N.A 0.8 0.6 N.A
2-Oxoglutaric acid N.D. N.D. N.D. N.D. N.D. N.D. 454 78 349 138 46 190 N.A N.A N.A N.A 293 194 125 73 N.A 0.4 0.6 N.A
Fumaric acid N.D. N.D. 24 N.D. N.D. 41 269 235 369 137 348 160 24 N.A 41 N.A 291 70 215 115 1.7 0.7 0.7 11.91059414
Citric acid 421 757 856 581 1,377 1,535 2,231 1,258 2,611 1,244 1,547 1,762 678 228 1,164 511 2,033 698 1,517 260 1.7 0.0 0.7 0.8 3.000233745 0.3
cis -Aconitic acid N.D. 0.2 N.D. N.D. N.D. N.D. 38 25 48 18 29 31 0 N.A N.A N.A 37 12 26 7 N.A 0.7 0.7 226.0128511
Isocitric acid N.D. N.D. N.D. N.D. N.D. N.D. 89 71 136 53 69 97 N.A N.A N.A N.A 98 34 73 22 N.A 0.7 0.6 N.A
Urea N.D. 1,293 N.D. N.D. 2,250 3,524 N.D. N.D. 686 N.D. 1,070 857 1,293 N.A 2,887 901 686 N.A 964 151 2.2 1.4 0.530613252
Gly 8,199 15,714 21,427 8,841 20,296 44,554 6,016 6,385 9,902 2,528 8,185 7,050 15,113 6,634 24,564 18,235 7,434 2,145 5,921 2,992 1.6 0.5 0.8 0.8 0.491901528 0.1
Putrescine N.D. 1.0 1.0 N.D. 1.1 120 47 30 53 22 42 36 1 0 61 84 43 12 33 10 63.2 0.5 0.8 0.9 45.09866815 0.2
Sarcosine N.D. N.D. 39 N.D. N.D. N.D. 12 15 28 N.D. N.D. N.D. 39 N.A N.A N.A 18 8 N.A N.A N.A N.A 0.466668347

5H Control5H Control 5H Measles virus Ratio ¶

Comparative AnalysisConcentration (pmol/106 cells)

5H Measles virus

Compound name

hTERT Control hTERT Measles virus

β-Ala 510 681 981 839 747 1,246 2,481 423 640 1,124 532 404 724 238 944 265 1,182 1,131 687 384 1.3 0.6 0.6 0.7 1.632420557 0.3
Ala 4,507 8,820 11,698 5,735 11,851 21,073 5,442 3,651 4,887 2,019 5,266 3,813 8,342 3,619 12,887 7,721 4,660 917 3,699 1,626 1.5 0.4 0.8 0.8 0.558617258 0.1
N ,N -Dimethylglycine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
γ-Aminobutyric acid 135 270 424 173 384 740 284 101 114 145 95 71 276 145 432 287 166 102 103 38 1.6 0.4 0.6 0.2 0.60126626 0.2
Choline 876 4,870 5,063 1,548 6,978 14,324 383 116 361 180 667 443 3,603 2,364 7,616 6,412 287 148 430 244 2.1 0.4 1.5 0.2 0.079522294 0.0
Ser 1,583 1,914 3,780 1,751 3,751 7,320 1,924 974 2,434 921 1,694 2,025 2,425 1,185 4,274 2,821 1,777 741 1,547 567 1.8 0.3 0.9 0.9 0.73279046 0.4
Carnosine 13 36 46 13 53 95 13 11 14 7.2 22 13 32 17 54 41 13 1 14 7 1.7 0.3 1.1 0.5 0.398247789 0.1
Creatinine 21 66 80 15 104 175 49 23 52 47 35 52 56 31 98 80 42 16 45 8 1.8 0.3 1.1 0.8 0.742579644 0.2
Pro 7,572 12,121 16,508 8,967 17,139 27,337 19,273 5,867 7,519 8,628 8,167 5,836 12,067 4,468 17,814 9,204 10,886 7,310 7,544 1,497 1.5 0.3 0.7 0.9 0.902130581 0.1
Val 961 2,019 3,431 801 4,489 7,281 1,394 428 984 506 1,049 972 2,137 1,239 4,190 3,250 935 485 843 294 2.0 0.2 0.9 0.5 0.437687416 0.2
Betaine N.D. 23 64 N.D. N.D. N.D. N.D. 62 129 N.D. 141 95 44 29 N.A N.A 95 47 118 33 N.A 1.2 0.6 2.179956392 0.3
Thr 1,413 2,544 3,359 1,591 4,303 7,309 1,707 772 1,593 740 1,257 1,230 2,438 977 4,401 2,860 1,357 510 1,076 291 1.8 0.3 0.8 0.9 0.556585621 0.1
Homoserine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Betaine aldehyde N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Cys 62 396 511 22 842 705 N.D. 22 N.D. N.D. 59 N.D. 323 233 523 440 22 N.A 59 N.A 1.6 0.1 2.6 0.069182171
Hydroxyproline 1,002 1,922 2,886 1,193 2,571 3,632 1,865 1,345 2,932 852 2,005 1,850 1,937 942 2,466 1,223 2,047 810 1,569 626 1.3 0.4 0.8 0.8 1.057145302 0.8
Creatine 2,307 4,089 6,300 3,214 4,844 10,594 3,062 3,286 4,612 1,893 4,666 2,821 4,232 2,000 6,217 3,877 3,653 838 3,127 1,412 1.5 0.5 0.9 0.9 0.863204445 0.5
Ile 1,261 2,834 3,074 1,387 4,674 7,733 1,667 543 1,312 733 1,088 1,248 2,390 985 4,598 3,174 1,174 575 1,023 263 1.9 0.3 0.9 0.6 0.491286827 0.1
Leu 1,560 3,470 3,810 1,733 5,815 9,853 2,033 640 1,515 940 1,423 1,453 2,946 1,213 5,800 4,060 1,396 704 1,272 288 2.0 0.3 0.9 0.6 0.473799936 0.1
Asn 1,801 3,340 3,939 1,810 4,457 8,759 3,082 1,338 2,426 1,107 1,777 1,831 3,027 1,103 5,009 3,507 2,282 881 1,572 403 1.7 0.4 0.7 0.9 0.753986743 0.1
Ornithine 648 1,014 1,334 924 1,227 1,364 286 95 168 151 189 158 999 343 1,172 225 183 96 166 20 1.2 0.6 0.9 0.4 0.183170172 0.1
Asp 3,086 4,094 5,625 4,736 5,042 5,848 1,296 987 2,986 880 1,282 2,059 4,268 1,279 5,209 575 1,756 1,076 1,407 599 1.2 0.6 0.8 0.8 0.411494423 0.2
Homocysteine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Adenine N.D. N.D. N.D. N.D. N.D. N.D. 1.0 125 9.9 N.D. 180 5.9 N.A N.A N.A N.A 45 69 93 123 N.A 2.0 0.8 N.A
Hypoxanthine 53 742 946 139 1,364 2,610 20 733 133 178 1,703 167 580 468 1,371 1,235 295 384 683 884 2.4 0.3 2.3 0.6 0.509019831 0.4
Spermidine 18 52 71 27 15 171 55 43 77 33 52 43 47 27 71 87 58 18 43 10 1.5 0.8 0.7 0.6 1.233068014 0.9
Gln 18,295 25,959 36,422 22,897 29,956 67,704 20,678 11,731 23,124 6,901 13,343 17,974 26,892 9,099 40,186 24,092 18,511 5,998 12,740 5,561 1.5 0.5 0.7 0.8 0.688344299 0.2
Lys 857 3,946 4,305 789 5,277 8,884 1,329 550 1,285 1,051 1,728 1,151 3,036 1,896 4,983 4,055 1,055 438 1,310 366 1.6 0.3 1.2 0.4 0.347361349 0.0
Glu 22,217 24,406 37,613 27,001 36,667 73,464 38,675 19,326 30,959 22,016 22,684 19,530 28,079 8,329 45,711 24,516 29,653 9,740 21,410 1,662 1.6 0.4 0.7 0.6 1.056073248 0.6
Met 414 1,204 1,706 534 2,002 3,437 454 253 544 214 454 497 1,108 652 1,991 1,452 417 149 388 153 1.8 0.3 0.9 0.7 0.376424619 0.1
Guanine N.D. 90 110 N.D. 192 294 N.D. 168 N.D. 27 307 N.D. 100 14 243 73 168 N.A 167 198 2.4 0.2 1.0 1.678574861
His 586 1,324 1,790 577 2,018 3,536 697 234 532 335 400 484 1,233 607 2,044 1,480 488 235 407 75 1.7 0.3 0.8 0.8 0.395466723 0.1
Carnitine N.D. 55 143 N.D. 57 255 187 70 122 N.D. 126 61 99 62 156 140 126 59 93 46 1.6 0.7 0.7 1.0 1.276800766 1.0
Phe 758 1,532 2,233 927 2,582 4,405 1,055 357 693 408 661 668 1,508 738 2,638 1,739 702 349 579 148 1.7 0.3 0.8 0.6 0.465480817 0.1
Arg 944 4,448 4,497 930 6,691 11,490 1,339 705 1,446 907 1,108 1,178 3,296 2,037 6,371 5,287 1,163 401 1,064 141 1.9 0.3 0.9 0.9 0.352918672 0.1
Citrulline 38 105 180 38 166 306 131 49 81 57 71 73 108 71 170 134 87 41 67 9 1.6 0.4 0.8 0.7 0.807911769 0.3
Tyr 791 1,412 2,015 813 2,353 2,539 1,002 302 657 433 600 589 1,406 612 1,902 947 654 350 541 94 1.4 0.2 0.8 0.6 0.464744782 0.1
S -Adenosylhomocysteine 6.5 35 35 1.3 64 89 13 14 12 6.5 24 9.2 25 16 51 45 13 1 13 9 2.0 0.2 1.0 0.7 0.52119943 0.0
Spermine N.D. N.D. 2.3 N.D. N.D. N.D. 63 22 7.3 34 24 0.8 2 N.A N.A N.A 31 29 19 17 N.A 0.6 0.9 13.08494566
Trp 197 408 544 177 631 790 229 73 107 102 123 100 383 175 533 318 137 82 108 13 1.4 0.2 0.8 0.4 0.356672174 0.1
Cystathionine 191 185 311 274 223 262 375 305 395 172 510 283 229 71 253 27 358 47 321 172 1.1 0.9 0.9 0.8 1.565039873 0.3
Adenosine 23 79 94 19 146 259 21 19 34 27 59 21 65 38 141 120 25 8 36 21 2.2 0.3 1.4 0.6 0.377538453 0.0
Inosine 119 871 1,084 265 829 2,650 113 282 196 156 825 165 692 507 1,248 1,247 197 84 382 384 1.8 0.6 1.9 0.6 0.284852271 0.1
Guanosine 32 228 280 49 354 519 87 125 31 71 374 31 180 131 308 238 81 47 158 188 1.7 0.2 2.0 0.6 0.449246961 0.1
Argininosuccinic acid 4.5 42 82 3.2 91 185 55 101 172 35 138 85 43 39 93 91 110 59 86 52 2.2 0.3 0.8 0.6 2.554044341 0.2
Glutathione (GSSG) 1,321 2,477 4,002 1,712 3,936 8,695 2,588 1,692 3,140 1,230 3,217 2,465 2,600 1,345 4,781 3,567 2,473 731 2,304 1,003 1.8 0.4 0.9 0.7 0.951159949 0.5
Glutathione (GSH) 10,331 11,113 17,981 11,106 16,834 27,658 6,725 2,986 4,544 3,176 3,297 2,452 13,142 4,209 18,533 8,406 4,752 1,878 2,975 457 1.4 0.4 0.6 0.4 0.361549732 0.2
S -Adenosylmethionine 98 147 166 139 180 315 228 103 152 144 149 117 137 35 211 92 161 63 137 17 1.5 0.4 0.8 0.9 1.174147207 0.4
Adenylate Energy Charge 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.9 0.8 0.9 1 0 1 0 1 0 1 0 1.0 0.4 1.0 1.0 0.941619883 0.1
Total Adenylate 8,408 9,723 16,064 10,070 11,998 24,575 7,426 4,900 5,888 4,116 7,094 4,256 11,398 4,094 15,548 7,877 6,072 1,273 5,155 1,680 1.4 0.5 0.8 0.9 0.532664462 0.2
Guanylate Energy Charge 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.8 0.9 0.8 0.9 1 0 1 0 1 0 1 0 1.0 0.4 1.0 0.9 0.961242595 0.3
Total Guanylate 1,226 2,127 3,407 1,454 2,412 5,255 3,112 1,353 1,924 1,346 2,047 1,542 2,253 1,096 3,040 1,977 2,129 897 1,645 361 1.3 0.6 0.8 0.7 0.944938496 0.3
GSH/GSSG 7.8 4.5 4.5 6.5 4.3 3.2 2.6 1.8 1.4 2.6 1.0 1.0 6 2 5 2 2 1 2 1 0.8 0.4 0.8 0.2 0.345924925 0.0
Total Glutathione 12,974 16,067 25,986 14,531 24,705 45,048 11,900 6,369 10,824 5,637 9,730 7,382 18,342 6,798 28,095 15,539 9,698 2,933 7,583 2,054 1.5 0.4 0.8 1.0 0.528708356 0.2
NADPH/NADP+ 1.1 0.4 0.4 1.0 0.4 0.3 0.8 0.8 0.9 1.2 0.3 0.7 1 0 1 0 1 0 1 0 1.0 0.9 0.9 0.3 1.358812929 0.0
NADH/NAD+ 0.03 0.03 0.05 0.04 0.05 0.05 0.09 0.08 0.06 0.09 0.06 0.06 0 0 0 0 0 0 0 0 1.2 0.4 0.9 0.3 1.996635383 0.1
Lactate/Pyruvate N.A. 104 139 N.A. 133 124 95 129 51 142 114 52 122 24 129 7 92 39 103 46 1.1 0.8 1.1 0.9 0.753360444 0.6
Glycerol 3-phosphate/DHAP 2.9 1.8 1.1 N.A. 1.1 1.4 0.12 1.2 0.06 0.08 0.3 0.06 2 1 1 0 0 1 0 0 0.7 0.7 0.4 0.6 0.229899156 0.3
Total Amino Acids 77,063 121,905 168,288 92,021 170,835 324,022 109,291 55,137 94,907 51,370 72,347 69,688 122,419 45,615 195,626 117,971 86,445 28,052 64,468 11,421 1.6 0.4 0.7 0.9 0.706143228 0.2
Total Essential Amino Acids 8,005 19,280 24,253 8,517 31,791 53,228 10,565 3,850 8,566 5,029 8,184 7,802 17,180 8,325 31,179 22,361 7,660 3,448 7,005 1,722 1.8 0.3 0.9 0.6 0.445902848 0.0
Total Non-essential Amino Acids 69,058 102,624 144,035 83,503 139,044 270,794 98,726 51,287 86,341 46,341 64,163 61,885 105,239 37,557 164,447 96,195 78,785 24,606 57,463 9,699 1.6 0.4 0.7 0.8 0.748625645 0.2
Total Glucogenic Amino Acids 74,647 114,489 160,173 89,499 159,743 305,285 105,929 53,947 92,107 49,379 69,196 67,084 116,436 42,796 184,842 110,061 83,994 26,924 61,886 10,883 1.6 0.4 0.7 0.8 0.721377719 0.2
Total Ketogenic Amino Acids 6,837 16,145 19,341 7,419 25,635 41,513 9,022 3,236 7,163 4,407 6,880 6,439 14,108 6,497 24,855 17,060 6,474 2,954 5,909 1,319 1.8 0.3 0.9 0.6 0.458891065 0.0
Total BCAA 3,781 8,322 10,315 3,922 14,978 24,867 5,093 1,611 3,812 2,179 3,561 3,673 7,473 3,349 14,589 10,478 3,505 1,761 3,138 832 2.0 0.3 0.9 0.6 0.469065766 0.0
Total Aromatic Amino Acids 1,746 3,352 4,793 1,918 5,566 7,734 2,286 732 1,458 943 1,383 1,357 3,297 1,524 5,072 2,939 1,492 778 1,228 247 1.5 0.2 0.8 0.6 0.452531248 0.1
Fischer's Ratio 2.2 2.5 2.2 2.0 2.7 3.2 2.2 2.2 2.6 2.3 2.6 2.7 2 0 3 1 2 0 3 0 1.2 0.2 1.1 0.5 1.035770563 0.8
Total Glu-related Amino Acids 49,614 68,259 96,830 60,372 92,470 183,531 80,662 37,863 63,580 38,788 45,702 45,002 71,568 23,781 112,124 63,888 60,702 21,544 43,164 3,806 1.6 0.4 0.7 0.7 0.848170316 0.2
Total Pyr-related Amino Acids 15,961 29,795 41,319 18,117 41,674 81,752 15,317 11,876 18,924 6,310 16,582 14,218 29,025 12,696 47,181 32,173 15,373 3,524 12,370 5,380 1.6 0.4 0.8 1.0 0.529634404 0.1
Total Acetyl CoA-related Amino Acids 3,874 10,657 11,734 4,087 16,398 27,261 5,258 1,806 4,220 2,826 4,363 3,951 8,755 4,261 15,915 11,595 3,761 1,771 3,713 795 1.8 0.3 1.0 0.5 0.429605325 0.1
Total Fumarate-related Amino Acids 1,549 2,944 4,249 1,741 4,935 6,943 2,057 659 1,350 841 1,261 1,258 2,914 1,350 4,540 2,624 1,355 699 1,120 242 1.6 0.2 0.8 0.6 0.465125646 0.1
Total Succinyl CoA-related Amino Acids 2,635 6,057 8,212 2,723 11,165 18,451 3,515 1,224 2,840 1,453 2,592 2,716 5,634 2,812 10,780 7,871 2,526 1,177 2,254 696 1.9 0.3 0.9 0.6 0.44837283 0.1
Total Oxaloacetate-related Amino Acids 4,887 7,434 9,564 6,546 9,499 14,608 4,378 2,324 5,413 1,988 3,059 3,890 7,295 2,342 10,218 4,078 4,038 1,572 2,979 954 1.4 0.4 0.7 0.8 0.553597862 0.1
Malate/Asp N.A. N.A. N.A. N.A. N.A. N.A. 0.8 1.4 0.7 0.7 1.5 0.5 N.A N.A N.A N.A 1 0 1 1 N.A 0.9 0.9 N.A
Citrulline/Ornithine 0.06 0.10 0.13 0.04 0.14 0.2 0.5 0.5 0.5 0.4 0.4 0.5 0 0 0 0 0 0 0 0 1.4 0.4 0.8 0.3 4.901311025 0.0
Glu/2-Oxoglutarate N.A. N.A. N.A. N.A. N.A. N.A. 85 247 89 160 491 103 N.A N.A N.A N.A 140 92 251 210 N.A 1.8 0.6 N.A
G6P/R5P 276 33 26 195 19 12 22 23 2.5 17 13 4.0 112 143 76 104 16 11 11 7 0.7 0.1 0.7 0.8 0.140977954 0.3
SAM/SAH 15 4.3 4.7 105 2.8 3.5 18 7.2 12 22 6.3 13 8 6 37 59 12 5 14 8 4.6 0.1 1.1 1.0 1.531050995 0.3
Putrescine/Spermidine N.A. 0.02 0.013 N.A. 0.07 0.7 0.8 0.7 0.7 0.7 0.8 0.8 0 0 0 0 1 0 1 0 24.4 0.4 1.0 0.1 46.90250645 0.0



 219 

 
 
 

β-Ala 510 681 981 839 747 1,246 2,481 423 640 1,124 532 404 724 238 944 265 1,182 1,131 687 384 1.3 0.6 0.6 0.7 1.632420557 0.3
Ala 4,507 8,820 11,698 5,735 11,851 21,073 5,442 3,651 4,887 2,019 5,266 3,813 8,342 3,619 12,887 7,721 4,660 917 3,699 1,626 1.5 0.4 0.8 0.8 0.558617258 0.1
N ,N -Dimethylglycine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
γ-Aminobutyric acid 135 270 424 173 384 740 284 101 114 145 95 71 276 145 432 287 166 102 103 38 1.6 0.4 0.6 0.2 0.60126626 0.2
Choline 876 4,870 5,063 1,548 6,978 14,324 383 116 361 180 667 443 3,603 2,364 7,616 6,412 287 148 430 244 2.1 0.4 1.5 0.2 0.079522294 0.0
Ser 1,583 1,914 3,780 1,751 3,751 7,320 1,924 974 2,434 921 1,694 2,025 2,425 1,185 4,274 2,821 1,777 741 1,547 567 1.8 0.3 0.9 0.9 0.73279046 0.4
Carnosine 13 36 46 13 53 95 13 11 14 7.2 22 13 32 17 54 41 13 1 14 7 1.7 0.3 1.1 0.5 0.398247789 0.1
Creatinine 21 66 80 15 104 175 49 23 52 47 35 52 56 31 98 80 42 16 45 8 1.8 0.3 1.1 0.8 0.742579644 0.2
Pro 7,572 12,121 16,508 8,967 17,139 27,337 19,273 5,867 7,519 8,628 8,167 5,836 12,067 4,468 17,814 9,204 10,886 7,310 7,544 1,497 1.5 0.3 0.7 0.9 0.902130581 0.1
Val 961 2,019 3,431 801 4,489 7,281 1,394 428 984 506 1,049 972 2,137 1,239 4,190 3,250 935 485 843 294 2.0 0.2 0.9 0.5 0.437687416 0.2
Betaine N.D. 23 64 N.D. N.D. N.D. N.D. 62 129 N.D. 141 95 44 29 N.A N.A 95 47 118 33 N.A 1.2 0.6 2.179956392 0.3
Thr 1,413 2,544 3,359 1,591 4,303 7,309 1,707 772 1,593 740 1,257 1,230 2,438 977 4,401 2,860 1,357 510 1,076 291 1.8 0.3 0.8 0.9 0.556585621 0.1
Homoserine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Betaine aldehyde N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Cys 62 396 511 22 842 705 N.D. 22 N.D. N.D. 59 N.D. 323 233 523 440 22 N.A 59 N.A 1.6 0.1 2.6 0.069182171
Hydroxyproline 1,002 1,922 2,886 1,193 2,571 3,632 1,865 1,345 2,932 852 2,005 1,850 1,937 942 2,466 1,223 2,047 810 1,569 626 1.3 0.4 0.8 0.8 1.057145302 0.8
Creatine 2,307 4,089 6,300 3,214 4,844 10,594 3,062 3,286 4,612 1,893 4,666 2,821 4,232 2,000 6,217 3,877 3,653 838 3,127 1,412 1.5 0.5 0.9 0.9 0.863204445 0.5
Ile 1,261 2,834 3,074 1,387 4,674 7,733 1,667 543 1,312 733 1,088 1,248 2,390 985 4,598 3,174 1,174 575 1,023 263 1.9 0.3 0.9 0.6 0.491286827 0.1
Leu 1,560 3,470 3,810 1,733 5,815 9,853 2,033 640 1,515 940 1,423 1,453 2,946 1,213 5,800 4,060 1,396 704 1,272 288 2.0 0.3 0.9 0.6 0.473799936 0.1
Asn 1,801 3,340 3,939 1,810 4,457 8,759 3,082 1,338 2,426 1,107 1,777 1,831 3,027 1,103 5,009 3,507 2,282 881 1,572 403 1.7 0.4 0.7 0.9 0.753986743 0.1
Ornithine 648 1,014 1,334 924 1,227 1,364 286 95 168 151 189 158 999 343 1,172 225 183 96 166 20 1.2 0.6 0.9 0.4 0.183170172 0.1
Asp 3,086 4,094 5,625 4,736 5,042 5,848 1,296 987 2,986 880 1,282 2,059 4,268 1,279 5,209 575 1,756 1,076 1,407 599 1.2 0.6 0.8 0.8 0.411494423 0.2
Homocysteine N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
Adenine N.D. N.D. N.D. N.D. N.D. N.D. 1.0 125 9.9 N.D. 180 5.9 N.A N.A N.A N.A 45 69 93 123 N.A 2.0 0.8 N.A
Hypoxanthine 53 742 946 139 1,364 2,610 20 733 133 178 1,703 167 580 468 1,371 1,235 295 384 683 884 2.4 0.3 2.3 0.6 0.509019831 0.4
Spermidine 18 52 71 27 15 171 55 43 77 33 52 43 47 27 71 87 58 18 43 10 1.5 0.8 0.7 0.6 1.233068014 0.9
Gln 18,295 25,959 36,422 22,897 29,956 67,704 20,678 11,731 23,124 6,901 13,343 17,974 26,892 9,099 40,186 24,092 18,511 5,998 12,740 5,561 1.5 0.5 0.7 0.8 0.688344299 0.2
Lys 857 3,946 4,305 789 5,277 8,884 1,329 550 1,285 1,051 1,728 1,151 3,036 1,896 4,983 4,055 1,055 438 1,310 366 1.6 0.3 1.2 0.4 0.347361349 0.0
Glu 22,217 24,406 37,613 27,001 36,667 73,464 38,675 19,326 30,959 22,016 22,684 19,530 28,079 8,329 45,711 24,516 29,653 9,740 21,410 1,662 1.6 0.4 0.7 0.6 1.056073248 0.6
Met 414 1,204 1,706 534 2,002 3,437 454 253 544 214 454 497 1,108 652 1,991 1,452 417 149 388 153 1.8 0.3 0.9 0.7 0.376424619 0.1
Guanine N.D. 90 110 N.D. 192 294 N.D. 168 N.D. 27 307 N.D. 100 14 243 73 168 N.A 167 198 2.4 0.2 1.0 1.678574861
His 586 1,324 1,790 577 2,018 3,536 697 234 532 335 400 484 1,233 607 2,044 1,480 488 235 407 75 1.7 0.3 0.8 0.8 0.395466723 0.1
Carnitine N.D. 55 143 N.D. 57 255 187 70 122 N.D. 126 61 99 62 156 140 126 59 93 46 1.6 0.7 0.7 1.0 1.276800766 1.0
Phe 758 1,532 2,233 927 2,582 4,405 1,055 357 693 408 661 668 1,508 738 2,638 1,739 702 349 579 148 1.7 0.3 0.8 0.6 0.465480817 0.1
Arg 944 4,448 4,497 930 6,691 11,490 1,339 705 1,446 907 1,108 1,178 3,296 2,037 6,371 5,287 1,163 401 1,064 141 1.9 0.3 0.9 0.9 0.352918672 0.1
Citrulline 38 105 180 38 166 306 131 49 81 57 71 73 108 71 170 134 87 41 67 9 1.6 0.4 0.8 0.7 0.807911769 0.3
Tyr 791 1,412 2,015 813 2,353 2,539 1,002 302 657 433 600 589 1,406 612 1,902 947 654 350 541 94 1.4 0.2 0.8 0.6 0.464744782 0.1
S -Adenosylhomocysteine 6.5 35 35 1.3 64 89 13 14 12 6.5 24 9.2 25 16 51 45 13 1 13 9 2.0 0.2 1.0 0.7 0.52119943 0.0
Spermine N.D. N.D. 2.3 N.D. N.D. N.D. 63 22 7.3 34 24 0.8 2 N.A N.A N.A 31 29 19 17 N.A 0.6 0.9 13.08494566
Trp 197 408 544 177 631 790 229 73 107 102 123 100 383 175 533 318 137 82 108 13 1.4 0.2 0.8 0.4 0.356672174 0.1
Cystathionine 191 185 311 274 223 262 375 305 395 172 510 283 229 71 253 27 358 47 321 172 1.1 0.9 0.9 0.8 1.565039873 0.3
Adenosine 23 79 94 19 146 259 21 19 34 27 59 21 65 38 141 120 25 8 36 21 2.2 0.3 1.4 0.6 0.377538453 0.0
Inosine 119 871 1,084 265 829 2,650 113 282 196 156 825 165 692 507 1,248 1,247 197 84 382 384 1.8 0.6 1.9 0.6 0.284852271 0.1
Guanosine 32 228 280 49 354 519 87 125 31 71 374 31 180 131 308 238 81 47 158 188 1.7 0.2 2.0 0.6 0.449246961 0.1
Argininosuccinic acid 4.5 42 82 3.2 91 185 55 101 172 35 138 85 43 39 93 91 110 59 86 52 2.2 0.3 0.8 0.6 2.554044341 0.2
Glutathione (GSSG) 1,321 2,477 4,002 1,712 3,936 8,695 2,588 1,692 3,140 1,230 3,217 2,465 2,600 1,345 4,781 3,567 2,473 731 2,304 1,003 1.8 0.4 0.9 0.7 0.951159949 0.5
Glutathione (GSH) 10,331 11,113 17,981 11,106 16,834 27,658 6,725 2,986 4,544 3,176 3,297 2,452 13,142 4,209 18,533 8,406 4,752 1,878 2,975 457 1.4 0.4 0.6 0.4 0.361549732 0.2
S -Adenosylmethionine 98 147 166 139 180 315 228 103 152 144 149 117 137 35 211 92 161 63 137 17 1.5 0.4 0.8 0.9 1.174147207 0.4
Adenylate Energy Charge 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.9 0.8 0.9 1 0 1 0 1 0 1 0 1.0 0.4 1.0 1.0 0.941619883 0.1
Total Adenylate 8,408 9,723 16,064 10,070 11,998 24,575 7,426 4,900 5,888 4,116 7,094 4,256 11,398 4,094 15,548 7,877 6,072 1,273 5,155 1,680 1.4 0.5 0.8 0.9 0.532664462 0.2
Guanylate Energy Charge 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.8 0.9 0.8 0.9 1 0 1 0 1 0 1 0 1.0 0.4 1.0 0.9 0.961242595 0.3
Total Guanylate 1,226 2,127 3,407 1,454 2,412 5,255 3,112 1,353 1,924 1,346 2,047 1,542 2,253 1,096 3,040 1,977 2,129 897 1,645 361 1.3 0.6 0.8 0.7 0.944938496 0.3
GSH/GSSG 7.8 4.5 4.5 6.5 4.3 3.2 2.6 1.8 1.4 2.6 1.0 1.0 6 2 5 2 2 1 2 1 0.8 0.4 0.8 0.2 0.345924925 0.0
Total Glutathione 12,974 16,067 25,986 14,531 24,705 45,048 11,900 6,369 10,824 5,637 9,730 7,382 18,342 6,798 28,095 15,539 9,698 2,933 7,583 2,054 1.5 0.4 0.8 1.0 0.528708356 0.2
NADPH/NADP+ 1.1 0.4 0.4 1.0 0.4 0.3 0.8 0.8 0.9 1.2 0.3 0.7 1 0 1 0 1 0 1 0 1.0 0.9 0.9 0.3 1.358812929 0.0
NADH/NAD+ 0.03 0.03 0.05 0.04 0.05 0.05 0.09 0.08 0.06 0.09 0.06 0.06 0 0 0 0 0 0 0 0 1.2 0.4 0.9 0.3 1.996635383 0.1
Lactate/Pyruvate N.A. 104 139 N.A. 133 124 95 129 51 142 114 52 122 24 129 7 92 39 103 46 1.1 0.8 1.1 0.9 0.753360444 0.6
Glycerol 3-phosphate/DHAP 2.9 1.8 1.1 N.A. 1.1 1.4 0.12 1.2 0.06 0.08 0.3 0.06 2 1 1 0 0 1 0 0 0.7 0.7 0.4 0.6 0.229899156 0.3
Total Amino Acids 77,063 121,905 168,288 92,021 170,835 324,022 109,291 55,137 94,907 51,370 72,347 69,688 122,419 45,615 195,626 117,971 86,445 28,052 64,468 11,421 1.6 0.4 0.7 0.9 0.706143228 0.2
Total Essential Amino Acids 8,005 19,280 24,253 8,517 31,791 53,228 10,565 3,850 8,566 5,029 8,184 7,802 17,180 8,325 31,179 22,361 7,660 3,448 7,005 1,722 1.8 0.3 0.9 0.6 0.445902848 0.0
Total Non-essential Amino Acids 69,058 102,624 144,035 83,503 139,044 270,794 98,726 51,287 86,341 46,341 64,163 61,885 105,239 37,557 164,447 96,195 78,785 24,606 57,463 9,699 1.6 0.4 0.7 0.8 0.748625645 0.2
Total Glucogenic Amino Acids 74,647 114,489 160,173 89,499 159,743 305,285 105,929 53,947 92,107 49,379 69,196 67,084 116,436 42,796 184,842 110,061 83,994 26,924 61,886 10,883 1.6 0.4 0.7 0.8 0.721377719 0.2
Total Ketogenic Amino Acids 6,837 16,145 19,341 7,419 25,635 41,513 9,022 3,236 7,163 4,407 6,880 6,439 14,108 6,497 24,855 17,060 6,474 2,954 5,909 1,319 1.8 0.3 0.9 0.6 0.458891065 0.0
Total BCAA 3,781 8,322 10,315 3,922 14,978 24,867 5,093 1,611 3,812 2,179 3,561 3,673 7,473 3,349 14,589 10,478 3,505 1,761 3,138 832 2.0 0.3 0.9 0.6 0.469065766 0.0
Total Aromatic Amino Acids 1,746 3,352 4,793 1,918 5,566 7,734 2,286 732 1,458 943 1,383 1,357 3,297 1,524 5,072 2,939 1,492 778 1,228 247 1.5 0.2 0.8 0.6 0.452531248 0.1
Fischer's Ratio 2.2 2.5 2.2 2.0 2.7 3.2 2.2 2.2 2.6 2.3 2.6 2.7 2 0 3 1 2 0 3 0 1.2 0.2 1.1 0.5 1.035770563 0.8
Total Glu-related Amino Acids 49,614 68,259 96,830 60,372 92,470 183,531 80,662 37,863 63,580 38,788 45,702 45,002 71,568 23,781 112,124 63,888 60,702 21,544 43,164 3,806 1.6 0.4 0.7 0.7 0.848170316 0.2
Total Pyr-related Amino Acids 15,961 29,795 41,319 18,117 41,674 81,752 15,317 11,876 18,924 6,310 16,582 14,218 29,025 12,696 47,181 32,173 15,373 3,524 12,370 5,380 1.6 0.4 0.8 1.0 0.529634404 0.1
Total Acetyl CoA-related Amino Acids 3,874 10,657 11,734 4,087 16,398 27,261 5,258 1,806 4,220 2,826 4,363 3,951 8,755 4,261 15,915 11,595 3,761 1,771 3,713 795 1.8 0.3 1.0 0.5 0.429605325 0.1
Total Fumarate-related Amino Acids 1,549 2,944 4,249 1,741 4,935 6,943 2,057 659 1,350 841 1,261 1,258 2,914 1,350 4,540 2,624 1,355 699 1,120 242 1.6 0.2 0.8 0.6 0.465125646 0.1
Total Succinyl CoA-related Amino Acids 2,635 6,057 8,212 2,723 11,165 18,451 3,515 1,224 2,840 1,453 2,592 2,716 5,634 2,812 10,780 7,871 2,526 1,177 2,254 696 1.9 0.3 0.9 0.6 0.44837283 0.1
Total Oxaloacetate-related Amino Acids 4,887 7,434 9,564 6,546 9,499 14,608 4,378 2,324 5,413 1,988 3,059 3,890 7,295 2,342 10,218 4,078 4,038 1,572 2,979 954 1.4 0.4 0.7 0.8 0.553597862 0.1
Malate/Asp N.A. N.A. N.A. N.A. N.A. N.A. 0.8 1.4 0.7 0.7 1.5 0.5 N.A N.A N.A N.A 1 0 1 1 N.A 0.9 0.9 N.A
Citrulline/Ornithine 0.06 0.10 0.13 0.04 0.14 0.2 0.5 0.5 0.5 0.4 0.4 0.5 0 0 0 0 0 0 0 0 1.4 0.4 0.8 0.3 4.901311025 0.0
Glu/2-Oxoglutarate N.A. N.A. N.A. N.A. N.A. N.A. 85 247 89 160 491 103 N.A N.A N.A N.A 140 92 251 210 N.A 1.8 0.6 N.A
G6P/R5P 276 33 26 195 19 12 22 23 2.5 17 13 4.0 112 143 76 104 16 11 11 7 0.7 0.1 0.7 0.8 0.140977954 0.3
SAM/SAH 15 4.3 4.7 105 2.8 3.5 18 7.2 12 22 6.3 13 8 6 37 59 12 5 14 8 4.6 0.1 1.1 1.0 1.531050995 0.3
Putrescine/Spermidine N.A. 0.02 0.013 N.A. 0.07 0.7 0.8 0.7 0.7 0.7 0.8 0.8 0 0 0 0 1 0 1 0 24.4 0.4 1.0 0.1 46.90250645 0.0
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Supplementary table S2 
 

 
 
 
 

NAME Cluster hT UI 1 hT UI 2 hT UI 3 5H UI 1 5H UI 2 5H UI 3
Phosphocreatine 1 1.2768 -1.32029 -0.4732 0.28318 -0.68799 0.921503
2,3-Diphosphoglyceric acid 2 -0.61758 -1.10382 -0.52082 1.460491 -0.19666 0.97838
2-Oxoglutaric acid 2 -0.7262 -0.7262 -0.7262 1.518524 -0.33858 0.998666
Fructose 1,6-diphosphate 2 -0.69517 -0.64067 -0.49437 1.235811 -0.74156 1.335947
XMP 2 -0.7324 -0.60715 -0.59938 1.12959 -0.62785 1.437195
Glyceraldehyde 3-phosphate 2 -0.87566 -0.52363 -0.44344 0.863239 -0.63665 1.616135
Dihydroxyacetone phosphate 2 -0.92894 -0.62061 -0.12719 1.036341 -0.7881 1.428504
HMG CoA 2 -1.15608 -0.41068 -0.0475 1.192997 -0.7845 1.205766
Citric acid 2 -1.06751 -0.68353 -0.57066 0.999927 -0.11181 1.433592
N-Acetylglutamic acid 2 -1.10462 -0.64992 -0.38738 0.647701 -0.16708 1.661301
Cystathionine 2 -1.15213 -1.221 0.192768 0.916728 0.128931 1.13471
2-Hydroxyglutaric acid 2 -1.42996 -0.92123 0.117982 1.07054 0.213466 0.949207
Putrescine 2 -0.89453 -0.85512 -0.85576 1.014131 0.325685 1.265593
cis-Aconitic acid 2 -0.86004 -0.85244 -0.86004 0.897488 0.296397 1.378643
Isocitric acid 2 -0.84911 -0.84911 -0.84911 0.680034 0.371858 1.495433
Fumaric acid 2 -0.92711 -0.92711 -0.77567 0.740917 0.528452 1.360528
N-Carbamoylaspartic acid 2 -0.94924 -0.89443 -0.86242 0.752051 0.776422 1.177611
Malic acid 2 -0.83876 -0.83876 -0.83876 0.299596 0.694313 1.522372
Adenylosuccinic acid 3 -0.59057 -0.61674 -0.5553 0.126364 -0.32377 1.960025
IMP 3 -0.64429 -0.45043 -0.37748 0.074381 -0.57722 1.975043
Erythrose 4-phosphate 3 -0.40825 -0.40825 -0.40825 -0.40825 -0.40825 2.041241
Xylulose 5-phosphate 3 -0.4952 -0.4952 -0.4952 -0.31221 -0.23042 2.028239
Argininosuccinic acid 3 -1.246 -0.59412 0.103845 -0.36334 0.438469 1.661155
Betaine 3 -0.94064 -0.47046 0.364 -0.94064 0.322685 1.665062
Ribulose 5-phosphate 3 -1.14358 -0.48815 0.626546 -0.56129 -0.08838 1.654849
Ribose 5-phosphate 3 -1.04454 -0.22506 0.117945 -0.59774 -0.11446 1.86386
GMP 3 -1.21836 0.30264 0.400429 -0.50146 -0.60861 1.625359
AMP 3 -1.15821 0.68291 0.662095 -1.16046 -0.19623 1.169891
Sarcosine 4 -1.00969 -1.00969 1.514533 -0.21865 -0.06115 0.784654
2-Oxoisovaleric acid 4 -1.08064 -1.08064 1.572789 0.3399 -0.02456 0.273156
GDP 4 -1.67701 -0.01161 1.344861 0.392524 -0.35874 0.309976
Glutathione (GSSG) 4 -1.25216 -0.06174 1.510176 0.052731 -0.87079 0.621774
Hydroxyproline 4 -1.25647 -0.08896 1.134766 -0.16134 -0.82158 1.193588
Spermidine 4 -1.63141 -0.01841 0.867075 0.105488 -0.48169 1.158953
Pyruvic acid 4 -1.99046 0.064394 0.531716 0.457283 0.241518 0.695544
Lactic acid 5 -1.65788 0.088047 1.193562 0.239585 0.681676 -0.54499
Succinic acid 5 -1.0937 -0.29497 1.194439 -0.64288 1.292186 -0.45508
Adenine 6 -0.45026 -0.45026 -0.45026 -0.43128 2.035129 -0.25307
Sedoheptulose 7-phosphate 7 -0.72715 0.595069 -0.15586 -0.72715 1.742232 -0.72715
Guanine 7 -0.85302 0.397075 0.67955 -0.85302 1.482435 -0.85302
Glucose 1-phosphate 7 -0.52541 0.6108 0.60312 -0.58965 1.298632 -1.39749
Fructose 6-phosphate 8 0.018845 0.998432 0.964748 -1.09663 0.416802 -1.3022
Glucose 6-phosphate 8 0.071664 0.890743 1.16506 -0.95557 0.202812 -1.37471
Hypoxanthine 8 -0.93135 0.735966 1.229532 -1.01156 0.715233 -0.73782
Acetyl CoA 8 -0.9121 0.875375 1.452727 -0.62878 0.147755 -0.93497
Guanosine 8 -0.95272 0.945966 1.445613 -0.42349 -0.05335 -0.96202
S-Adenosylhomocysteine 8 -1.041 1.224553 1.294724 -0.51398 -0.40675 -0.55754
Malonyl CoA 9 -1.25743 0.842805 1.321927 -0.61573 -0.66512 0.373552
Creatine 9 -1.16167 0.103997 1.674615 -0.62575 -0.46664 0.47545
ADP 9 -0.9245 0.314785 1.871232 -0.47369 -0.46455 -0.32327
Ser 9 -0.54451 -0.19721 1.762565 -0.1861 -1.18385 0.349092
Gln 9 -0.53205 0.39336 1.656762 -0.24434 -1.32477 0.051041
Asp 9 0.042268 0.623292 1.505993 -0.98928 -1.1674 -0.01488
UDP-glucose 9 0.079438 0.77085 1.562466 -0.76508 -0.91163 -0.73604
Ornithine 9 0.114687 0.8459 1.48464 -0.6096 -0.9912 -0.84442
Glutathione (GSH) 9 0.25441 0.398102 1.660088 -0.40825 -1.09527 -0.80908
ATP 9 0.100267 0.199881 1.783171 -0.24286 -1.01421 -0.82626
Galactose 1-phosphate 9 -0.22349 0.25175 1.821074 -0.24682 -0.46554 -1.13698
Ribose 1-phosphate 9 -0.48122 0.444038 1.666318 0.206737 -0.73533 -1.10054
Trp 9 -0.34484 0.813329 1.561779 -0.16783 -1.02589 -0.83655
Tyr 9 -0.39275 0.629357 1.622604 -0.04624 -1.1991 -0.61386
Phe 9 -0.51051 0.628988 1.661159 -0.07282 -1.10079 -0.60603
Val 9 -0.53834 0.451759 1.773656 -0.13325 -1.03702 -0.51681
Thr 9 -0.53023 0.706245 1.596937 -0.2089 -1.23097 -0.33309
His 9 -0.47398 0.799713 1.602787 -0.28171 -1.07984 -0.56697
Leu 9 -0.49802 1.057565 1.334386 -0.1129 -1.247 -0.53402
Ile 9 -0.53076 1.071619 1.316769 -0.1168 -1.26231 -0.47852
Ala 9 -0.64199 0.746913 1.67367 -0.34112 -0.91782 -0.51965
Met 9 -0.61492 0.778182 1.663212 -0.54433 -0.89777 -0.38437
Carnosine 9 -0.61322 0.926475 1.593499 -0.63355 -0.72163 -0.55157
ADP-ribose 9 -0.70334 0.874159 1.624641 -0.49263 -0.72329 -0.57955
Glycerol 3-phosphate 9 -0.73596 0.71722 1.712924 -0.44342 -0.50083 -0.74992
Gly 9 -0.50456 0.728583 1.666094 -0.8628 -0.80228 -0.22504
Inosine 9 -0.76846 1.009058 1.512465 -0.78232 -0.38407 -0.58668
cAMP 9 -0.60652 1.127252 1.434872 -0.70223 -0.51719 -0.73618
6-Phosphogluconic acid 9 -0.46639 1.041508 1.491108 -0.86587 -0.55445 -0.64591
Cys 9 -0.45361 1.01411 1.521389 -0.72672 -0.62844 -0.72672
Choline 9 -0.45397 1.242519 1.324385 -0.66344 -0.77666 -0.67283
Xanthine 9 -0.51683 1.156828 1.333797 -0.92334 -0.8503 -0.20016
Adenosine 9 -0.67041 1.033959 1.488919 -0.7262 -0.79006 -0.33621
Lys 9 -0.72438 1.158318 1.37749 -0.43634 -0.91145 -0.46363
Arg 9 -0.73163 1.262047 1.289823 -0.50653 -0.86759 -0.44611
Folic acid 9 -0.96404 1.33791 1.070993 -0.30044 -1.01294 -0.13148
Creatinine 9 -1.18558 0.756936 1.351499 0.019176 -1.08372 0.141692
Asn 9 -0.86933 0.698942 1.308433 0.435836 -1.34158 -0.2323
NAD+ 10 0.018273 0.415605 1.120987 0.810586 -1.42314 -0.94231
γ-Aminobutyric acid 10 -0.67893 0.385478 1.593676 0.490831 -0.9494 -0.84165
NADP+ 10 -0.84436 0.491325 1.451903 0.627844 -1.02565 -0.70107
2-Phosphoglyceric acid 10 -0.8821 0.409423 1.347498 0.837909 -1.04306 -0.66967
Citrulline 10 -1.11502 0.143011 1.554196 0.63297 -0.90908 -0.30608
3-Phosphoglyceric acid 10 -0.78731 0.045421 1.403318 0.9401 -1.149 -0.45252
GTP 10 -0.92385 -0.10424 1.326418 1.1257 -0.9301 -0.49393
Pro 10 -0.71551 0.118109 0.922025 1.428679 -1.02799 -0.72531
Phosphoenolpyruvic acid 10 -1.06081 0.397834 0.99301 1.129534 -1.17099 -0.28858
Glu 10 -0.81572 -0.54714 1.073112 1.203314 -1.17037 0.256797
Carnitine 10 -1.42552 -0.61004 0.692974 1.350086 -0.38634 0.378849
Uric acid 10 -1.33364 -0.19739 0.65469 1.413105 -0.82196 0.285194
S-Adenosylmethionine 10 -1.07048 -0.03659 0.351634 1.668132 -0.97108 0.058395
NADH 11 -0.75339 -0.58249 0.316121 1.898445 -0.47832 -0.40036
β-Ala 11 -0.5732 -0.35166 0.036235 1.97821 -0.68541 -0.40416
Fructose 1-phosphate 11 -0.60922 -0.5735 -0.08947 1.999865 -0.48158 -0.2461
PRPP 11 -0.38617 -0.47102 -0.32463 2.033385 -0.54066 -0.31092
Spermine 11 -0.64217 -0.64217 -0.54646 1.922278 0.251982 -0.34345
NADPH 11 0.198235 -0.79441 -0.21777 1.841048 -0.94091 -0.0862
CoA 11 0.182004 -0.27395 0.039562 1.81305 -1.04333 -0.71733
Urea 12 -0.60428 1.764499 -0.60428 -0.60428 -0.60428 0.652625
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NAME Cluster hT UI 1 hT UI 2 hT UI 3 5H UI 1 5H UI 2 5H UI 3
Phosphocreatine 1 1.2768 -1.32029 -0.4732 0.28318 -0.68799 0.921503
2,3-Diphosphoglyceric acid 2 -0.61758 -1.10382 -0.52082 1.460491 -0.19666 0.97838
2-Oxoglutaric acid 2 -0.7262 -0.7262 -0.7262 1.518524 -0.33858 0.998666
Fructose 1,6-diphosphate 2 -0.69517 -0.64067 -0.49437 1.235811 -0.74156 1.335947
XMP 2 -0.7324 -0.60715 -0.59938 1.12959 -0.62785 1.437195
Glyceraldehyde 3-phosphate 2 -0.87566 -0.52363 -0.44344 0.863239 -0.63665 1.616135
Dihydroxyacetone phosphate 2 -0.92894 -0.62061 -0.12719 1.036341 -0.7881 1.428504
HMG CoA 2 -1.15608 -0.41068 -0.0475 1.192997 -0.7845 1.205766
Citric acid 2 -1.06751 -0.68353 -0.57066 0.999927 -0.11181 1.433592
N-Acetylglutamic acid 2 -1.10462 -0.64992 -0.38738 0.647701 -0.16708 1.661301
Cystathionine 2 -1.15213 -1.221 0.192768 0.916728 0.128931 1.13471
2-Hydroxyglutaric acid 2 -1.42996 -0.92123 0.117982 1.07054 0.213466 0.949207
Putrescine 2 -0.89453 -0.85512 -0.85576 1.014131 0.325685 1.265593
cis-Aconitic acid 2 -0.86004 -0.85244 -0.86004 0.897488 0.296397 1.378643
Isocitric acid 2 -0.84911 -0.84911 -0.84911 0.680034 0.371858 1.495433
Fumaric acid 2 -0.92711 -0.92711 -0.77567 0.740917 0.528452 1.360528
N-Carbamoylaspartic acid 2 -0.94924 -0.89443 -0.86242 0.752051 0.776422 1.177611
Malic acid 2 -0.83876 -0.83876 -0.83876 0.299596 0.694313 1.522372
Adenylosuccinic acid 3 -0.59057 -0.61674 -0.5553 0.126364 -0.32377 1.960025
IMP 3 -0.64429 -0.45043 -0.37748 0.074381 -0.57722 1.975043
Erythrose 4-phosphate 3 -0.40825 -0.40825 -0.40825 -0.40825 -0.40825 2.041241
Xylulose 5-phosphate 3 -0.4952 -0.4952 -0.4952 -0.31221 -0.23042 2.028239
Argininosuccinic acid 3 -1.246 -0.59412 0.103845 -0.36334 0.438469 1.661155
Betaine 3 -0.94064 -0.47046 0.364 -0.94064 0.322685 1.665062
Ribulose 5-phosphate 3 -1.14358 -0.48815 0.626546 -0.56129 -0.08838 1.654849
Ribose 5-phosphate 3 -1.04454 -0.22506 0.117945 -0.59774 -0.11446 1.86386
GMP 3 -1.21836 0.30264 0.400429 -0.50146 -0.60861 1.625359
AMP 3 -1.15821 0.68291 0.662095 -1.16046 -0.19623 1.169891
Sarcosine 4 -1.00969 -1.00969 1.514533 -0.21865 -0.06115 0.784654
2-Oxoisovaleric acid 4 -1.08064 -1.08064 1.572789 0.3399 -0.02456 0.273156
GDP 4 -1.67701 -0.01161 1.344861 0.392524 -0.35874 0.309976
Glutathione (GSSG) 4 -1.25216 -0.06174 1.510176 0.052731 -0.87079 0.621774
Hydroxyproline 4 -1.25647 -0.08896 1.134766 -0.16134 -0.82158 1.193588
Spermidine 4 -1.63141 -0.01841 0.867075 0.105488 -0.48169 1.158953
Pyruvic acid 4 -1.99046 0.064394 0.531716 0.457283 0.241518 0.695544
Lactic acid 5 -1.65788 0.088047 1.193562 0.239585 0.681676 -0.54499
Succinic acid 5 -1.0937 -0.29497 1.194439 -0.64288 1.292186 -0.45508
Adenine 6 -0.45026 -0.45026 -0.45026 -0.43128 2.035129 -0.25307
Sedoheptulose 7-phosphate 7 -0.72715 0.595069 -0.15586 -0.72715 1.742232 -0.72715
Guanine 7 -0.85302 0.397075 0.67955 -0.85302 1.482435 -0.85302
Glucose 1-phosphate 7 -0.52541 0.6108 0.60312 -0.58965 1.298632 -1.39749
Fructose 6-phosphate 8 0.018845 0.998432 0.964748 -1.09663 0.416802 -1.3022
Glucose 6-phosphate 8 0.071664 0.890743 1.16506 -0.95557 0.202812 -1.37471
Hypoxanthine 8 -0.93135 0.735966 1.229532 -1.01156 0.715233 -0.73782
Acetyl CoA 8 -0.9121 0.875375 1.452727 -0.62878 0.147755 -0.93497
Guanosine 8 -0.95272 0.945966 1.445613 -0.42349 -0.05335 -0.96202
S-Adenosylhomocysteine 8 -1.041 1.224553 1.294724 -0.51398 -0.40675 -0.55754
Malonyl CoA 9 -1.25743 0.842805 1.321927 -0.61573 -0.66512 0.373552
Creatine 9 -1.16167 0.103997 1.674615 -0.62575 -0.46664 0.47545
ADP 9 -0.9245 0.314785 1.871232 -0.47369 -0.46455 -0.32327
Ser 9 -0.54451 -0.19721 1.762565 -0.1861 -1.18385 0.349092
Gln 9 -0.53205 0.39336 1.656762 -0.24434 -1.32477 0.051041
Asp 9 0.042268 0.623292 1.505993 -0.98928 -1.1674 -0.01488
UDP-glucose 9 0.079438 0.77085 1.562466 -0.76508 -0.91163 -0.73604
Ornithine 9 0.114687 0.8459 1.48464 -0.6096 -0.9912 -0.84442
Glutathione (GSH) 9 0.25441 0.398102 1.660088 -0.40825 -1.09527 -0.80908
ATP 9 0.100267 0.199881 1.783171 -0.24286 -1.01421 -0.82626
Galactose 1-phosphate 9 -0.22349 0.25175 1.821074 -0.24682 -0.46554 -1.13698
Ribose 1-phosphate 9 -0.48122 0.444038 1.666318 0.206737 -0.73533 -1.10054
Trp 9 -0.34484 0.813329 1.561779 -0.16783 -1.02589 -0.83655
Tyr 9 -0.39275 0.629357 1.622604 -0.04624 -1.1991 -0.61386
Phe 9 -0.51051 0.628988 1.661159 -0.07282 -1.10079 -0.60603
Val 9 -0.53834 0.451759 1.773656 -0.13325 -1.03702 -0.51681
Thr 9 -0.53023 0.706245 1.596937 -0.2089 -1.23097 -0.33309
His 9 -0.47398 0.799713 1.602787 -0.28171 -1.07984 -0.56697
Leu 9 -0.49802 1.057565 1.334386 -0.1129 -1.247 -0.53402
Ile 9 -0.53076 1.071619 1.316769 -0.1168 -1.26231 -0.47852
Ala 9 -0.64199 0.746913 1.67367 -0.34112 -0.91782 -0.51965
Met 9 -0.61492 0.778182 1.663212 -0.54433 -0.89777 -0.38437
Carnosine 9 -0.61322 0.926475 1.593499 -0.63355 -0.72163 -0.55157
ADP-ribose 9 -0.70334 0.874159 1.624641 -0.49263 -0.72329 -0.57955
Glycerol 3-phosphate 9 -0.73596 0.71722 1.712924 -0.44342 -0.50083 -0.74992
Gly 9 -0.50456 0.728583 1.666094 -0.8628 -0.80228 -0.22504
Inosine 9 -0.76846 1.009058 1.512465 -0.78232 -0.38407 -0.58668
cAMP 9 -0.60652 1.127252 1.434872 -0.70223 -0.51719 -0.73618
6-Phosphogluconic acid 9 -0.46639 1.041508 1.491108 -0.86587 -0.55445 -0.64591
Cys 9 -0.45361 1.01411 1.521389 -0.72672 -0.62844 -0.72672
Choline 9 -0.45397 1.242519 1.324385 -0.66344 -0.77666 -0.67283
Xanthine 9 -0.51683 1.156828 1.333797 -0.92334 -0.8503 -0.20016
Adenosine 9 -0.67041 1.033959 1.488919 -0.7262 -0.79006 -0.33621
Lys 9 -0.72438 1.158318 1.37749 -0.43634 -0.91145 -0.46363
Arg 9 -0.73163 1.262047 1.289823 -0.50653 -0.86759 -0.44611
Folic acid 9 -0.96404 1.33791 1.070993 -0.30044 -1.01294 -0.13148
Creatinine 9 -1.18558 0.756936 1.351499 0.019176 -1.08372 0.141692
Asn 9 -0.86933 0.698942 1.308433 0.435836 -1.34158 -0.2323
NAD+ 10 0.018273 0.415605 1.120987 0.810586 -1.42314 -0.94231
γ-Aminobutyric acid 10 -0.67893 0.385478 1.593676 0.490831 -0.9494 -0.84165
NADP+ 10 -0.84436 0.491325 1.451903 0.627844 -1.02565 -0.70107
2-Phosphoglyceric acid 10 -0.8821 0.409423 1.347498 0.837909 -1.04306 -0.66967
Citrulline 10 -1.11502 0.143011 1.554196 0.63297 -0.90908 -0.30608
3-Phosphoglyceric acid 10 -0.78731 0.045421 1.403318 0.9401 -1.149 -0.45252
GTP 10 -0.92385 -0.10424 1.326418 1.1257 -0.9301 -0.49393
Pro 10 -0.71551 0.118109 0.922025 1.428679 -1.02799 -0.72531
Phosphoenolpyruvic acid 10 -1.06081 0.397834 0.99301 1.129534 -1.17099 -0.28858
Glu 10 -0.81572 -0.54714 1.073112 1.203314 -1.17037 0.256797
Carnitine 10 -1.42552 -0.61004 0.692974 1.350086 -0.38634 0.378849
Uric acid 10 -1.33364 -0.19739 0.65469 1.413105 -0.82196 0.285194
S-Adenosylmethionine 10 -1.07048 -0.03659 0.351634 1.668132 -0.97108 0.058395
NADH 11 -0.75339 -0.58249 0.316121 1.898445 -0.47832 -0.40036
β-Ala 11 -0.5732 -0.35166 0.036235 1.97821 -0.68541 -0.40416
Fructose 1-phosphate 11 -0.60922 -0.5735 -0.08947 1.999865 -0.48158 -0.2461
PRPP 11 -0.38617 -0.47102 -0.32463 2.033385 -0.54066 -0.31092
Spermine 11 -0.64217 -0.64217 -0.54646 1.922278 0.251982 -0.34345
NADPH 11 0.198235 -0.79441 -0.21777 1.841048 -0.94091 -0.0862
CoA 11 0.182004 -0.27395 0.039562 1.81305 -1.04333 -0.71733
Urea 12 -0.60428 1.764499 -0.60428 -0.60428 -0.60428 0.652625
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NAME Cluster hT UI 1 hT UI 2 hT UI 3 hT MV 1 hT MV 2 hT MV 3
Phosphocreatine 1 1.406194 -0.96091 -0.18883 0.84448 -1.16057 0.059629
2,3-Diphosphoglyceric acid 2 -0.14321 -1.1916 0.065405 0.486647 -0.83583 1.618597
CoA 3 -0.18911 -1.39815 -0.56681 0.42506 0.152902 1.576102
NADPH 4 -0.11433 -1.104 -0.52908 -0.09155 -0.02628 1.86524
PRPP 4 -0.44901 -1.02858 -0.02867 -0.22856 -0.17723 1.912051
Putrescine 4 -0.42043 -0.40061 -0.40094 -0.42043 -0.39874 2.04114
Adenylosuccinic acid 4 -0.6905 -0.87548 -0.44121 -0.34455 0.593625 1.758116
Urea 5 -0.80029 0.078067 -0.80029 -0.80029 0.728534 1.594281
Xanthine 6 -0.9693 -0.2619 -0.1871 -0.99165 1.018444 1.391497
Citric acid 6 -1.12935 -0.37046 -0.14737 -0.76681 1.028255 1.385745
XMP 6 -0.96215 -0.30174 -0.2608 -0.93502 1.318918 1.140789
Dihydroxyacetone phosphate 6 -0.9475 -0.51997 0.16417 -1.0145 0.947218 1.370582
N-Carbamoylaspartic acid 6 -1.00385 -0.3089 0.096888 -1.09907 1.164292 1.150635
Cys 6 -1.08314 -0.08093 0.265454 -1.20507 1.257818 0.84587
Uric acid 6 -1.15288 -0.20958 0.497806 -1.15288 0.922803 1.094731
Tyr 6 -1.13048 -0.31697 0.473563 -1.10165 0.915902 1.159641
Fructose 1-phosphate 6 -0.87028 -0.75735 0.772882 -0.87028 0.219667 1.505347
Hydroxyproline 6 -1.17747 -0.27418 0.672607 -0.98954 0.363316 1.405273
Acetyl CoA 6 -1.06588 0.018359 0.368565 -1.06751 0.144156 1.602304
6-Phosphogluconic acid 6 -1.03422 0.056862 0.382184 -1.1869 0.264756 1.51732
N-Acetylglutamic acid 6 -1.113 -0.15846 0.39268 -1.113 0.571866 1.419906
Trp 6 -1.06954 -0.20548 0.352909 -1.1515 0.710115 1.363491
Lactic acid 6 -1.0474 -0.28474 0.198182 -1.0474 0.699293 1.48207
Pyruvic acid 6 -1.05581 -0.12583 0.085671 -1.05581 0.610975 1.540802
Guanosine 6 -1.14126 -0.08438 0.193742 -1.04726 0.595354 1.483803
Glucose 6-phosphate 6 -1.27411 -0.19132 0.171315 -0.80177 0.562388 1.53349
Lys 6 -1.04214 -0.02113 0.097732 -1.06445 0.41897 1.611014
Arg 6 -0.98235 -0.09733 -0.085 -0.98572 0.469177 1.681224
Creatinine 6 -0.94596 -0.1772 0.058098 -1.0492 0.45111 1.663151
HMG CoA 6 -0.90409 -0.28335 0.019091 -1.0435 0.573509 1.638342
Phosphoenolpyruvic acid 6 -0.92647 -0.18097 0.123215 -1.15295 0.578343 1.558831
Malonyl CoA 6 -1.0181 -0.15276 0.044651 -1.12159 0.846502 1.401292
S-Adenosylhomocysteine 6 -0.95314 -0.1147 -0.08873 -1.1076 0.757604 1.506567
Folic acid 6 -1.02051 -0.08836 -0.19645 -1.00283 0.805689 1.502453
AMP 6 -1.06105 -0.05332 -0.06471 -1.03358 0.687462 1.525204
GMP 6 -1.09222 -0.08023 -0.01517 -1.00614 0.659965 1.533792
Guanine 6 -1.00189 -0.21424 -0.03626 -1.00189 0.677487 1.576783
Fructose 6-phosphate 6 -1.13695 -0.12887 -0.16353 -0.85654 0.744387 1.5415
Glyceraldehyde 3-phosphate 6 -0.82293 -0.41653 -0.32396 -0.82293 0.68335 1.702989
2-Phosphoglyceric acid 6 -0.90438 -0.43236 -0.08951 -0.89404 0.662148 1.658135
Glycerol 3-phosphate 6 -0.94609 -0.40592 -0.0358 -0.91653 0.6811 1.623247
Val 6 -0.89151 -0.46339 0.108206 -0.95616 0.536519 1.666336
Ribose 5-phosphate 6 -0.93617 -0.29929 -0.03271 -0.89714 0.417913 1.747404
Hypoxanthine 6 -0.98057 -0.24823 -0.03144 -0.88872 0.412257 1.736696
Adenosine 6 -0.89686 -0.26971 -0.1023 -0.94029 0.476852 1.73231
Ile 6 -0.92093 -0.27226 -0.17302 -0.86874 0.486748 1.748199
Leu 6 -0.9069 -0.29123 -0.18168 -0.85105 0.464642 1.766219
Thr 6 -0.91516 -0.39935 -0.02778 -0.83375 0.402631 1.773407
3-Phosphoglyceric acid 6 -0.84741 -0.52306 0.005831 -0.83819 0.438281 1.764546
NADH 6 -0.93679 -0.74825 0.243138 -0.71203 0.495255 1.658668
Glutathione (GSH) 6 -0.82943 -0.71162 0.323005 -0.71275 0.150136 1.780661
Ser 6 -0.80897 -0.65756 0.196869 -0.73206 0.183828 1.81789
Galactose 1-phosphate 6 -0.77313 -0.52083 0.312313 -0.87949 0.05648 1.804655
Fructose 1,6-diphosphate 6 -0.83481 -0.5383 0.257559 -0.92397 0.307911 1.731607
Ribulose 5-phosphate 6 -0.89808 -0.44871 0.315552 -0.90532 0.194395 1.742165
ADP 6 -1.01354 -0.40859 0.351178 -0.87637 0.260086 1.687242
Citrulline 6 -0.98881 -0.33238 0.403961 -0.98959 0.263712 1.643099
Ribose 1-phosphate 6 -1.06573 -0.40752 0.461974 -0.93529 0.375188 1.571371
Succinic acid 6 -0.87941 -0.40298 0.485441 -1.09189 0.291537 1.597302
2-Hydroxyglutaric acid 6 -0.88616 -0.42826 0.507104 -0.98629 0.124507 1.669099
UDP-glucose 6 -0.8499 -0.32933 0.266686 -0.96442 0.099901 1.777073
GDP 6 -0.95895 -0.29614 0.243722 -0.87146 0.10434 1.778482
γ-Aminobutyric acid 6 -0.99535 -0.38111 0.316105 -0.82365 0.132391 1.751621
Ala 6 -1.02811 -0.30203 0.182444 -0.82136 0.208244 1.760818
NADP+ 6 -0.89782 -0.31259 0.108281 -0.85993 0.138369 1.823692
Gly 6 -0.87387 -0.30968 0.119256 -0.82567 0.034341 1.855619
Glutathione (GSSG) 6 -0.88044 -0.45113 0.115775 -0.73512 0.091022 1.859895
Pro 6 -1.02402 -0.39181 0.217865 -0.83023 0.305463 1.722735
Phe 6 -0.97701 -0.40178 0.119273 -0.85133 0.378234 1.732618
Argininosuccinic acid 6 -0.93104 -0.38066 0.208634 -0.94914 0.341233 1.710973
Met 6 -1.01727 -0.30937 0.140354 -0.90954 0.405186 1.69065
His 6 -0.95307 -0.28441 0.137191 -0.96083 0.343295 1.71782
Carnosine 6 -0.97032 -0.21845 0.107276 -0.9749 0.344665 1.71173
cAMP 6 -0.99498 -0.06074 0.105024 -0.97962 0.199462 1.730853
Choline 6 -0.97625 -0.15252 -0.11276 -0.83772 0.282152 1.797101
IMP 6 -0.91618 -0.27445 -0.03296 -0.83016 0.22498 1.828775
Asn 6 -0.86381 -0.264 -0.03089 -0.86022 0.171271 1.847662
ADP-ribose 6 -0.83984 -0.37856 -0.15912 -0.72516 0.217801 1.884874
NAD+ 6 -0.85908 -0.55284 -0.00918 -0.60374 0.134429 1.890419
Glu 6 -0.77205 -0.6569 0.037789 -0.52041 -0.01198 1.923545
S-Adenosylmethionine 6 -1.02136 -0.3607 -0.11261 -0.47688 0.079379 1.892173
Inosine 6 -0.94091 -0.10896 0.126654 -0.77985 -0.15554 1.858606
Gln 6 -0.85441 -0.42485 0.161588 -0.59648 -0.20085 1.915005
Creatine 6 -0.98376 -0.383 0.362502 -0.67795 -0.12833 1.810535
GTP 6 -0.92421 -0.37444 0.585206 -0.75942 -0.264 1.736875
Carnitine 6 -0.86464 -0.30568 0.587452 -0.86464 -0.28089 1.728398
Glucose 1-phosphate 7 -1.27361 0.57375 0.561262 -0.66194 -0.59349 1.394028
Spermidine 8 -0.69282 -0.11303 0.205246 -0.54014 -0.75678 1.897532
Fumaric acid 8 -0.61688 -0.61688 0.76817 -0.61688 -0.61688 1.699341
ATP 8 -0.75941 -0.6868 0.46725 -0.4459 -0.40992 1.83478
β-Ala 8 -1.26697 -0.59764 0.574329 0.02118 -0.34064 1.609743
Ornithine 9 -1.58214 -0.25688 0.900779 -0.58281 0.512566 1.008487
Asp 9 -1.61174 -0.62868 0.864803 -0.00247 0.295607 1.082483
Cystathionine 10 -1.0019 -1.12522 1.406353 0.666435 -0.36439 0.418725
Sarcosine 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
2-Oxoisovaleric acid 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
Spermine 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
Betaine 11 -0.55938 0.329754 1.90778 -0.55938 -0.55938 -0.55938
Sedoheptulose 7-phosphate 12 -0.61042 1.855966 0.455219 -0.47992 -0.61042 -0.61042
cis-Aconitic acid 12 -0.40825 2.041241 -0.40825 -0.40825 -0.40825 -0.40825
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NAME Cluster hT UI 1 hT UI 2 hT UI 3 hT MV 1 hT MV 2 hT MV 3
Phosphocreatine 1 1.406194 -0.96091 -0.18883 0.84448 -1.16057 0.059629
2,3-Diphosphoglyceric acid 2 -0.14321 -1.1916 0.065405 0.486647 -0.83583 1.618597
CoA 3 -0.18911 -1.39815 -0.56681 0.42506 0.152902 1.576102
NADPH 4 -0.11433 -1.104 -0.52908 -0.09155 -0.02628 1.86524
PRPP 4 -0.44901 -1.02858 -0.02867 -0.22856 -0.17723 1.912051
Putrescine 4 -0.42043 -0.40061 -0.40094 -0.42043 -0.39874 2.04114
Adenylosuccinic acid 4 -0.6905 -0.87548 -0.44121 -0.34455 0.593625 1.758116
Urea 5 -0.80029 0.078067 -0.80029 -0.80029 0.728534 1.594281
Xanthine 6 -0.9693 -0.2619 -0.1871 -0.99165 1.018444 1.391497
Citric acid 6 -1.12935 -0.37046 -0.14737 -0.76681 1.028255 1.385745
XMP 6 -0.96215 -0.30174 -0.2608 -0.93502 1.318918 1.140789
Dihydroxyacetone phosphate 6 -0.9475 -0.51997 0.16417 -1.0145 0.947218 1.370582
N-Carbamoylaspartic acid 6 -1.00385 -0.3089 0.096888 -1.09907 1.164292 1.150635
Cys 6 -1.08314 -0.08093 0.265454 -1.20507 1.257818 0.84587
Uric acid 6 -1.15288 -0.20958 0.497806 -1.15288 0.922803 1.094731
Tyr 6 -1.13048 -0.31697 0.473563 -1.10165 0.915902 1.159641
Fructose 1-phosphate 6 -0.87028 -0.75735 0.772882 -0.87028 0.219667 1.505347
Hydroxyproline 6 -1.17747 -0.27418 0.672607 -0.98954 0.363316 1.405273
Acetyl CoA 6 -1.06588 0.018359 0.368565 -1.06751 0.144156 1.602304
6-Phosphogluconic acid 6 -1.03422 0.056862 0.382184 -1.1869 0.264756 1.51732
N-Acetylglutamic acid 6 -1.113 -0.15846 0.39268 -1.113 0.571866 1.419906
Trp 6 -1.06954 -0.20548 0.352909 -1.1515 0.710115 1.363491
Lactic acid 6 -1.0474 -0.28474 0.198182 -1.0474 0.699293 1.48207
Pyruvic acid 6 -1.05581 -0.12583 0.085671 -1.05581 0.610975 1.540802
Guanosine 6 -1.14126 -0.08438 0.193742 -1.04726 0.595354 1.483803
Glucose 6-phosphate 6 -1.27411 -0.19132 0.171315 -0.80177 0.562388 1.53349
Lys 6 -1.04214 -0.02113 0.097732 -1.06445 0.41897 1.611014
Arg 6 -0.98235 -0.09733 -0.085 -0.98572 0.469177 1.681224
Creatinine 6 -0.94596 -0.1772 0.058098 -1.0492 0.45111 1.663151
HMG CoA 6 -0.90409 -0.28335 0.019091 -1.0435 0.573509 1.638342
Phosphoenolpyruvic acid 6 -0.92647 -0.18097 0.123215 -1.15295 0.578343 1.558831
Malonyl CoA 6 -1.0181 -0.15276 0.044651 -1.12159 0.846502 1.401292
S-Adenosylhomocysteine 6 -0.95314 -0.1147 -0.08873 -1.1076 0.757604 1.506567
Folic acid 6 -1.02051 -0.08836 -0.19645 -1.00283 0.805689 1.502453
AMP 6 -1.06105 -0.05332 -0.06471 -1.03358 0.687462 1.525204
GMP 6 -1.09222 -0.08023 -0.01517 -1.00614 0.659965 1.533792
Guanine 6 -1.00189 -0.21424 -0.03626 -1.00189 0.677487 1.576783
Fructose 6-phosphate 6 -1.13695 -0.12887 -0.16353 -0.85654 0.744387 1.5415
Glyceraldehyde 3-phosphate 6 -0.82293 -0.41653 -0.32396 -0.82293 0.68335 1.702989
2-Phosphoglyceric acid 6 -0.90438 -0.43236 -0.08951 -0.89404 0.662148 1.658135
Glycerol 3-phosphate 6 -0.94609 -0.40592 -0.0358 -0.91653 0.6811 1.623247
Val 6 -0.89151 -0.46339 0.108206 -0.95616 0.536519 1.666336
Ribose 5-phosphate 6 -0.93617 -0.29929 -0.03271 -0.89714 0.417913 1.747404
Hypoxanthine 6 -0.98057 -0.24823 -0.03144 -0.88872 0.412257 1.736696
Adenosine 6 -0.89686 -0.26971 -0.1023 -0.94029 0.476852 1.73231
Ile 6 -0.92093 -0.27226 -0.17302 -0.86874 0.486748 1.748199
Leu 6 -0.9069 -0.29123 -0.18168 -0.85105 0.464642 1.766219
Thr 6 -0.91516 -0.39935 -0.02778 -0.83375 0.402631 1.773407
3-Phosphoglyceric acid 6 -0.84741 -0.52306 0.005831 -0.83819 0.438281 1.764546
NADH 6 -0.93679 -0.74825 0.243138 -0.71203 0.495255 1.658668
Glutathione (GSH) 6 -0.82943 -0.71162 0.323005 -0.71275 0.150136 1.780661
Ser 6 -0.80897 -0.65756 0.196869 -0.73206 0.183828 1.81789
Galactose 1-phosphate 6 -0.77313 -0.52083 0.312313 -0.87949 0.05648 1.804655
Fructose 1,6-diphosphate 6 -0.83481 -0.5383 0.257559 -0.92397 0.307911 1.731607
Ribulose 5-phosphate 6 -0.89808 -0.44871 0.315552 -0.90532 0.194395 1.742165
ADP 6 -1.01354 -0.40859 0.351178 -0.87637 0.260086 1.687242
Citrulline 6 -0.98881 -0.33238 0.403961 -0.98959 0.263712 1.643099
Ribose 1-phosphate 6 -1.06573 -0.40752 0.461974 -0.93529 0.375188 1.571371
Succinic acid 6 -0.87941 -0.40298 0.485441 -1.09189 0.291537 1.597302
2-Hydroxyglutaric acid 6 -0.88616 -0.42826 0.507104 -0.98629 0.124507 1.669099
UDP-glucose 6 -0.8499 -0.32933 0.266686 -0.96442 0.099901 1.777073
GDP 6 -0.95895 -0.29614 0.243722 -0.87146 0.10434 1.778482
γ-Aminobutyric acid 6 -0.99535 -0.38111 0.316105 -0.82365 0.132391 1.751621
Ala 6 -1.02811 -0.30203 0.182444 -0.82136 0.208244 1.760818
NADP+ 6 -0.89782 -0.31259 0.108281 -0.85993 0.138369 1.823692
Gly 6 -0.87387 -0.30968 0.119256 -0.82567 0.034341 1.855619
Glutathione (GSSG) 6 -0.88044 -0.45113 0.115775 -0.73512 0.091022 1.859895
Pro 6 -1.02402 -0.39181 0.217865 -0.83023 0.305463 1.722735
Phe 6 -0.97701 -0.40178 0.119273 -0.85133 0.378234 1.732618
Argininosuccinic acid 6 -0.93104 -0.38066 0.208634 -0.94914 0.341233 1.710973
Met 6 -1.01727 -0.30937 0.140354 -0.90954 0.405186 1.69065
His 6 -0.95307 -0.28441 0.137191 -0.96083 0.343295 1.71782
Carnosine 6 -0.97032 -0.21845 0.107276 -0.9749 0.344665 1.71173
cAMP 6 -0.99498 -0.06074 0.105024 -0.97962 0.199462 1.730853
Choline 6 -0.97625 -0.15252 -0.11276 -0.83772 0.282152 1.797101
IMP 6 -0.91618 -0.27445 -0.03296 -0.83016 0.22498 1.828775
Asn 6 -0.86381 -0.264 -0.03089 -0.86022 0.171271 1.847662
ADP-ribose 6 -0.83984 -0.37856 -0.15912 -0.72516 0.217801 1.884874
NAD+ 6 -0.85908 -0.55284 -0.00918 -0.60374 0.134429 1.890419
Glu 6 -0.77205 -0.6569 0.037789 -0.52041 -0.01198 1.923545
S-Adenosylmethionine 6 -1.02136 -0.3607 -0.11261 -0.47688 0.079379 1.892173
Inosine 6 -0.94091 -0.10896 0.126654 -0.77985 -0.15554 1.858606
Gln 6 -0.85441 -0.42485 0.161588 -0.59648 -0.20085 1.915005
Creatine 6 -0.98376 -0.383 0.362502 -0.67795 -0.12833 1.810535
GTP 6 -0.92421 -0.37444 0.585206 -0.75942 -0.264 1.736875
Carnitine 6 -0.86464 -0.30568 0.587452 -0.86464 -0.28089 1.728398
Glucose 1-phosphate 7 -1.27361 0.57375 0.561262 -0.66194 -0.59349 1.394028
Spermidine 8 -0.69282 -0.11303 0.205246 -0.54014 -0.75678 1.897532
Fumaric acid 8 -0.61688 -0.61688 0.76817 -0.61688 -0.61688 1.699341
ATP 8 -0.75941 -0.6868 0.46725 -0.4459 -0.40992 1.83478
β-Ala 8 -1.26697 -0.59764 0.574329 0.02118 -0.34064 1.609743
Ornithine 9 -1.58214 -0.25688 0.900779 -0.58281 0.512566 1.008487
Asp 9 -1.61174 -0.62868 0.864803 -0.00247 0.295607 1.082483
Cystathionine 10 -1.0019 -1.12522 1.406353 0.666435 -0.36439 0.418725
Sarcosine 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
2-Oxoisovaleric acid 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
Spermine 11 -0.40825 -0.40825 2.041241 -0.40825 -0.40825 -0.40825
Betaine 11 -0.55938 0.329754 1.90778 -0.55938 -0.55938 -0.55938
Sedoheptulose 7-phosphate 12 -0.61042 1.855966 0.455219 -0.47992 -0.61042 -0.61042
cis-Aconitic acid 12 -0.40825 2.041241 -0.40825 -0.40825 -0.40825 -0.40825
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NAME Cluster 5H UI 1 5H UI 2 5H UI 3 5H MV 1 5H MV 2 5H MV 3
Lys 1 0.380207 -1.63447 0.264481 -0.33975 1.411341 -0.08181
Choline 1 0.123693 -1.23126 0.011356 -0.90521 1.569174 0.432254
2-Oxoisovaleric acid 1 0.410853 -1.16712 0.121872 -1.01908 1.550846 0.102629
Glutathione (GSSG) 1 0.251946 -0.88196 0.950623 -1.46548 1.047822 0.09705
UDP-glucose 1 0.379308 -0.71699 0.596563 -1.39093 1.405882 -0.27384
Cystathionine 1 0.307918 -0.30302 0.476963 -1.46574 1.480237 -0.49636
Fumaric acid 2 0.168677 -0.19232 1.221456 -1.21995 0.999523 -0.97739
Creatine 2 -0.30442 -0.09657 1.134022 -1.38926 1.184451 -0.52822
Malic acid 2 -0.56328 0.065052 1.383193 -1.23358 0.943325 -0.59472
Argininosuccinic acid 2 -0.82913 0.073661 1.450332 -1.23245 0.788517 -0.25093
Gly 2 -0.26777 -0.11856 1.304614 -1.67863 0.609684 0.150665
Malonyl CoA 2 -0.45477 -0.54521 1.356896 -1.40969 0.764472 0.288299
Betaine 3 -1.1559 -0.14123 0.936935 -1.1559 1.132711 0.383376
Ribulose 5-phosphate 3 -0.91688 -0.57746 0.673727 -0.93612 1.568504 0.188229
Ribose 5-phosphate 3 -1.04846 -0.67943 0.83123 -0.89476 1.309821 0.481598
Urea 3 -0.8845 -0.8845 0.508466 -0.8845 1.289096 0.85595
Xanthine 3 -1.2256 -1.03145 0.696854 -0.30382 0.688268 1.175751
Xylulose 5-phosphate 3 -1.07502 -0.99607 1.183914 -0.59367 0.769143 0.711696
GMP 3 -0.76768 -0.88138 1.489264 -0.67984 0.968117 -0.12849
AMP 4 -0.97233 -0.20768 0.875685 -0.59829 1.564704 -0.66209
Erythrose 4-phosphate 4 -0.57453 -0.57453 0.428305 -0.57453 1.869817 -0.57453
Adenosine 4 -0.59445 -0.73339 0.254135 -0.21856 1.903399 -0.61113
GDP 4 0.357435 -0.40368 0.273805 -0.62707 1.642201 -1.24269
ADP 4 -0.1171 -0.10555 0.073065 -0.62633 1.850231 -1.07432
S-Adenosylhomocysteine 4 -0.02744 0.200284 -0.11994 -1.15247 1.776984 -0.67742
6-Phosphogluconic acid 4 -0.46137 1.1E-05 -0.13549 -1.2162 1.813737 -0.00069
Carnosine 4 -0.13485 -0.41089 0.122033 -1.27811 1.777309 -0.07549
Pyruvic acid 4 -0.2216 -0.40591 -0.01808 -1.18444 1.839242 -0.00921
ADP-ribose 4 -0.35991 -0.56676 -0.43786 -0.4297 2.029205 -0.23498
Inosine 4 -0.65709 -0.02877 -0.34842 -0.49595 1.995813 -0.46558
Hypoxanthine 4 -0.72724 0.378883 -0.5519 -0.48232 1.881789 -0.49921
Cys 4 -0.56521 0.366726 -0.56521 -0.56521 1.894113 -0.56521
Glucose 6-phosphate 4 -0.46925 0.272472 -0.73763 -0.41489 1.915421 -0.56612
Fructose 6-phosphate 4 -0.56024 0.255617 -0.67106 -0.35539 1.922177 -0.59111
cAMP 4 -0.674 0.742964 -0.93396 -0.05883 1.621927 -0.6981
Succinic acid 4 -0.74599 0.652426 -0.61028 -0.39369 1.750457 -0.65291
Guanine 4 -0.65593 0.662602 -0.65593 -0.44707 1.752247 -0.65593
Adenine 4 -0.67035 0.909931 -0.55617 -0.68251 1.605988 -0.60689
Sedoheptulose 7-phosphate 4 -0.62879 0.806438 -0.62879 -0.62879 1.675836 -0.5959
Acetyl CoA 4 -0.44815 0.800961 -0.94068 -0.45061 1.644067 -0.6056
Glucose 1-phosphate 4 -0.33854 0.746456 -0.80272 -0.50637 1.679685 -0.77851
Lactic acid 4 -0.14893 0.196024 -0.76111 -0.44255 1.900295 -0.74373
Guanosine 4 -0.2543 0.041185 -0.68423 -0.37885 1.96241 -0.68621
Glycerol 3-phosphate 4 -0.07532 -0.18452 -0.65826 -0.3463 1.975274 -0.71088
Galactose 1-phosphate 4 0.271668 -0.00064 -0.83659 -0.41254 1.826546 -0.84844
Ribose 1-phosphate 5 1.096043 -0.47958 -1.0904 0.225461 1.196156 -0.94769
2-Phosphoglyceric acid 5 1.13686 -1.28682 -0.8057 -0.07264 1.173129 -0.14482
3-Phosphoglyceric acid 5 1.178848 -1.42786 -0.55882 -0.22289 1.097764 -0.06705
Phosphoenolpyruvic acid 5 1.383606 -1.36226 -0.30903 -0.64819 0.839619 0.096256
NADP+ 5 1.448067 -0.77221 -0.33637 -0.81682 1.079062 -0.60174
NAD+ 5 1.604459 -0.75311 -0.24562 -0.33034 0.770921 -1.04631
CoA 6 1.870754 -0.68656 -0.39469 0.010513 0.125832 -0.92584
NADH 6 1.829229 -0.531 -0.45359 0.125011 0.098474 -1.06813
Spermine 6 1.715027 -0.14377 -0.8064 0.406069 -0.06715 -1.10378
Fructose 1-phosphate 6 1.812218 -0.88018 -0.62468 0.483144 -0.34501 -0.44548
PRPP 6 2.017087 -0.60115 -0.36746 -0.25101 -0.563 -0.23446
Pro 6 1.98702 -0.66141 -0.33511 -0.11587 -0.20702 -0.66761
β-Ala 6 1.927914 -0.63676 -0.36596 0.236675 -0.50102 -0.66085
γ-Aminobutyric acid 6 1.936592 -0.44352 -0.26545 0.127303 -0.52202 -0.8329
NADPH 6 1.777182 -0.6001 0.13028 0.335108 -0.86233 -0.78014
Glu 6 1.704736 -0.80487 0.704019 -0.45599 -0.36942 -0.77847
Glutathione (GSH) 6 1.831506 -0.56134 0.435448 -0.43983 -0.36242 -0.90337
ATP 6 1.801454 -0.53644 0.033221 -0.95538 0.325747 -0.6686
GTP 6 1.958953 -0.69681 -0.13335 -0.70648 -0.02289 -0.39943
Trp 6 1.951129 -0.90003 -0.27091 -0.37095 0.005507 -0.41474
Ornithine 6 1.768158 -1.26613 -0.09903 -0.37477 0.230703 -0.25893
S-Adenosylmethionine 6 1.824643 -1.0572 0.06692 -0.10456 0.003397 -0.7332
Uric acid 7 1.472168 -1.55866 -0.05732 0.461546 -0.42013 0.102398
Fructose 1,6-diphosphate 7 0.851471 -1.33699 0.962297 0.329665 -1.15408 0.34764
XMP 7 0.60485 -1.36487 0.94961 0.78708 -1.11007 0.133393
Creatinine 7 0.534343 -1.71843 0.784593 0.344791 -0.68871 0.743418
Dihydroxyacetone phosphate 8 0.223139 -1.97247 0.695084 0.635845 0.00355 0.414856
Glyceraldehyde 3-phosphate 8 -0.05224 -1.86187 0.856142 -0.1777 0.580846 0.654816
Folic acid 8 -0.13614 -1.62963 0.218002 -0.02651 0.066591 1.507687
IMP 9 -0.21741 -0.88864 1.740496 -0.57021 -0.66715 0.602911
Asp 9 -0.35633 -0.74152 1.75085 -0.87414 -0.37375 0.594891
Isocitric acid 9 0.103108 -0.51154 1.729389 -1.12261 -0.57719 0.378839
Adenylosuccinic acid 9 -0.06967 -0.57745 1.998841 -0.59605 -0.49083 -0.26485
Ser 9 0.43453 -1.14009 1.279146 -1.22868 0.052826 0.602265
Met 9 0.375445 -1.10013 1.043257 -1.39161 0.381457 0.69158
Hydroxyproline 9 0.08095 -0.66437 1.610502 -1.36934 0.28218 0.060086
Spermidine 9 0.300619 -0.50567 1.747184 -1.15426 0.117296 -0.50517
N-Acetylglutamic acid 9 0.384004 -0.68936 1.719288 -1.18058 -0.13013 -0.10321
cis-Aconitic acid 9 0.602843 -0.63292 1.592034 -1.28688 -0.19883 -0.07624
Putrescine 9 0.750809 -0.73784 1.294555 -1.4372 0.331341 -0.20166
Phosphocreatine 9 0.675326 -0.35239 1.350818 -1.60506 -0.12513 0.056431
Gln 9 0.833458 -0.64242 1.236945 -1.43901 -0.37646 0.387483
Citric acid 9 0.829754 -0.94243 1.521044 -0.96752 -0.41598 -0.02487
2-Oxoglutaric acid 10 1.52608 -0.81645 0.870337 -0.44616 -1.01701 -0.1168
HMG CoA 10 1.096317 -1.49213 1.113031 -0.34977 -0.45108 0.083627
Arg 10 0.823507 -1.49276 1.211137 -0.75549 -0.02181 0.23541
Thr 10 1.21926 -1.10589 0.936741 -1.18397 0.099891 0.033972
2,3-Diphosphoglyceric acid 10 1.452054 -0.56315 0.865773 -1.1579 -0.68956 0.092783
Asn 10 1.59145 -0.8117 0.688091 -1.12907 -0.20659 -0.13218
Citrulline 10 1.86856 -0.97199 0.138769 -0.69437 -0.21625 -0.12472
Tyr 10 1.704521 -1.2445 0.252544 -0.69343 0.013152 -0.0323
Phe 10 1.665608 -1.13713 0.211829 -0.93216 0.080529 0.11133
His 10 1.544303 -1.31458 0.522514 -0.69216 -0.28802 0.227941
Ile 10 1.392649 -1.36104 0.523125 -0.89481 -0.02479 0.364867
Leu 10 1.437788 -1.42871 0.373386 -0.81132 0.183363 0.245498
Val 10 1.394252 -1.27281 0.262341 -1.05726 0.443091 0.230382
Ala 11 0.976318 -0.40891 0.547486 -1.67133 0.840228 -0.2838
Carnitine 11 1.435478 -0.37292 0.423987 -1.45517 0.485592 -0.51697
2-Hydroxyglutaric acid 11 1.0732 -0.19046 0.894309 -1.14624 0.550434 -1.18124
N-Carbamoylaspartic acid 12 0.466444 0.50474 1.135158 -0.88392 0.313616 -1.53604
Sarcosine 12 0.276824 0.492612 1.65142 -0.80695 -0.80695 -0.80695
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NAME Cluster 5H UI 1 5H UI 2 5H UI 3 5H MV 1 5H MV 2 5H MV 3
Lys 1 0.380207 -1.63447 0.264481 -0.33975 1.411341 -0.08181
Choline 1 0.123693 -1.23126 0.011356 -0.90521 1.569174 0.432254
2-Oxoisovaleric acid 1 0.410853 -1.16712 0.121872 -1.01908 1.550846 0.102629
Glutathione (GSSG) 1 0.251946 -0.88196 0.950623 -1.46548 1.047822 0.09705
UDP-glucose 1 0.379308 -0.71699 0.596563 -1.39093 1.405882 -0.27384
Cystathionine 1 0.307918 -0.30302 0.476963 -1.46574 1.480237 -0.49636
Fumaric acid 2 0.168677 -0.19232 1.221456 -1.21995 0.999523 -0.97739
Creatine 2 -0.30442 -0.09657 1.134022 -1.38926 1.184451 -0.52822
Malic acid 2 -0.56328 0.065052 1.383193 -1.23358 0.943325 -0.59472
Argininosuccinic acid 2 -0.82913 0.073661 1.450332 -1.23245 0.788517 -0.25093
Gly 2 -0.26777 -0.11856 1.304614 -1.67863 0.609684 0.150665
Malonyl CoA 2 -0.45477 -0.54521 1.356896 -1.40969 0.764472 0.288299
Betaine 3 -1.1559 -0.14123 0.936935 -1.1559 1.132711 0.383376
Ribulose 5-phosphate 3 -0.91688 -0.57746 0.673727 -0.93612 1.568504 0.188229
Ribose 5-phosphate 3 -1.04846 -0.67943 0.83123 -0.89476 1.309821 0.481598
Urea 3 -0.8845 -0.8845 0.508466 -0.8845 1.289096 0.85595
Xanthine 3 -1.2256 -1.03145 0.696854 -0.30382 0.688268 1.175751
Xylulose 5-phosphate 3 -1.07502 -0.99607 1.183914 -0.59367 0.769143 0.711696
GMP 3 -0.76768 -0.88138 1.489264 -0.67984 0.968117 -0.12849
AMP 4 -0.97233 -0.20768 0.875685 -0.59829 1.564704 -0.66209
Erythrose 4-phosphate 4 -0.57453 -0.57453 0.428305 -0.57453 1.869817 -0.57453
Adenosine 4 -0.59445 -0.73339 0.254135 -0.21856 1.903399 -0.61113
GDP 4 0.357435 -0.40368 0.273805 -0.62707 1.642201 -1.24269
ADP 4 -0.1171 -0.10555 0.073065 -0.62633 1.850231 -1.07432
S-Adenosylhomocysteine 4 -0.02744 0.200284 -0.11994 -1.15247 1.776984 -0.67742
6-Phosphogluconic acid 4 -0.46137 1.1E-05 -0.13549 -1.2162 1.813737 -0.00069
Carnosine 4 -0.13485 -0.41089 0.122033 -1.27811 1.777309 -0.07549
Pyruvic acid 4 -0.2216 -0.40591 -0.01808 -1.18444 1.839242 -0.00921
ADP-ribose 4 -0.35991 -0.56676 -0.43786 -0.4297 2.029205 -0.23498
Inosine 4 -0.65709 -0.02877 -0.34842 -0.49595 1.995813 -0.46558
Hypoxanthine 4 -0.72724 0.378883 -0.5519 -0.48232 1.881789 -0.49921
Cys 4 -0.56521 0.366726 -0.56521 -0.56521 1.894113 -0.56521
Glucose 6-phosphate 4 -0.46925 0.272472 -0.73763 -0.41489 1.915421 -0.56612
Fructose 6-phosphate 4 -0.56024 0.255617 -0.67106 -0.35539 1.922177 -0.59111
cAMP 4 -0.674 0.742964 -0.93396 -0.05883 1.621927 -0.6981
Succinic acid 4 -0.74599 0.652426 -0.61028 -0.39369 1.750457 -0.65291
Guanine 4 -0.65593 0.662602 -0.65593 -0.44707 1.752247 -0.65593
Adenine 4 -0.67035 0.909931 -0.55617 -0.68251 1.605988 -0.60689
Sedoheptulose 7-phosphate 4 -0.62879 0.806438 -0.62879 -0.62879 1.675836 -0.5959
Acetyl CoA 4 -0.44815 0.800961 -0.94068 -0.45061 1.644067 -0.6056
Glucose 1-phosphate 4 -0.33854 0.746456 -0.80272 -0.50637 1.679685 -0.77851
Lactic acid 4 -0.14893 0.196024 -0.76111 -0.44255 1.900295 -0.74373
Guanosine 4 -0.2543 0.041185 -0.68423 -0.37885 1.96241 -0.68621
Glycerol 3-phosphate 4 -0.07532 -0.18452 -0.65826 -0.3463 1.975274 -0.71088
Galactose 1-phosphate 4 0.271668 -0.00064 -0.83659 -0.41254 1.826546 -0.84844
Ribose 1-phosphate 5 1.096043 -0.47958 -1.0904 0.225461 1.196156 -0.94769
2-Phosphoglyceric acid 5 1.13686 -1.28682 -0.8057 -0.07264 1.173129 -0.14482
3-Phosphoglyceric acid 5 1.178848 -1.42786 -0.55882 -0.22289 1.097764 -0.06705
Phosphoenolpyruvic acid 5 1.383606 -1.36226 -0.30903 -0.64819 0.839619 0.096256
NADP+ 5 1.448067 -0.77221 -0.33637 -0.81682 1.079062 -0.60174
NAD+ 5 1.604459 -0.75311 -0.24562 -0.33034 0.770921 -1.04631
CoA 6 1.870754 -0.68656 -0.39469 0.010513 0.125832 -0.92584
NADH 6 1.829229 -0.531 -0.45359 0.125011 0.098474 -1.06813
Spermine 6 1.715027 -0.14377 -0.8064 0.406069 -0.06715 -1.10378
Fructose 1-phosphate 6 1.812218 -0.88018 -0.62468 0.483144 -0.34501 -0.44548
PRPP 6 2.017087 -0.60115 -0.36746 -0.25101 -0.563 -0.23446
Pro 6 1.98702 -0.66141 -0.33511 -0.11587 -0.20702 -0.66761
β-Ala 6 1.927914 -0.63676 -0.36596 0.236675 -0.50102 -0.66085
γ-Aminobutyric acid 6 1.936592 -0.44352 -0.26545 0.127303 -0.52202 -0.8329
NADPH 6 1.777182 -0.6001 0.13028 0.335108 -0.86233 -0.78014
Glu 6 1.704736 -0.80487 0.704019 -0.45599 -0.36942 -0.77847
Glutathione (GSH) 6 1.831506 -0.56134 0.435448 -0.43983 -0.36242 -0.90337
ATP 6 1.801454 -0.53644 0.033221 -0.95538 0.325747 -0.6686
GTP 6 1.958953 -0.69681 -0.13335 -0.70648 -0.02289 -0.39943
Trp 6 1.951129 -0.90003 -0.27091 -0.37095 0.005507 -0.41474
Ornithine 6 1.768158 -1.26613 -0.09903 -0.37477 0.230703 -0.25893
S-Adenosylmethionine 6 1.824643 -1.0572 0.06692 -0.10456 0.003397 -0.7332
Uric acid 7 1.472168 -1.55866 -0.05732 0.461546 -0.42013 0.102398
Fructose 1,6-diphosphate 7 0.851471 -1.33699 0.962297 0.329665 -1.15408 0.34764
XMP 7 0.60485 -1.36487 0.94961 0.78708 -1.11007 0.133393
Creatinine 7 0.534343 -1.71843 0.784593 0.344791 -0.68871 0.743418
Dihydroxyacetone phosphate 8 0.223139 -1.97247 0.695084 0.635845 0.00355 0.414856
Glyceraldehyde 3-phosphate 8 -0.05224 -1.86187 0.856142 -0.1777 0.580846 0.654816
Folic acid 8 -0.13614 -1.62963 0.218002 -0.02651 0.066591 1.507687
IMP 9 -0.21741 -0.88864 1.740496 -0.57021 -0.66715 0.602911
Asp 9 -0.35633 -0.74152 1.75085 -0.87414 -0.37375 0.594891
Isocitric acid 9 0.103108 -0.51154 1.729389 -1.12261 -0.57719 0.378839
Adenylosuccinic acid 9 -0.06967 -0.57745 1.998841 -0.59605 -0.49083 -0.26485
Ser 9 0.43453 -1.14009 1.279146 -1.22868 0.052826 0.602265
Met 9 0.375445 -1.10013 1.043257 -1.39161 0.381457 0.69158
Hydroxyproline 9 0.08095 -0.66437 1.610502 -1.36934 0.28218 0.060086
Spermidine 9 0.300619 -0.50567 1.747184 -1.15426 0.117296 -0.50517
N-Acetylglutamic acid 9 0.384004 -0.68936 1.719288 -1.18058 -0.13013 -0.10321
cis-Aconitic acid 9 0.602843 -0.63292 1.592034 -1.28688 -0.19883 -0.07624
Putrescine 9 0.750809 -0.73784 1.294555 -1.4372 0.331341 -0.20166
Phosphocreatine 9 0.675326 -0.35239 1.350818 -1.60506 -0.12513 0.056431
Gln 9 0.833458 -0.64242 1.236945 -1.43901 -0.37646 0.387483
Citric acid 9 0.829754 -0.94243 1.521044 -0.96752 -0.41598 -0.02487
2-Oxoglutaric acid 10 1.52608 -0.81645 0.870337 -0.44616 -1.01701 -0.1168
HMG CoA 10 1.096317 -1.49213 1.113031 -0.34977 -0.45108 0.083627
Arg 10 0.823507 -1.49276 1.211137 -0.75549 -0.02181 0.23541
Thr 10 1.21926 -1.10589 0.936741 -1.18397 0.099891 0.033972
2,3-Diphosphoglyceric acid 10 1.452054 -0.56315 0.865773 -1.1579 -0.68956 0.092783
Asn 10 1.59145 -0.8117 0.688091 -1.12907 -0.20659 -0.13218
Citrulline 10 1.86856 -0.97199 0.138769 -0.69437 -0.21625 -0.12472
Tyr 10 1.704521 -1.2445 0.252544 -0.69343 0.013152 -0.0323
Phe 10 1.665608 -1.13713 0.211829 -0.93216 0.080529 0.11133
His 10 1.544303 -1.31458 0.522514 -0.69216 -0.28802 0.227941
Ile 10 1.392649 -1.36104 0.523125 -0.89481 -0.02479 0.364867
Leu 10 1.437788 -1.42871 0.373386 -0.81132 0.183363 0.245498
Val 10 1.394252 -1.27281 0.262341 -1.05726 0.443091 0.230382
Ala 11 0.976318 -0.40891 0.547486 -1.67133 0.840228 -0.2838
Carnitine 11 1.435478 -0.37292 0.423987 -1.45517 0.485592 -0.51697
2-Hydroxyglutaric acid 11 1.0732 -0.19046 0.894309 -1.14624 0.550434 -1.18124
N-Carbamoylaspartic acid 12 0.466444 0.50474 1.135158 -0.88392 0.313616 -1.53604
Sarcosine 12 0.276824 0.492612 1.65142 -0.80695 -0.80695 -0.80695
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