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Summary 
 
Title: Neural stem cells respond to extracellular succinate via SUCNR1/GPR91 to ameliorate 

chronic neuroinflammation 
 

Name: Luca Peruzzotti-Jametti 

 
Abstract: Neural stem cell (NSC) transplantation induces recovery in animal models of central 

nervous system (CNS) diseases, in part by modulating adaptive and innate immune 

responses. Since metabolism governs the phenotype and function of immune cells, the aim 

of this thesis was to investigate whether NSCs have the ability to regulate the 

immunometabolic components underpinning neuroinflammation. 

Herein I have identified a new mechanism by which transplanted somatic and directly-induced 

NSCs counteract CNS-compartmentalised chronic inflammation in mice. NSC transplantation 

reduces the immunometabolite succinate in the cerebrospinal fluid, while decreasing the 

burden of mononuclear phagocyte (MP) infiltration and secondary CNS damage. 

Mechanistically, the anti-inflammatory activity of NSCs arises in response to succinate 

released by inflammatory MPs, which activates succinate receptor 1 (SUCNR1)/GPR91 on 

NSCs, thus initiating prostaglandin E2 secretion and extracellular succinate scavenging. 

This work uncovers a succinate-SUCNR1 axis in NSCs that clarifies how stem cells respond 

to inflammatory metabolic signals to inhibit the activation of pro-inflammatory MPs in the 

chronically inflamed brain. 
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4. Introduction 
 

4.1 Secondary Progressive Multiple Sclerosis (SPMS) 
Multiple Sclerosis (MS) is an inflammatory demyelinating disorder of the human central 

nervous system (CNS) and one of the most common causes of chronic neurological disability 

beginning in early to middle adult life 1.  

More than 2.3 million people worldwide are currently affected by MS. In the UK over 100,000 

people have MS, and each year around 5,000 people are newly diagnosed with the condition. 

This means that each week, around 100 people are diagnosed with MS in the UK (UK MS 

Society). Of these new cases, approximately 85 percent of patients are diagnosed with 

Relapsing Remitting MS (RRMS), 10% with Primary Progressive MS (PPMS) and 5% with 

Progressive Relapsing MS (PRMS) 2.  

About 70% of people with RRMS transition to Secondary Progressive MS (SPMS) within 10–

15 years from the initial diagnosis 3 and currently more than one million people worldwide are 

suffering from SPMS 4. SPMS is characterized by an irreversible accumulation of chronic 

disability over time, and can be further divided into phenotypic categories based on disease 

activity (detected on MRI or on clinical evaluation) and disease progression (Figure 1) 2,3. 

 
Figure 1 Categorisation of patients with progressive MS 3 

 

4.2 SPMS: pathology 
To date there are no clinical, imaging, immunological or pathological criteria that can predict 

the risk of conversion from RRMS to SPMS. However, insights can be obtained by the analysis 

of the pathological changes that occur during disease progression 5.  

It has been described that, as the disease duration increases, the number of active T-cell 

driven demyelinating lesions decreases, while conversely there is an increase of lesions that 

are characterized by the accumulation of both microglia and macrophages (Figure 2). 
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Figure 2 Distribution of plaque types by disease duration.  

The bar plot shows the lesion distribution in relation to disease duration. The percentages shown for each subgroup or bar are 

calculated among all lesions for those subjects within the subgroup. Bar width is related to subgroup size. On multinomial 

modelling, lesion type distribution differs significantly (p<0.0001) among disease duration subgroups 5. 

 

Microglia and macrophages, broadly defined as Mononuclear Phagocytes (MPs), are the most 

abundant immune cells in SPMS lesions, including inactive and slowly expanding 

“smouldering” (SLE) lesions. Depending on their activation profile, MPs might have 

detrimental or pro-regenerative properties (for a detailed description of pro- vs. anti-

inflammatory MPs, please refer to Chapter 11). 

Inactive lesions are considered to be the evolution of inflammatory active lesions, which are 

typical of the RR phase of MS. They are characterized by a demarcated hypo-cellular area, 

that contains only a minimal amount of MPs and incompletely remyelinated axons 6. Of note, 

in SPMS patients the overall number of partially remyelinated axons is higher than PPMS 

patients 7, suggesting that an intrinsic block in remyelination, or the persistence of an 

(inhibitory) inflammatory milieu, could be crucial in secondary disease progression 8,9. 

Slowly expanding lesions (SLE) are almost exclusively seen among progressive MS patients 

and are independent of MRI or clinical activity of disease. They are characterized by a hypo-

cellular centre, due to a near complete loss of oligodendrocytes, and a dense astrocytic scar 

with an external border of MPs 10. A large proportion of MPs at the active lesion edge 

expresses antigens that have been associated to a pro-inflammatory phenotype (e.g. CD68, 

p22phox, Major Histocompatibility Complex-MHC II and ferritin), while the expression of anti-

inflammatory markers is extremely rare 11. Of note, the pro-inflammatory phenotype of MPs 

has been associated with the ongoing axonal injury and neurodegeneration in SLE lesions 
12,13.  

Besides their local accumulation in focal lesions, recent data suggest that a diffuse activation 

of MPs, both in the cortex and in regions of normal appearing white matter (NAWM), is 

characteristic of SPMS patients. 
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Cortical involvement was first described in MS by the analysis of patients with SPMS and it 

provides a pathological correlate for the cognitive and executive dysfunction that commonly 

arises during disease progression 14. The pathological classification of cortical lesions in MS 

is based on their position within the parenchyma and identifies four main types: leukocortical 

(type I), intracortical (type II), and subpial lesions (divided in type III and type IV depending on 

the width of the lesioned cortex) 15,16. Subpial lesions are the most frequent cortical lesions in 

SPMS (44%), while leukocortical and intracortical lesions are less prevalent (38% and 18% 

respectively) 17. All of these subtypes are characterized by the accumulation of activated MPs 

in close association with degenerating neurites and neuronal cell bodies 16.  

In vivo imaging of microglia activation by 11C-PK11195 positron emission tomography (PET) 

binding has revealed extensive regional activation of microglia in the MS cortex in 75% of 

SPMS vs. 40% of RRMS patients, which is significantly higher than RRMS patients 18. This 

prevailing population of microglial cells is topographic linked with meningeal inflammatory 

infiltrates 19. However, major differences in the composition of meningeal infiltrates between 

SPMS and PPMS patients have been described. In SPMS patients, meningeal infiltrates are 

characterized by the presence of organized ectopic lymphoid-like follicles (tertiary lymphoid 

structures, present in 40% of SPMS patients), containing proliferating B and follicular dendritic 

cells (FDCs) 20. In PPMS instead, meningeal infiltrates do not display an organization typical 

of B cell follicle-like structures and lack proliferating CD20+ B-cells or FDCs 21.  

Microglia accumulation plays a key role also at the level of the NAWM. Regions of 

macroscopically NAWM in SPMS exhibit chronic injury, characterized by the presence of 

axonal spheroids and swellings, and MPs activation with gliosis and increased expression of 

proteolytic enzymes 22. Of note, recent data show that microglia in NAWM loose the 

expression of homeostatic markers (i.e. the purinergic receptor P2RY12) 11 and that increased 

binding of 11C-PBR28 (a second-generation Translocator protein-TSPO-PET tracer 80 times 

more specific than 11C- PK11195 for activated microglia) in NAWM correlates with neurological 

disability and impaired cognitive performance in SPMS patients 23 

Overall, pathology of SPMS suggests that in the progressive phase an inflammatory reaction 

occurs behind an intact blood–brain barrier (BBB), as judged by the low incidence of 

gadolinium-enhancing lesions in SPMS 22. This provides evidence that the active 

demyelinating process seems to decelerate as the disease transforms into the progressive 

stage, and the immune response shifts from adaptive to CNS compartmentalized chronic 

innate immune activation 5,24.  

 

4.3 SPMS: mechanisms of CNS damage 
While the mechanisms driving disease progression may remain silent for years in MS, 

irreversible neurological disability ensues as compensatory CNS resources are exhausted and 



 

 14 

neurodegenerative mechanisms triggered 25. Understanding the cellular and molecular 

pathways that mediate the accumulation of functional deficits in SPMS is therefore 

fundamental to fully understand secondary disease progression. 

The most accepted working hypothesis suggest that CNS damage in SPMS can be ascribed 

to an imbalance between increased energy demand and decreased energy supply 26,27. This 

has been referred to as virtual hypoxia and it is the consequence of several intermingling 

processes, among which chronic demyelination and neuronal mitochondrial dysfunction play 

a key role (Figure 3) 3. 

 
Figure 3 Pathogenesis of neurodegeneration in progressive multiple sclerosis.  
ROS=reactive oxygen species. Fe=iron. NOS=nitric oxide synthase  3. 
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Demyelinated axons are abundant in long-standing MS, with loss of oligodendrocytes leading 

to ineffective axonal coating and insufficient trophic support 28. Due to defective axonal 

insulation, saltatory conduction on the axons is replaced by continuous conduction with 

concomitant redistribution of Na+ channels away from the nodes of Ranvier. This 

compensatory mechanism partially restores function, but it also increases energy demand and 

Adenosine Triphosphate (ATP) consumption 3. As a consequence, the Na+/K+ ATPase 

becomes impaired, Na+ accumulates in the intracellular compartment and the Na+/Ca2+ 

exchanger reverses its activity exchanging intracellular Na+ for extracellular Ca2+ 29,30. The net 

effect is an increase of axonal Ca2+, followed by Ca2+-mediated degeneration and impaired 

mitochondrial function. These effects further compromise axonal transport to generate a 

vicious cycle of impaired energy production and increased metabolic demand 31.  

Mitochondrial dysfunction in SPMS arises from reduced ATP production, altered Ca2+ 

buffering and impaired mitochondrial transport 32. Moreover, mitochondria and mitochondrial 

DNA (mtDNA) are also highly susceptible to oxidative injury. Therefore, in conditions of severe 

and chronic oxidative stress damage to mitochondria can be expected 33. Reactive Oxygen 

Species (ROS) in SPMS are produced by inflammatory cells but also by the dysfunctional 

neuronal mitochondria themselves 34. This mechanism is amplified by the liberation of iron 

from oligodendrocytes and neighbouring neurons 35. As a consequence, several nuclear-

encoded mitochondrial genes, and the functional activities of mitochondrial respiratory chain 

complexes (e.g. I, III and IV) have been found to be decreased in SPMS cortex and white 

matter lesions 36 31. What appears to be very interesting is that in the progressive stage of MS, 

neurons accumulate mutations of genes encoded by mitochondria with mtDNA deletions 

clonally expanded 37. This creates a degree of heteroplasmy in mtDNA that seems to increase 

with disease duration and contributes to an irreversible deficiency of mitochondrial function. 

Overall, chronic demyelination and mitochondrial dysfunction make the brain parenchyma 

more susceptible to any damage that would further hamper mitochondrial function, such as 

any residual or active inflammation.  

Pro-inflammatory MPs are predominant in SPMS lesions. Furthermore, in SPMS patients the 

extent of microglia activation is further increased by retrograde neurodegeneration after 

axonal damage in white matter lesions 38,39. However, whether the chronic MP activation is a 

cause (the outside-in theory) or a result of the ongoing neurodegeneration (inside-out model) 

remains to be determined 40. In either case, it is now widely accepted that the secretion of pro-

inflammatory mediators by pro-inflammatory MPs (e.g. ROS, nitric oxide-NO, nicotinamide 

adenine dinucleotide phosphate-NADPH and myeloperoxidase) may stimulate the activation 

of additional microglial cells and cause damage to essential components of neuronal 

mitochondria, such as mtDNA and enzymes of the mitochondrial respiratory chain. This would 

aggravate the imbalance between energy demand and energy supply, favouring the local 
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virtual hypoxia. In addition, activated MPs can impair glutamate transport in astrocytes, and 

thus, promote direct neuronal and oligodendrocyte excitotoxicity 41. 

In conclusion, the close link between persistent activation of innate immune responses and 

neurodegeneration bring the pathophysiology of SPMS closer to primary neurodegenerative 

disorders 42 than to the earlier RR phase of MS. As such, MPs activation and concomitant 

mitochondrial dysfunction may be interpreted as common denominators promoting neuronal 

degeneration and neurotoxicity in both inflammatory and non-inflammatory CNS diseases 43. 

 

4.4 SPMS: therapeutic options 
While many Disease Modifying Therapies (DMTs) have received regulatory approval for 

RRMS 44, clinical trials of anti-inflammatory and neuroprotective therapies in SPMS have been 

mostly negative or inconsistent (Table 1).  

Classical and new DMTs approved for RRMS, such as Interferon (IFN) beta 45, Glatiramer 

acetate (GA) 46, Fingolimod (NCT00731692), Natalizumab (NCT01416181) and Rituximab 

have shown debatable efficacy in progressive MS patients. Similarly, experimental or 

repurposed drugs, such as Dronabinol, anti-leucine-rich repeat neuronal protein (LINGO)1 

antibody, and Lamotrigine have been stopped in early phases of clinical testing because of 

lack of efficacy 47. To date, only Mitoxantrone is approved as a potential therapy for SPMS 

(Food and Drug Administration-FDA 1999), despite serious adverse effects related to about 

cardiotoxicity and therapy-related acute leukaemia (TRAL) 48. The reasons behind the failure 

of such therapies are manifold and reside both in an inadequate understanding of the biology 

of disease progression, as well as in the design of previous clinical trials 49.  

First of all, classical immunosuppressive treatments target the adaptive immune response, 

while it is well-known that T-cells in the lesions of SPMS patients show only a low degree of 

activation and a very low rate of proliferation. Second, infiltrating CD8+ T cells displays a 

phenotype of tissue-resident effector memory cells with downregulated expression of 

sphingosine phosphate receptors 50. Thus, drugs like Fingolimod are unlikely to target them. 

Third, in SPMS the immune cells are already within the CNS compartment and a chronic 

innate immune activation is maintained within the CNS despite the reconstitution of a normal 

BBB 51. As such, drugs inhibiting the diapedesis of immune cells (e.g. Natalizumab), or not 

able to cross an intact BBB, will likely have a minimal effect in SPMS. 

Clinical trial design is also key for a successful therapy. The case of anti-CD20 antibodies is 

a paradigmatic example. It was initially described that a single intravenous course of rituximab 

could reduce the inflammatory brain lesions in RRMS patients 52. This observation provided 

evidence of B-cell involvement in the pathophysiology of MS and prompted the use of anti-

CD20 antibodies in progressive MS patients as well. After initial setbacks (e.g. the OLYMPUS 

study) 53, Ocrelizumab (a humanized monoclonal antibody tested in the ORATORIO study) 
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has been finally approved for patients with PPMS 54.  It must be noted that much of the success 

of this latter study was dependent on patient selection. Subject age was capped at 55 years 

and disease duration at 10–15 (depending upon disability level) to include more patients with 

active inflammatory disease. The ORATORIO study found indeed a greater clinical benefit in 

subjects with gadolinium enhancement at baseline. However, by limiting age and disease 

duration, the generalizability of this study to the SPMS patient population, with older age and 

longer disease duration, is still unknown. 

Novel treatments for SPMS patients are currently being (or have just been) tested in several 

Phase 3 and 4 clinical trials (Table 1) 55. They can be roughly divided in agents with 

neurotrophic properties (e.g. Fampridine and Simvastatin), improving mitochondrial function 

(e.g. Biotin and Lipoic acid) or reducing inflammation (e.g. Dimethyl Fumarate, Siponimod and 

Teriflunomide). 

The putative mechanism of action of Fampridine is the restoration of nerve cell conduction via 

blockade of a subset of K+ channels on demyelinated axons 56. Although data from clinical 

studies (NCT01917019) suggest that Fampridine can induce significant improvement of 

walking speed in SPMS patients, the full therapeutic effect of this drug has still to be 

determined.  

Statins have been studied in MS for their neuroprotective effects, which in part depend on the 

improvement of cerebrovascular hemodynamic 57. A phase II clinical trial has shown that high 

dose Simvastatin significantly reduces brain atrophy in SPMS58. As such, a larger phase III 

clinical trial is starting in University College London in a few months and will hopefully confirm 

previously significant findings. 

Biotin, or vitamin B7, has been shown to (i) activate myelin formation in oligodendrocytes 

through its role as a cofactor for acetyl-CoA carboxylase and to (ii) increases ATP production 

in axonal mitochondria being a co-enzyme for three carboxylases (including the pyruvate 

carboxylase) of the Tricarboxylic Acid (TCA) cycle 59. The preliminary results of a phase III 

trial (NCT02220933) have shown that high daily dose administration have an impact on SPMS 

in reducing disease progression 60. As such, a bigger cohort in a phase III clinical trial is 

currently being recruited and studied.  

Lipoic acid is a cofactor for at least five enzyme systems. Two of these, the pyruvate 

dehydrogenase and α-ketoglutarate dehydrogenase, are key enzymes of the TCA cycle. 

Results of a phase 2/3 trial Results were published in 2017 61. Researchers found that 

treatment with Lipoic acid induced a 68% reduction in annualized Percent Change Brain 

Volume (PCBV) while maintaining favourable safety, tolerability, and compliance over 2 years. 

Dimethyl Fumarate (DMF) is the methyl ester of fumarate, and it has been shown to have 

several mechanisms of action that can be relevant in SPMS. On a molecular level, DMF binds 

to the Kelch-like erythroid cell-derived (ECH) associated protein-1 (KEAP-1) which acts an 
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inhibitor of the transcription factor nuclear factor-like2 (Nrf2) 62. This enables the nuclear 

translocation of Nrf2 to transcribe anti-oxidative genes such as hemoxygenase-1 (HO1), 

nicotinamide adenine dinucleotide phosphate (NADPH), quinoline oxidoreductase-1 (NQO1) 
63. DMF is also an agonist of the hydroxycarboxylic acid receptor 2 (HCAR2), a G protein-

coupled membrane receptor that modulates microglial activation 64. On a cellular level, DMF 

induces a reduction of both CD56dim cytotoxic NK cells, along with CD4+ and CD8+ memory 

T cells65. Both cell types have a specific role in disability progression in MS 66,67. As such, DMF 

may exert cytoprotective effects on neurons and glial cells in SPMS, but also exert 

immunomodulatory actions. 

Data from initial clinical studies strongly suggested that DMF has the ability to stabilize disease 

progression over a time course of up to 36 months 68. These findings inspired new clinical 

trials, such as the INSPIRE study (NCT02430532 - Biogen). However, due to negative results 

from the Natalizumab phase III study ASCEND, Biogen decided to terminate the INSPIRE 

study before having definitive proof of the therapeutic potential of DMF in SPMS. 

Siponimod (BAF312) is a modulator of specific types (mostly -1 and -5) of the sphingosine-1-

phosphate (S1P) receptor 69. The S1P receptor is expressed by several cells in the CNS 

including astrocytes, oligodendrocytes, neurons, microglia and dendritic cells (DCs) 70. 

Moreover, Siponimod has the ability to penetrate in the CNS and distribute into the white 

matter. As such, the phase III EXPAND study (NCT01665144 - Novartis) was successful in 

meeting its primary endpoint of reducing the risk of three-month disability progression versus 

placebo. These data make Siponimod one of the most promising immunomodulatory drugs 

for progressive MS yet.  

Teriflunomide selectively and reversibly inhibits dihydro-orotate dehydrogenase, a key 

mitochondrial enzyme in the de novo pyrimidine synthesis pathway, leading to a reduction in 

proliferation of activated T and B lymphocytes 71. Data from 2 studies (TEMSO and TOWER) 

that allowed enrolment of patients with progressive MS (accounting for 9% and 3% of total 

patients, respectively) showed a decrease in the risk of accumulating long-term disability in 

patients with SPMS with relapses. 

Other therapies are currently being tested in SPMS, including Masitinib, a tyrosine kinase 

inhibitor that modulates degranulation of mast cells (NCT01433497) and Sunphenon 

epigallocatechin-3-gallate (EGCg), a polyphenolic flavonoid with anti-antioxidant and anti-

inflammatory properties (NCT00799890). 

To summarise, therapies for SPMS patients are beginning to emerge and hopefully we will 

experience a new era of therapeutics acting on the core drivers of disease progression. Most 

likely, the therapeutic agents that will be successful will have to interact with multiple 

processes, possibly modifying chronic CNS inflammation while increasing the intrinsic repair 

of the damaged brain and spinal cord.  
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4.5 SPMS: Neural Stem Cells (NSCs) 
Stem cells possess a therapeutic potential, which goes beyond that of small molecules and 

biologics. Part drug and part device, stem cells work as naturally-occurring DMTs that sense 

diverse signals, migrate to specific sites in the body, integrate inputs to make decisions, and 

execute complex response behaviours, all in the context of specific tissue microenvironments 
72. 

The discovery of proliferating neural cells in specific niches of the adult rodent 73,74 and human 

brain 75-77, has uncovered the possibility to harness them for regenerative applications. In the 

mouse, Neural Stem Cells (NSCs) reside in the subventricular zone (SVZ) of the lateral 

ventricles and in the subgranular zone (SGZ) of the hippocampus where they act as a 

renewable source of new astrocytes, neurons and oligodendrocytes 78.  

Initial pre-clinical studies were carried out using mouse SVZ-derived NSCs as a source for 

transplantation in rodents models of disease. These studies were aimed at exploiting the 

potential of NSCs to differentiate into post-mitotic neural cell to replace damaged tissue. It has 

been shown indeed that transplanted NSCs can differentiate into oligodendrocyte precursor 

cells (OPCs) and mature oligodendrocytes when injected locally in animals with toxin-induced 

demyelination 79-81, myelin mutant animals 82, as well as in acute and chronic Experimental 

Autoimmune Encephalomyelitis (EAE), as murine model of MS 83,84 79,80,85-87.  

Although these initial evidences unequivocally showed the ability of NSCs to differentiate and 

directly remyelinate axons in vivo, following investigations clarified that the major therapeutic 

mechanism exerted by transplanted NSCs in neuroinflammatory conditions is related to their 

ability to establish a number of graft-to-host interactions. The plethora of by-stander effects on 

the host exerted by the NSCs graft has come to be known as “therapeutic plasticity” 88. 

Transplanted NSCs have been shown to stimulate the proliferation and differentiation of 

endogenous OPCs 80,89 through the secretion of platelet-derived growth factor (PDGF)-α and 

Basic fibroblast growth factor (bFGF) 85,90,91. Similarly, grafted NSCs promoted the 

regeneration of axons 92, the differentiation of endogenous NSCs 93, and increased the 

bioavailability of neurotrophins, such as nerve growth factor (NGF), brain-derived neurotrophic 

factor (BDNF), ciliary neurotrophic factor (CNTF) and glial-derived neurotrophic factor (GDNF) 
84,85,94,95.  

Besides the established effects of NSCs grafts in favouring endogenous remyelination and 

provide neuroprotection, several labs (including ours) have investigated how transplanted 

NSC interact with the host immune system. It has been shown that NSCs systemically 

(intravenously-IV) injected into mice with EAE are constitutively activating adhesion molecules 

(e.g. CD44), integrins (e.g. α4β1) and chemokine receptors (e.g. CCR2, CCR5, CX3CR1, 

CXCR4) to selectively enter the inflamed CNS and accumulate around perivascular spaces 
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where blood-borne infiltrating T cells co-reside 96. In these ‘atypical ectopic niches’, NSCs 

survive long term displaying undifferentiated features and promoting a reduction in T cells 97 

and inflammatory markers (such as Intercellular Adhesion Molecule-ICAM-1 and its ligand 

Lymphocyte function-associated antigen 1-LFA-1), while increasing the number of T-reg cells 
83. Systemically grafted stem cells do not only home to the inflamed CNS, but also to the 

secondary lymphoid organs 98,99 where they hamper the activation of myeloid DCs and the 

expansion of antigen-specific encephalitogenic T cells via Bone Morphogenetic Protein 

(BMP)-4-dependent–mechanisms 100. 

NSCs have also been successfully transplanted locally (e.g. intracerebroventricularly-ICV) in 

both acute and chronic EAE, leading to functional and pathological recovery 85,96. Same as for 

the systemic injection, transplanted cells exhibited a targeted migration exclusively to the 

inflamed periventricular areas with similar immunomodulatory effects 83,96. However, it is 

tempting to speculate that in conditions of CNS compartmentalised brain inflammation with 

intact BBB, such as in SPMS, the local route of transplant might be more efficacious. 

Mechanistically, in vitro studies suggest that the effect of NSC on the immune system is 

multifaceted. NSCs can induce apoptosis of Th1 and Th17 T-cells - through Fas ligand (FasL), 

TNF-related apoptosis-inducing ligand (TRAIL) and Apo-3 ligand (APO3L) - reduce T-cell 

proliferation - through NO and prostaglandin E2 (PGE2) - and reduce T-cell receptor (TCR) 

dependent T-cell activation inhibiting interleukin (IL)-2 and IL-6 signalling 83,96,100-107.  

While much is known on the immunomodulatory properties of grafted NSCs on cells of the 

adaptive immune system, the effect of NSCs grafts on MPs activation in chronic 

neuroinflammation has not been fully understood yet.  

On one hand, data coming from transplantation studies in stroke models show that NSCs 

grafted in the acute phase after injury increase MPs numbers 108, while conversely a delayed 

transplantation decreases MPs activation 109. On the other hand, when injected 

intraparenchymally at the proximal and distal ends of the contused mouse spinal cord, NSCs 

establish cellular contacts with MPs and reduce the proportion of pro-inflammatory 

macrophages 110.  

These findings are very interesting for their potential application in counteracting the chronic 

innate immune activation of MPs seen in SPMS. It is tempting to speculate that NSCs 

attributes may be harnessed to treat a number of SPMS processes, including the chronic 

neurodegeneration and failure of remyelination 111. However, the precise mechanisms 

sustaining the immunomodulatory functions of NSCs on MPs needs further clarifications 

before moving into clinical trials in SPMS. 

Several Phase I and II trials have been undertaken for the use of NSCs (derived from fetal 

allogeneic sources) in incurable CNS diseases (e.g. amyotrophic lateral sclerosis, stroke, 

Pelizaeus-Merzbacher disease and Batten’s disease). Recently, two Italian teams at San 
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Raffaele Scientific Institute and IRCCS Casa Sollievo della Sofferenza have made a major 

advance in the treatment of patients with SPMS and started two independent Phase I trials 

with NSCs transplantation. The first of these two independent cohorts of progressive MS 

patients was injected intrathecally with allogeneic NSCs taken from human aborted foetuses 

on last 26th May 2017 (www.ansa.it). The safety of these NSC transplants is set to be 

monitored over the coming months and hopefully it will pave the way for therapies able to 

repair CNS damage and counteract disease progression in MS. 

 

4.6 SPMS: induced Pluripotent Stem Cells (iPSCs) and induced Neural Stem 
Cells (iNSCs) 
In 2006, the group of Yamanaka described how adult fibroblasts may acquire properties 

similar to those of embryonic stem (ES) cells if transduced with four transcription factors (i.e. 

Oct3/4, Sox2, Klf4, and c-Myc) 112. These cells were called induced pluripotent stem cells 

(iPSCs) and were similar to ES cells (morphology, proliferation and teratomas formation) but 

had a different global gene expression pattern and failed to produce adult chimeric mice. 

Germline transmission was achieved in 2007 113 and iPSCs could be efficiently generated from 

human fibroblasts 114. Years after these seminal observations, it is now clear that iPSCs 

technology holds a tremendous potential compared to primary somatic cell lines allowing to 

obtain autologous cells for cell transplantation and in vitro modelling studies. 

In the context of CNS disorders, most of the published results show how iPSCs can be 

differentiated in oligodendrocytes precursors cells (OPCs) or NSCs 115-117. Few of these 

studies have also tested the therapeutic potential of such cells in animal model of MS 117-119.  

Among these, the study by Laterza et al. has shown how iPS-derived NSCs (transplanted 

intrathecally at the disease onset in EAE mice), were able to induce a stable amelioration of 

the disease burden in transplanted animals 120. The therapeutic effect of the graft was found 

not to be mediated by the differentiation of transplanted cells in functional oligodendrocytes, 

but instead by the paracrine secretion of leukaemia inhibiting factor (LIF). LIF secretion 

promoted endogenous OPCs survival and functionality, limiting BBB leakage and autoreactive 

lymphocytes extravasation, thereby reducing the inflammatory process. 

More recently, a study from Mozafari et al. has assessed the remyelinating potential of locally 

transplanted mouse iPSC-derived NSCs in a model where focal spinal cord demyelination 

was achieved through a chemical lesion with the agent lysolecithin 121. In this work, NSCs 

coming from iPS cells, embryonic stem cells and adult mouse brains, were compared in vitro 

and in vivo to assess their multipotency and their ability to remyelinate the lesioned spinal 

cord. It was shown that iPS-derived NSCs were capable of wrapping demyelinated axons with 

newly formed functional oligodendrocytes, actively competing with endogenous OPCs. 
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Despite these important findings, the generation of IPSCs and the subsequent differentiation 

in specific cell lineages remains an obstacle for iPSCs technology: while purity matters, as 

remnant pluripotent cells can give rise to tumours after transplantation 122, increasing the 

passage number leads inevitably to potential for chromosomal aberrations to arise 116. 

In 2012, it was shown that the four Yamanaka reprogramming factors, in combination with 

permissive culture condition, could be used to directly reprogram mouse fibroblasts in NSCs 
123. Compared to iPSCs, the direct reprogramming of iNSCs avoids the laborious (and 

potentially neoplastic) derivation of a pluripotent population, and thus it may represents the 

most feasible way of obtaining autologous NSCs for downstream clinical application 124. 

However, iNSCs obtained with this protocol could be expanded and self-renewed for only 3–

5 passages in vitro. Later studies showed that it was possible to obtain stably expandable 

iNSCs from mouse fibroblasts using different reprogramming approaches 125. The protocol 

used in this thesis was developed by our collaborator (F. Edenhofer) and consists in 

constitutively inducing Sox2, Klf4 and c-Myc while strictly limiting Oct4 activity to the first 4 

days of reprogramming (please refer to Materials and Methods).  

These mouse iNSCs, not only possess a similar genome-wide transcriptional profile compared 

to brain-derived NSCs, but can be safely expanded (more than 50 passages) and 

differentiated into functional neurons, astrocytes, and oligodendrocytes in vitro. When 

transplanted in healthy mice in vivo, iNSCs showed in vivo long-term survival rates without 

graft overgrowth 126 . Transplanted cells displayed a neural multi-lineage potential, with a clear 

bias toward astrocytes, and a permanent downregulation of progenitor and cell-cycle markers. 

Furthermore, the formation of synaptic connections, as well as neuronal and glial 

electrophysiological properties, demonstrated that differentiated iNSCs functionally integrated 

and interacted with the existing neuronal circuitry 126 . 

Various methods of generating human iNSCs (hiNSCs) have been described that utilize one 

or more of the standard pluripotent transcription factors 127-129. While significant progress has 

been made, there are issues among these techniques, such as the ability to expand and 

cryopreserve hiNSCs without affecting proliferative and differentiation capacities, relative ease 

of reprogramming and subsequent differentiation protocols, and discrepancies in overall 

efficiency 130. Our collaborator has recently shown that human fibroblasts (either cell lines or 

primary cells from skin biopsy) can be directly converted into human iNSCs (hiNSCs) by 

overexpressing the Yamanaka factors Oct4-, Sox2-, Klf4-, c-Myc by exposure to Sendai 

viruses with subsequent inactivation by increased temperature 131. This non-integrative system 

has been developed to deliver the reprogramming factors to target cells, which minimize the 

risk of insertional mutagenesis and transgene reactivation. Precise adjustment of viral 

multiplicity of infection and supplementation of LIF during the induction phase represent critical 

factors to achieve conversion efficiencies of up to 0.2%. Thus far, patient-specific hiNSC lines 
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could be expanded for more than 12 passages and uniformly display morphological and 

molecular features of neural stem/progenitor cells, such as the expression of Nestin and Sox2. 

The hiNSC lines can be differentiated into neurons and astrocytes as judged by staining 

against TUJ1 and GFAP, respectively. This protocol for the derivation and direct conversion 

of human fibroblasts into stably expandable neural progenitor cells might provide a cellular 

source for biomedical applications such as autologous neural cell replacement and disease 

modelling. 

 

4.7 Cell metabolism: focus on the TCA cycle 
Cells modify their metabolic routes of energy production according to their activation state to 

better adapt to the mutable conditions. Mammalian cells rely on both glycolysis and oxidative 

phosphorylation (OXPHOS) to produce Adenosine Triphosphate (ATP), the universal energy 

currency. The contribution ratio of glycolysis versus OXPHOS for the total ATP yield varies in 

different cells, growth states and microenvironments. In normal conditions, the cell metabolism 

consumes energy, of which 70% is supplied by OXPHOS 132.  

Mitochondria are classically renowned for their central bioenergetic role in eukaryotic cells, 

being the sites where OXPHOS takes place. This type of energy production, known as aerobic 

respiration, is highly efficient but dependent on the presence of oxygen and tightly linked to 

glycolysis. The preparatory stages of this process depend on glucose metabolism via 

glycolysis in the cytosol, where glucose is converted to pyruvate. Pyruvate molecules are then 

actively transported across the inner mitochondrial membrane, and into the matrix, where they 

can either be oxidized and combined with coenzyme A to form CO2, acetyl-CoA, and NADH.  

The tricarboxylic acid (TCA) cycle or the Krebs cycle is the series of chemical reactions used 

to release energy via the oxidation of acetyl-CoA into CO2 and ATP (Figure 4). In presence 

of high glucose levels acetyl-CoA is produced through glycolysis from pyruvate oxidative 

decarboxylation, whereas at low glucose levels other possible sources of Acetyl-CoA are beta-

oxidation of fatty acids, degradation of ketogenic amino acids such as valine, leucine, and 

isoleucine and glutaminolysis. Acetyl-CoA is the only limiting fuel to enter the citric acid cycle. 

With each turn of the cycle one molecule of acetyl-CoA is consumed for every molecule of 

oxaloacetate present in the mitochondrial matrix, and is never regenerated. It is the oxidation 

of the acetate portion of acetyl-CoA that produces CO2 and water, with the energy thus 

released, captured in the form of ATP 132. 

 



 

 24 

 
Figure 4 The TCA cycle. 
Here shown the core mitochondrial components and some of the cytoplasmic enzymes that catalyse steps in the TCA cycle. The 

transport of the metabolites across the inner membrane is catalysed by a number of carriers and antiporters, and the metabolites 

cross the outer membrane by diffusing through channels such as VDAC. The metabolites are shown in black, the enzymes are 

shown in red, and the pathways in italics. Full arrows represent the direction of a reaction, intermittent arrows represent the 

translocation of metabolites between mitochondria and cytoplasm. Abbreviations: IDH, isocitrate dehydrogenase 133. 

 

In the first step of the TCA cycle, the acetic acid subunit of the Acetyl-CoA is combined with 

oxaloacetate to form a molecule of citrate. The citric acid molecule undergoes an isomerization 

with a hydroxyl group and a hydrogen molecule being removed from the citrate structure (in 

the form of water), and then with the two carbons forming a double bond until the water 

molecule is added back (forming isocitrate). The isocitrate molecule is oxidized by a NAD 

molecule. The NAD binds with a hydrogen atom and carries off the other hydrogen atom 

leaving a carbonyl group. This structure is very unstable, so a molecule of CO2 is released, 

creating alpha-ketoglutarate. The Coenzyme A oxidizes alpha-ketoglutarate and a molecule 

of NAD is reduced to form NADH. This instability causes a carbonyl group to be released as 

CO2 and a thioester bond is formed in its place between the former alpha-ketoglutarate and 

coenzyme A to create a molecule of succinyl-coenzyme A complex. A water molecule sheds 

its hydrogen atoms to coenzyme A and then a free-floating phosphate group displaces the 

coenzyme A and forms a bond with the succinyl complex. The phosphate is then transferred 

to a molecule of ADP to produce an energy molecule of ATP, leaving behind a molecule of 

succinate. Succinate is oxidized by a molecule of FAD (Flavin Adenine Dinucleotide) to create 
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fumarate and malate is created by adding one hydrogen atom to a carbon atom and then 

adding a hydroxyl group to a carbon next to a terminal carbonyl group. In the final step, the 

malate molecule is oxidized by a NAD molecule. The carbon that carried the hydroxyl group 

is then converted into a carbonyl group and the end product is oxaloacetate which can then 

combine with acetyl-coenzyme A and begin the Krebs’ Cycle all over again. Alternatively, 

pyruvate molecules can be carboxylated (by pyruvate carboxylase) to form oxaloacetate 134. 

This latter reaction ”fills up” the amount of oxaloacetate in the citric acid cycle, and is therefore 

an anaplerotic reaction, increasing the cycle’s capacity to metabolize acetyl-CoA when the 

cell’s energy demands are suddenly increased 133. 

All the TCA cycle intermediates (e.g. citrate, iso-citrate, alpha-ketoglutarate, succinate, 

fumarate, malate and oxaloacetate) are regenerated during each turn of the cycle. The 

addition of any one of them to the cycle has an anaplerotic effect, and its removal has a 

cataplerotic effect. These anaplerotic and cataplerotic reactions will, during the course of the 

cycle, increase or decrease the amount of oxaloacetate available to combine with acetyl-CoA 

to form citric acid. This in turn increases or decreases the rate of ATP production by the 

mitochondrion, and thus the availability of ATP to the cell 132,133. 

To summarize, the citric acid cycle oxidizes the acetyl-CoA to carbon dioxide, and, in the 

process, produces reduced cofactors (three molecules of NADH and one molecule of FADH2) 

that are a source of electrons for the electron transport chain, and a molecule of GTP (that is 

readily converted to an ATP). The energy derived from these electron transfer reactions is 

converted to potential energy stored in a proton gradient across the membrane, which is then 

used to drive ATP synthesis.  

Protein complexes in the inner membrane (NADH dehydrogenase ubiquinone, cytochrome c 

reductase, and cytochrome c oxidase) perform the transfer and the incremental release of 

energy is used to pump protons (H+) into the intermembrane space. As the proton 

concentration increases in the intermembrane space, a strong electrochemical gradient is 

established across the inner membrane. The protons can return to the matrix through the ATP 

synthase complex, and their potential energy is used to synthesize ATP from ADP and 

inorganic phosphate (Pi). This process is called chemiosmosis, and was first described by 

Peter Mitchell 135. Under certain conditions, protons can re-enter the mitochondrial matrix 

without contributing to ATP synthesis. This process is known as proton leak or mitochondrial 

uncoupling, and is due to the facilitated diffusion of protons into the matrix. The process results 

in the unharnessed potential energy of the proton electrochemical gradient being released as 

heat. Although this process is efficient, a small percentage of electrons may prematurely 

reduce oxygen, forming reactive oxygen species such as superoxide. This can cause oxidative 

stress in the mitochondria and may contribute to the decline in mitochondrial function 

associated with the pathological processes, as well as aging.  
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5. Hypothesis and Aims 
 

Despite the abovementioned achievements on the understanding of disease progression and 

data suggesting that NSCs transplantation might be beneficial for SPMS patients, major 

limitations for the successful clinical use of somatic NSCs still exist.  

They include the source from which stem cells are derived (either foetal or embryonic) 136, the 

immunogenicity of the allogeneic graft, and the limited expandability/genotypic stability over 

extensive passaging 137. Clearly, there exists a need to engineer a source of accessible, 

autologous and stably-expandable NSCs that would counteract the multitude of maladaptive 

processes that lead to disease progression in MS.  

Advances in the direct conversion of somatic cells into multipotent/stably expandable induced 

NSCs (iNSCs) may overcome histocompatibility barriers and avoid extensive in vitro 

manipulation 138. The iNSCs obtained from skin fibroblasts are stably expandable, tissue 

specific, display unlimited self-renewal and can be expanded in vitro giving rise to multiple 

subtypes of neurons, astrocytes and oligodendrocytes. Compared with the circuitous two-step 

strategy used during the conversion of somatic cells to induced Pluripotent Stem Cells (iPSCs) 

(and subsequent differentiation into neural stem cells), the relatively straightforward 

reprogramming of iNSCs is highly efficient, direct and safe.  
 

As such, my main hypothesis is that iNSCs could represent the ideal candidate for the future 

clinical translation of stem cell therapies in progressive MS. However, before envisaging such 

approach, three important aims/questions need to be addressed: 

1. Are iNSCs equivalent to somatic NSCs in ameliorating the clinico-pathological deficits of 

mice with chronic neuroinflammation? 

2. Are iNSCs and NSCs capable to target the chronic activation of MPs in neuroinflammation? 

3. What are the determinants of these immunomodulatory effects on innate immune cells? 
 

To address these outstanding questions, we have established collaboration with the group of 

F. Edenhofer (University of Innsbruck and Würzburg) to derive iNSCs from C57/Bl6 mouse 

fibroblasts. I have transplanted these iNSCs ICV in mice with chronic EAE and have 

investigated the molecular mechanisms that underpin their ability to counteract the activation 

of pro-inflammatory MPs both in vivo and in vitro. To do so, I have adopted a novel approach 

based on the metabolic analysis of biological fluids, cells and extracellular media (together 

with C. Frezza at the MRC Cancer Unit, Cambridge), to pinpoint the metabolic pathways 

involved in this process. Finally, by using revevant knock-out cell lines, I have clarified how 

iNSCs/NSCs respond to inflammatory metabolic signals to inhibit the activation of MPs in the 

chronically inflamed brain.  
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6. Materials and Methods 
 

6.1 Experimental model and subject details 
This thesis has been regulated under the Animals (Scientific Procedures) Act 1986 

Amendment Regulations 2012 following ethical review by the University of Cambridge Animal 

Welfare and Ethical Review Body (AWERB). Animal work was covered by the personal project 

licence (PPL) 80/2457 (to Stefano Pluchino). Details on mouse derived cell cultures and 

experimental procedures are listed below. Wild type C57BL/6 mice were used to establish in 

vivo experimental models and to derive all mouse primary cell lines, except Succinate 

Receptor 1 (Sucnr1)-/- Neural Stem Cells (NSCs). C57BL/6 Sucnr1-/- mice were provided by 

José M. Carballido (Novartis) 139. RNA and protein extracts from human foetal NSCs (hNSCs) 

were provided by Angelo Vescovi (Milano, Italy). 

 

6.2 Mouse cell lines 
All mouse cell lines were cultured at 37°C in a controlled humidified atmosphere of 5% CO2. 

Mouse induced Neural Stem Cells (iNSCs) were obtained in the laboratory of F. Edenhofer 

from direct reprogramming of Oct4-GiP Mouse Embryonic Fibroblasts (MEFs) from C57BL/6 

mice. Briefly, Oct4-GiP MEFs were infected with retroviruses encoding for Sox2, Klf4, and c-

Myc, as previously described (Figure 5) 125.  

 

Figure 5 Schematic diagram for mouse iNSCs generation. 

 

iNSCs colonies were picked 19 days post infection and cultured as either small cellular 

aggregates (i.e. neurospheres) or adherent monolayers in iNSCs medium [DMEM/F12 (Life 

Technologies), 1% pen/strep (Invitrogen), 1X N2 (ThermoFisher), 10 ng/ml purified human 

recombinant (EGF, Peprotech), 10 ng/ml human recombinant basic fibroblast growth factor 

(bFGF, Peprotech)]. For maintenance of adherent cells, laminin (1:100, Roche) was added to 

the iNSCs medium upon seeding. When neurospheres reached a diameter of 150-200  µm 

(or confluency of 70-80% for adherent cells), cells were collected and harvested in a 15 ml 

tube (Falcon) and centrifuged at 300 g for 8 min. The supernatant was removed, and the pellet 
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was dissociated by enzymatic digestion with AccumaxTM (Ebioscience) at 37°C for 10 min. In 

case of adherent cells, culture medium was instead removed, cells were washed in PBS, 

detachment was performed with AccumaxTM (Ebioscience) at 37°C for 10 min. Then fresh 

iNSCs medium was added, and cells were centrifuged at 300 g for 8 min.  

The number of viable cells was determined by trypan blue exclusion and viable cells were re-

seeded at clonal density 9,700 cells/cm2. New iNSCs medium was added to each flask every 

other day. Mycoplasma negative iNSCs at passage n≤ 25 were used in all experiments. 

Somatic NSCs and Sucnr1-/- NSCs were obtained from the subventricular zone (SVZ) of 7-12 

week old (18-20 g) C57BL/6 mice (Charles River, UK) and Sucnr1-/- C57BL/6 mice 139 

respectively in the laboratory of S. Pluchino, as previously described 140. Briefly, mice were 

humanely culled by cervical dislocation followed by decapitation, the parietal bones were cut 

cranially to caudally using micro-surgery scissors, and the brains removed. A brain slice matrix 

was used to obtain 3 mm thick brain coronal sections starting from 2 mm after the anterior 

pole of the brain. The SVZ of the lateral ventricles was isolated from coronal sections using 

iridectomy scissors. Tissues derived from at least 2 mice were pooled to generate cultures. 

Dissected tissues were transferred to a 15 ml tube with digestion medium [early balance salt 

solution (EBSS, Gibco), papain (1 mg/ml, Worthington), ethylenediaminetetraacetic acid 

(EDTA) (0.2 mg/ml, Sigma-Aldrich) and L-cysteine (0.2 mg/ml, Sigma-Aldrich)] and incubated 

for 45 min at 37°C on a rocking platform. At the end of the incubation, the tube was centrifuged 

at 200 g for 12 min, the supernatant was removed and the pellet was mechanically 

disaggregated with 2 ml of EBSS. The pellet was centrifuged again at 200 g for 12 min and 

then dissociated with a 200 µl pipette and seeded in complete growth medium (CGM). CGM 

was constituted of mouse NeuroCultTM basal medium (Stem Cell Technologies) plus mouse 

NeuroCultTM proliferation supplements (Stem Cell Technologies) added with 2 µg/ml heparin 

(Sigma-Aldrich), 20 ng/ml EGF and 10 ng/ml bFGF. After approximately 4-7 days, a small 

percentage of the isolated cells begun to proliferate, giving rise to neurospheres. When 

neurospheres reached the necessary dimension (150-200 µm diameter), the cells were 

harvested in a 15 ml tube and centrifuged at 100 g for 8 min. The supernatant was then 

removed and the pellet dissociated by enzymatic digestion with AccumaxTM at 37°C for 10 

min. The number of viable cells was determined by trypan blue exclusion and viable cells were 

re-seeded at clonal density 8,000 cells/cm2. Mycoplasma negative NSCs at passage n≤ 25 

were used in all experiments. 

Mouse Fibroblasts (MFs) were prepared from the kidneys of adult C57BL/6 mice, as 

previously described 141 and immortalised in vitro. MFs were cultured as adherent cells in 

fibroblasts medium [DMEM high glucose (Gibco), 10% fetal bovine serum (FBS), 1% 

GlutaMAX (Gibco), 1% pen/strep (Invitrogen)] until they reached confluency (80-90%). The 
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day of passage, cells were washed with PBS. Trypsin (0.05% in DMEM) was added at 37°C 

and inactivated for 3 min with fibroblasts medium (2:1). Cells were collected and then split 1:3 

for expansion. 

Bone marrow derived macrophages (Mφ) were obtained from the bone marrow of C57BL/6 

mice, as previously described 142. Briefly, 9-10 weeks-old C57BL/6 female mice were 

anesthetized with 2% isoflurane and killed by cervical dislocation. Bone marrow was flushed 

from femurs and tibiae and bone marrow progenitor cells were cultured for 6 days on Petri 

dishes (Thermo Scientific) in Mφ medium [DMEM high glucose (Gibco), 10% FBS, 1% 

pen/strep (Invitrogen) and 10% of macrophage colony-stimulating factor (M-CSF) conditioned 

media from L-929 fibroblast cells].  

L-929 fibroblast (NCTC clone 929) cells were purchased from ATCC and grown as adherent 

cells in L-929-medium [RPMI media, 10% Foetal Calf Serum (Gibco) and 1% pen/strep 

(invitrogen)] until they reached confluency (80%). The day of passage cells were washed with 

PBS. Trypsin (0.05% in DMEM) was added at 37°C and inactivated after for 10 min with L-

929-medium (2:1). Cells were collected and spun at 300 g for 5 min, and then re-seeded 1:10. 

Conditioned medium was collected from cultures and filtered through a membrane filter (0.22 

µm pore diameter) to remove cells and debris and frozen (-80°C) until use. M-CSF conditioned 

media from L-929 fibroblast cells were used for Mφ cultures unless otherwise stated. 

The BV2 cell line was provided by Professor M.G. Spillantini (Cambridge, UK). For normal 

expansion, cells were cultured in BV2 expansion medium [DMEM high glucose (Gibco), 2% 

FBS, 1% pen/strep (Invitrogen)] until they reached confluency (70%). The day of passage cells 

were washed with PBS. Trypsin (0.05% in DMEM) was added at 37°C and inactivated after 

for 3 min with BV2 expansion medium (2:1). Cells were collected and spun at 300 g for 5 min, 

and then re-seeded at 4,200 cells/cm2 for expansion. 

 

6.3 Human cell lines 
All human cell lines were cultured at 37°C in a controlled humidified atmosphere of 5% CO2. 

Human BJ fibroblasts (hBJFs) were purchased from ATCC (CRL-2522) and cultured as 

adherent cells in hBJF medium [DMEM high glucose (Gibco), 10% FBS, 1% GlutaMAX™ 

(Gibco), 1% pen/strep (Invitrogen)] until they reached confluency (80-90%). The day of 

passage, hBJFs were washed with PBS. Trypsin (0.05% in DMEM) was added at 37°C and 

inactivated after for 3 min with hBJF medium (2:1). Cells were collected and then split 1:3 for 

expansion.  

Human induced Neural Stem Cells (hiNSCs) were obtained from direct reprogramming of 

hBJFs in the laboratory of F. Edenhofer, as previously described (Figure 6) 131.  
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Figure 6 Schematic diagram for human iNSCs generation. 

 

Briefly, hBJFs were infected with Oct4, Klf4-, Sox2- and c-myc-Sendai viruses and cultured in 

neuro-induction medium (NIM) [1:1 DMEM/F12 (Life Technologies): NeuroCultTM basal 

medium (Gibco), 1X B27 (Gibco), 1X N2 (ThermoFisher), 1% pen/strep (Invitrogen), 1% 

GlutaMAX™(Gibco), 10 ng/ml hLIF (Gibco), 3  µM ChiR (Axon MedChem), 2 µM SB 

(Invitrogen)]. 14 days after infection cultures showed morphological changes and NSC 

colonies formation. hiNSCs were cultured as adherent monolayers in NIM and culture media 

was completely replaced every other day. When cells reached confluency of 50-60%, they 

were enzymatic dissociated with AccumaxTM (Ebioscience) at 37°C for 5 min. Cells were then 

centrifuged at 300 g for 5 min and re-plated 1:6 on 6 well plates pre-coated with MatrigelTM 

(BD Bioscience). 10 mM ROCK inhibitor Y27632 (Calbiochem) was added upon seeding. 

Mycoplasma negative human cells at passage n≤ 20 were used in all experiments. 

 

6.4 Mouse iNSC/NSC proliferation, viability and differentiation in vitro 
Cellular viability of iNSCs/NSCs was assessed by vital stain exclusion (trypan blue staining) 

and a continuous growth curve was built up by seeding cells at clonal density. The linear 

growth curve was generated estimating the total number of cells by multiplying the growth rate 

(i.e. number of live cells divided by the number of seeded cells) for the total number of cells 

present at the previous time point. The mean number of cells per time point (± SEM) was 

reported to build the linear trend line. The daily growth rate was obtained dividing the growth 

rate by the number of days per passage. Viability was defined as the percentage of viable 

cells over dead cells (± SEM) (Figure 7).  
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Figure 7 Mouse iNSCs and NSCs in vitro features.  

(A) Representative confocal microscopy images of iNSCs and NSCs growing in vitro as SOX2+/Nestin+ neurospheres. Nuclei 

are stained with DAPI. Scale bars: 100  µm. (B) Linear growth curves of iNSCs and NSCs over 10 passages in vitro. Data are 

mean numbers (± SEM) from n≥ 3 independent experiments per condition. (C) Cell viability as in B. Data are mean percentages 

of viable cells (± SEM) from n≥ 3 independent experiments per condition.  

 

For differentiation, cells were seeded on 13 mm glass coverslips pre-coated with MatrigelTM 

(8x104 cells/coverslips, BD Bioscience) and cultured in 400  µl differentiation medium 

[NeuroCultTM basal medium (Stem cells Technologies), 10% mouse differentiation supplement 

(Stem cells Technologies), 1% pen/strep (Invitrogen)], as previously described 143. Half of the 

medium was replaced with fresh differentiation medium after 3 days. After 3 more days (6 

days in total), coverslips were washed with PBS and fixed with 4% paraformaldehyde (PFA, 

Sigma-Aldrich) and 2% sucrose in PBS for immunofluorescence staining and quantification 

(Figure 8). 

 

 
Figure 8 In vitro differentiation properties of iNSCs and NSCs.  

Representative confocal microscopy images of differentiated iNSCs stained for GFAP, O4, Nestin and  bIII tubulin are shown. 

Nuclei were stained with DAPI. Data are mean percentages of positive cells (± SEM) from n≥ 3 independent experiments per 

condition. Scale bars: 40  µm. 
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For immunofluorescence staining, cells were rinsed with PBS, and then blocked for 1 hr at 

room temperature (RT) in blocking buffer (0.1% Triton X100 and 10% secondary antibody 

species serum in PBS). The following primary antibodies diluted in blocking buffer were used: 

anti-Nestin (1:200, Abcam), anti-SOX2 (1:100, Abcam), anti-glial fibrillary acidic protein 

(GFAP) (1:500, Abcam), anti-b-tubulin-III (1:500, Covance), anti-O4 (1:400, R&D). Primary 

antibodies were incubated at 4°C overnight. Cells were then washed in PBS with 0.1% Triton 

X100 and incubated with the appropriate fluorescent secondary antibodies (1:1,000 Alexa-

fluor 405, 488, 555, 647, Invitrogen) 1 hr at RT. After washing in PBS, nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI) (1:10,000, Invitrogen) for 3 min and 

then mounted with Dako mounting kit (Fluka). Nonspecific staining was observed in control 

incubations in which the primary antibodies were omitted. For quantification, images were 

acquired on a CCD camera (DC 480, Leica) under a fluorescence microscope (Olympus, 

BX51) with a 40X objective on 6 regions of interest (ROI) of each coverslip. Images were 

analysed and prepared using ImageJ software. Data were represented as the percentage of 

positive cells over the total of DAPI positive cells ± SEM, from a total of n≥ 3 independent 

experiments. 

 

6.5 Fluorescence-activated cell sorting (FACS) analysis 
For the analysis of the expression of surface molecules on iNSCs/NSCs, cells were harvested 

and dissociated for counting, as previously described. A total of 5x105 cells were kept in the 

blocking solution [2% FBS (Gibco) in PBS] for 15 min. Cells were then incubated for 30 min, 

at RT with fluorescence-conjugated antibodies: anti-CD44-fluorescein isothiocyanate (FITC) 

(1:100, BD Biosciences), anti-alpha-4-integrin-phycoerythrin (PE) (1:100, Abcam), anti-L-

selectin-Allophycocyanin (APC) (1:100, BD Biosciences), anti-CX3C chemokine receptor 1 

(CX3CR1)-PE (10 µl, R&D), anti-CXC chemokine receptor type 4 (CXCR4)-PE (1:3, BD 

Biosciences), anti-C-C chemokine receptor type 2 (CCR2)-APC (10 µl, R&D). After incubation 

cells were rinsed with PBS and fixed in 0.5% PFA in PBS. FACS analyses were carried out 

on a Cyan-ADP (Dako Cytomation) and data were analysed using FlowJo (Treestar) (Figure 
9). 
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Figure 9 Fluorescence-activated cell sorting (FACS) analysis of iNSCs in vitro.  

Data are positive cells over gated cells (mean percentages ± SEM) from n≥ 3 independent experiments per condition. 

 

Ex vivo FACS characterization of inflammatory infiltrates was performed as it follows (see also 

Figure 10). Mice were deeply anesthetized, perfused with saline-EDTA. Tissues were 

isolated, kept in ice-cold complete Iscove's Modified Dulbecco's Medium (IMDM) medium [5% 

FBS, 1% GlutaMAX (Gibco), 1% pen/strep (Invitrogen) in IMDM (Gibco)], sectioned into small 

pieces (≈5-10 mm3) and incubated at 37°C with 1 ml of digestion buffer [2 mg/ml collagenase 

(Sigma), 0.2 mg/ml Dispase (MP Bio), 0.1 mg/ml DNase (New England) in complete IMDM 

medium] on a shaking platform for 30 min at 700 rpm. After digestion, the cloudy suspension 

was filtered through 70 µm cell strainer and 9 ml of complete IMDM medium was added. 

To remove myelin and debris, 3.3 ml of isotonic 90% Percoll solution was added to the 

samples. Samples were gently mixed and centrifuged at 800 g for 20 min at 4°C with brake 

speed 0. Myelin debris were carefully removed and pellets were washed 2 times in cold buffer 

[5% AutoMACS Rinsing Solution (Milteny) in 1x MACS BSA solution (Milteny)] and centrifuged 

at 300 g for 5 min at 4°C. Pellets were then suspended in 100 µl of cold buffer, counted and 

CD45+ cells sorted using CD45 separation beads (Milteny) and LS columns (Milteny). Cell 

number was adjusted by pulling together n= 2 EAE mice from the same treatment group and 

sorting were performed according to manufacturer’s recommendations. After sorting, cells 

were divided in two different staining protocols. 

1x106 CD45+ cells/sample were incubated with rat anti-mouse FcyIII/II receptor (CD16/CD32) 

blocking antibodies (1:50, BD) for 10 min at 4°C. Samples were then incubated for 30 min at 

4°C with the following antibodies: FITC-CD11b (1:200, BD), BUV395-CD3e (1:100, BD), PE-

Cy7-CD19 (1:100, BD), APC/Cy7-F4/80 (1:20, Biolegend), AlexaFluor594-GR-1 (1:50, 

Biolegend), PE-CX3CR1 (1:500, Biolegend), AlexaFluor647-CCR2 (1:50, Biolegend), BV605-

CD80 (1:100, BD) and Brilliant Violet 711-CD206/MRC1 (1:40, Biolegend). 7-amino-

actinomycin D (7AAD) (1:50, Biolegend) was used to stain dead cells. 
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1x106 CD45+ cells/sample were instead seeded with lympho-medium [10% FBS, 1% 

GlutaMAX (Gibco), 1% pen/strep (Invitrogen), 10 mM HEPES (Sigma), 55 μM β-

mercaptoethanol (Gibco), 1 mm sodium pyruvate (Gibco) in RPMI medium (Gibco)] in a 12 

well plate (1x106 CD45+ cells/well). Cultured cells were supplemented with 1x Leukocyte 

Activation Cocktail (GolgiPlug, BD) and incubated for 4 hrs at 37°C and 5% CO2. Cells were 

then harvest and incubated for 30 min at 4°C with the following antibodies: BUV395-CD3e 

(1:100, BD), Alexa Fluor 647-CD4 (1:100, BD), BV786-IL-4 (1:100, BD), BV421-GM-CSF 

(1:100, BD), PerCP-Cy5.5-IL-17A (1:100, BD), Alexa Fluor 488-Foxp3 (1:100, BD), PE-RORγt 

(1:100, BD) and Alexa Fluor 700-IFN-γ (1:100, BD). LIVE/DEAD Fixable Cell stain Kit 

(ThermoFisher) was used to stain dead cells. 

 

 
Figure 10 FACS paradigm used for ex vivo studies. 
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Ex vivo FACS samples were acquired using a BD LSR Fortessa cell analyser flow cytometer 

and data were analysed using FlowJo (Treestar). Fluorochrome compensation was performed 

manually based on single colour-marked samples and/or compensation beads (BD 

Biosciences) when appropriate. All gates were set based on specific fluorescence minus one 

(FMO) control samples. The following hierarchical gating strategy was employed: 1) exclusion 

of doublets on an area (FSC-A) vs. peak (FSC-H) plot; 2) exclusion of debris on a physical 

parameter plot (FSC-A vs. SSC-A); 3) dead cells were excluded by 7AAD or LIVEDEAD 

staining; and 4) phenotypic identification of subpopulations (combination of up to 8 markers).  

 

6.6 Pro-inflammatory Mφ or BV2 cells co-cultures with iNSCs/NSCs 
After 6 days from bone marrow isolation, Mφ were re-seeded with fresh Mφ medium on 6 or 

12 well plates (5x105 or 1x105 cells/well respectively) for co-culture experiments. For gene 

microarrays and metabolomic studies, recombinant mouse macrophage colony-stimulating 

factor (M-CSF) (50 ng/ml, Miltenyi Biotec) and dialyzed (d)FBS were used instead of M-CSF 

conditioned media from L-929 fibroblast cells and FBS. After 18 hrs from re-seeding, Mφ were 

stimulated by adding 50 ng/ml LPS (Enzo life sciences). To assess the metabolic profile of 

LPS-activated pro-inflammatory Mφ (Mφ LPS), intracellular and extracellular metabolites were 

collected at given time points (see also section Metabolite extraction and LC-MS analysis).  

For co-culture experiments, treatment cells were dissociated, counted and re-suspended 

directly in Mφ medium. For co-culture experiments in which specific blockers were used, 

iNSCs/NSCs/Sucnr-/-NSCs/hiNSCs were kept in an Eppendorf tube at 37°C ± the irreversible 

blocker of Prostaglandin-Endoperoxide Synthase 2/cyclooxygenase-2 (PTGS2/COX-2) SC-

58125 (10 µM, Sigma-Aldrich), the specific inhibitor of human SUCNR1 4c (1 µM, Advinus 

Therapeutics), or PBS (control) for 1 hr prior co-cultures. Concentrations of the inhibitors were 

determined based on previous literature and optimised to avoid direct cytotoxicity (Figure 11). 
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Figure 11 LDH assays after SC-58125 or 4c treatment of NSCs/hiNSCs.  
Lactate dehydrogenase release at 24hrs on (A) NSCs exposed to increasing concentrations of SC-58125 and (B) on human 

iNSCs exposed to increasing concentrations of 4c. No direct cytotoxicity was observed with either compound at the 

concentrations used in this study (10 µM and 1 µM, respectively). 

 

Cells were then spun at 400 g for 5 min, washed with PBS and re-suspended in Mφ medium. 

Co-cultures of Mφ and treatment cells were all started 1 hr after LPS stimulation using 0.4 µm-

pore size trans-well inserts (Millipore) at a 1:1 ratio. 24 hrs after the start of the co-cultures, 

inserts were removed and Mφ/culture media were isolated for subsequent analysis (Figure 
12). 

 

 
Figure 12 Experimental setup for in vitro MφLPS co-cultures with iNSCs/NSCs. 

 

After BV2 cell line reached ~ 70% confluence, cells were collected and re-seeded at a density 

of 1x105 cells/3.7 cm2 on 12 well plates in BV2 experiment medium [DMEM high glucose 

(Gibco), 1% pen/strep (Invitrogen)] to avoid excessive activation. After 12 hrs from re-seeding 

50 ng/ml LPS (Enzo) was added to the medium for stimulation. For co-culture experiments, 

treatment cells were dissociated, counted and re-suspended in BV2 experiment medium. Co-

cultures of BV2 and treatment cells were all started 1 hr after LPS stimulation using 0.4 µm-
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pore size trans-well inserts (Millipore) at a 1:1 ratio. 6 hrs after the start of the co-cultures, 

inserts were removed and BV2 were isolated for subsequent analysis. 

 

6.7 Recombinant SDHA activity and treatment of pro-inflammatory Mφ 
Mouse recombinant succinate dehydrogenase complex subunit A (rSDHA) was purchased 

from Cloud-Clone Corp. (RPJ784Mu01), reconstituted on ddH20 and kept at -80°C (stock 

solution 0.1 µg/µl). Activity measurements were performed using a SDH Activity Colorimetric 

Assay Kit (#K660-100, BioVision) following manufacturer’s instructions. For mouse rSDHA 

treatment, MφLPS were activated as described and rSDHA was added to the Mφ medium (0.05 

µg/ml) 1 hr after LPS stimulation. After 24 hrs Mφ were isolated for subsequent gene 

expression analysis. 

 

6.8 Lentiviral fGFP tagging 
Cells used for transplantation studies were transduced in vitro using a third-generation 

lentiviral carrier (pRRLsinPPT-hCMV) coding for the enhanced farnesylated green fluorescent 

protein (fGFP), which targets the fluorescent protein to the inner plasma membrane of 

transduced cells 144. The functional stability of these cells (in the absence or in the presence 

of the lentiviral transcript) has been confirmed with clonal and population studies 85. Briefly, 

neurospheres were harvested, dissociated to a single cell suspension and seeded at high 

density [1.5x106 in a T75 cm2 flask (Sigma-Aldrich)] in 5 ml fresh medium. After 12 hrs, 3x106 

T.U./ml of lentiviral vectors were added and 6 hrs later additional 5 ml of fresh medium were 

added. 72 hrs after viral transduction, cells were harvested and re-seeded at normal 

concentration. Transgene expression was measured by FACS analysis before transplantation 

and >98% of cells were found to be labelled. 
 

6.9 EAE induction, transplantation and behavioural studies 
Six independent in vivo transplantation studies were performed on a total n= 175 C57BL/6 

female mice (weight 20 gr) with myelin oligodendrocyte glycoprotein (MOG)-induced 

experimental autoimmune encephalomyelitis (EAE), as previously described 85. Briefly, mice 

were anaesthetized with isoflurane (4% induction, 1.5% maintenance), and received n= 3 

subcutaneous (SC) injections (2 flanks and 1 at the base of the tail) of 50  µl containing 200 

µg/mouse MOG35-55 (Multiple Peptide System) (Espikem), incomplete Freund’s Adjuvant 

(IFA) and 8 mg/ml Mycobacterium tuberculosis (Scientific Laboratories Supply). 100 µl of 

Pertussis Toxin (5 ng/µl) (List Biological Laboratories) was injected IV on the day of the 

immunization and again after 48 hrs. 
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Body weight and EAE clinical score (0 = healthy; 1 = limp tail; 2 = ataxia and/or paresis of hind 

limbs; 3 = paralysis of hind limbs and/or paresis of forelimbs; 4 = tetraparalysis; 5 = moribund 

or death) were recorded daily 85.  

After 11-19 days post immunisation (dpi), mice developed the first clinical signs of diseases 

(disease onset). At 3 days after disease onset, mice with similar scores were randomly 

assigned to the different treatment groups. After randomization, mice received a single ICV 

injection (AP -0.15, ML +1.0 left, DV -2.4) of fGFP+ NSCs, or fGFP+ iNSCs or fGFP+ Sucnr1-/- 

NSCs (1x106 in 5 µl PBS). EAE mice untreated or transplanted icv with 1x106 MFs or injected 

icv with 5 µl PBS were used as controls.  

Body weight and EAE clinical score were recorded daily up to 50 dpi or 110 dpi. Data were 

expressed as the mean of EAE score (± SEM) from a total of n≥ 6 mice per group per time 

point. 
Gait kinematics was assessed using a DigiGaitTM (Mouse Specifics Inc., Boston, MA) ventral 

plane treadmill videography before EAE onset (baseline) and at 10-30 days post 

transplantation (dpt), as previously described 145. Briefly, the treadmill speed was set at either 

10 or 5 cm/sec (depending on each mouse fitness), and the gait of the mice was recorded. An 

analysable run was defined as a 5-sec video segment without wall or bumper contacts. The 

mouse was designated as noncompliant and the test was stopped if the mouse failed to 

accomplish an analysable run after 3 trials (a 30 sec rest was allowed between trials). Criteria 

for test failure where (i) at least 2 min of test without capturing an analysable run, and/or (ii) 

the mouse could not run without contacting the rear wall of the enclosure.  

 

6.10 Ex vivo tissue pathology 
The day of sacrifice, mice were deeply anesthetized with an intraperitoneal (IP) injection of 

ketamine 10 mg/ml (Boehringer Ingelheim) and xylazine 1.17 mg/ml (Bayer) in sterile water 

and transcardially perfused with 1ml EDTA 5M in 500ml saline 0.9% NaCl for 5 min, followed 

by a solution of 4% PFA in PBS for another 5 min.  

Brains and spinal cords were isolated and post-fixed in 4% PFA in PBS at 4°C overnight. 

Tissues were then washed in PBS and left for at least 48-72 hrs in 30% sucrose in PBS at 

4°C for cryo-protection. Brains and spinal cords were then embedded in optimum cutting 

temperature (OCT) medium, frozen with liquid nitrogen and cryo-sectioned (25 µm coronal 

section thickness for brains and 10 µm axial section thickness for spinal cords) using a cryostat 

(CM1850, Leica, Wetzlar, Germany) with a microtome blade (A35, Feather, Osaka, Japan). 

Sections were then stored at -80°C until use. 

For quantification of graft survival and inflammatory infiltrates, sections were pre-treated with 

peroxidase 3% for 15 min, and then were incubated in the blocking solution [PBS + 10% 
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normal goat serum (NGS, Sigma-Aldrich) ± 0.1% Triton X100] for 1 hr at RT. Primary 

antibodies were diluted in a solution of PBS + 1% NGS ± 0.1% Triton X100, and incubated at 

4°C overnight. The following primary antibodies were used: anti-GFP (1:250, Invitrogen), anti-

CD45 (1:100, Serotec), anti-F4/80 (1:100, Serotec), anti-CD3 (1:250, Abcam), anti-CD20 

(1:100, Santa Cruz). The following day, tissues were washed with PBS and incubated for 1 hr 

with the appropriate secondary biotinylated antibody (1:500, Sigma-Aldrich) diluted in a 

solution of PBS + 1% NGS, ± 0.1% Triton X100. Components "A" and "B" of Vectastain Elite 

ABC kit were mixed for 45 min and the reaction developed by means of 3,3'-Diaminobenzidine 

(DAB) as per manufacturer’s instructions. The reaction was blocked dipping the section into 

distilled water and sections were counterstained with haematoxylin. The tissues were then 

dehydrated (with increasing alcohol solutions), washed in xylene (Merck, Darmstadt, 

Germany) and mounted with a synthetic mounting medium (EUKITT, Hatfield, PA, USA). The 

numbers of transplanted fGFP+ cells and the areas of CD45+/F4/80+/CD3+/CD20+ 

inflammatory infiltrates were calculated on n= 10 equally spaced sections axial brain sections 

and n= 15 equally spaced axial spinal cord sections. fGFP+ cells and inflammatory contours 

were outlined using an Olympus BX53 microscope with motorized stage and Neurolucida 

software (11.07 64-bit, Microbrightfield) and descriptive 3D brain/spinal cord reconstructions 

were obtained. 

For quantification of demyelination and axonal damage, cryostat 10 µm thick spinal cord 

sections were stained for Luxol fast blue (LFB)/periodic-acid Schiff and Bielschowsky silver 

impregnation respectively, as previously described 85. The LFB/Bielschowsky negative areas 

of n= 15 equally spaced axial spinal cord sections were outlined using an Olympus BX53 

microscope with motorized stage and Neurolucida software (11.07 64-bit, Microbrightfield) and 

descriptive 3D spinal cord reconstructions were obtained. Data are expressed as the 

percentage (%) of damaged tissue per section (± SEM). 

For the quantification of stem cell differentiation and of the % of MPs expressing pro/anti-

inflammatory markers in vivo, sections were rinsed with PBS, and then blocked for 1 hr at RT 

in blocking buffer (0.1% Triton X100 and 10% secondary antibody species serum in PBS). A 

Fab fragment affinity purified IgG anti-mouse was applied if anti-mouse antibodies were used 

(1:10, Jackson ImmunoResearch). The following primary antibodies, diluted in blocking buffer, 

were used at 4°C overnight: anti-GFP (1:250, Invitrogen), anti-Nestin (1:200, Abcam), anti-

Ki67 (1:250, Abcam), anti-GFAP (1:500, Abcam), anti-NeuN (1:250, Chemicon), anti-MBP 

(1:100, AbD Serotec), anti-OLIG2 (1:500, Millipore), anti-von willebrand factor (vWF) (1:200 

Abcam), anti-doublecortin (DCX) (1:250, Abcam), anti-fibronectin (1:400, Sigma-Aldrich), anti-

CD31 (1:20, BD Pharmingen), anti-F4/80 (1:100 Serotec), anti-iNOS (1:100, BD Bioscience), 

anti-MRC1 (1:400, Abcam). Sections were then washed in PBS with 0.1% Triton X100 and 

incubated with the appropriate fluorescent secondary antibodies (1:1,000 Alexa-fluor 405, 



 

 40 

488, 555, 647, Invitrogen) for 1 hr at RT. After washing in PBS, nuclei were counterstained 

with DAPI (1:10,000, Invitrogen) for 3 min and then mounted with Dako mounting kit (Fluka). 

Nonspecific staining was observed in control incubations in which the primary antibodies were 

omitted. 

Quantification of graft differentiation was obtained from randomized n≥ 3 brain ROIs and n≥ 5 

brain spinal cord ROIs acquired using a confocal microscope (Leica TCS SP5 Microscope). 

Data are expressed as % of double positive cells over total fGFP+ cells (± SEM) (≥ 95 fGFP+ 

cells for each marker of interest were counted). Quantification of MPs expressing pro/anti-

inflammatory markers was obtained from the brain (n≥ 25 randomized ROIs) and the spinal 

cords (n= 6 equally spaced entire sections) of EAE mice using a fluorescence microscope 

(Leica DFC 3000G). Data are expressed as % of double positive area over total F4/80+ area 

(± SEM). 

 

6.11 Plasma and cerebrospinal fluid (CSF) sampling 
For plasma sampling (at 10 and 30 dpt), the tail vein was punctured and whole blood was 

sucked by capillarity in EDTA filled Microvettes (Sarstedt) (10-30 µl/mouse). Samples were 

kept at 4°C until centrifugation (950 g for 5 min). Plasma was then collected from supernatant 

and stored at -80°C for subsequent analysis.  

For CSF sampling (at 10 and 30 dpt), mice were deeply anesthetized with isoflurane (4% 

induction, 1.5% maintenance), and CSF (3-5 µl/mouse) was obtained as part of a terminal 

procedure from the cisterna magna, as previously described 146. CSF samples were initially 

put on dry ice and then stored at -80°C for subsequent analysis. 

 

6.12 Calcium imaging 
Cells were counted after dissociation and seeded in their own specific medium plus laminin 

(Roche) 1:100 (laminin was not added for MFs) on 35 mm glass bottom culture dishes (MatTek 

Corporation) (1.5x105 cells/dish). After 2 days in culture, media was changed with Tyrode's 

solution (isotonic solution resembling CSF composition and containing 129 mM NaCl, 5 mM 

KCl, 2 mM CaCl2, 3 mM MgCl2, 30 mM Glucose, 25 mM Hepes) with 5 µM Fluo-4AM (Life 

Technologies) for 30 min at 37°C. Cells were then washed twice (15 min) with fresh Tyrode's 

solution. The dish was then mounted in a home-made microfluidic chamber and put on the 

stage of a Leica DMI 6000B inverted live imaging microscope in a controlled humidified 

atmosphere of 5% CO2 at 37°C. The chamber was connected to a perfusion system to allow 

a continuous/regular flow of solutions and stimulation with succinate dibasic hexa-hydrate 

(500 µM Sigma-Aldrich) when necessary.  
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Cells were recorded for 200 sec: 50 sec of baseline, 100 sec of stimulus and 50 sec of 

recovery. Images were acquired with a frequency of 2 frames per sec (fps) using a live cell 

imaging fluorescence microscope. For quantification, acquired time-lapses were analysed 

using ImageJ software. The changes of fluorescence intensity overtime of individual ROIs 

corresponding to the soma of each cell were quantified and normalized over the background 

fluorescence. The mean intensity of 10 sec (corresponding to 20 fps) of basal recording was 

considered as F0. Changes in fluorescence intensity are expressed as ΔF/F0, where ΔF= Fi-

F0 and Fi is the fluorescence intensity of a ROI at a given time point. Signal quantifications 

were averaged on the top 25 most responsive cells. Percentage of responsive cells was 

calculated as % of cells showing a ΔF/F0≥ 0.07. Representative pictures of baseline and 

succinate iNSCs/NSCs/MFs and SUCNR NSCs were pseudolored applying an RGB colour 

model assigning red (RGB: 255, 0, 0) or violet (RGB: 68, 0, 96) according to high or low 

fluorescence intensities. 

 

6.13 ELISA 
For measurements of PGE2 levels after succinate stimulation, cells were dissociated, 

counted, and 5x105 cells/500 µl/well per condition were seeded in a 24 well plate. After 6 hrs, 

sodium succinate dibasic hexa-hydrate (500 µM, Sigma-Aldrich) in PBS (or PBS alone) was 

added to the wells. Cells pre-treated (1 hr before succinate stimulus) with ± SC-58125 (10 µM, 

Sigma-Aldrich) or ± 4c (1 µM, Advinus Therapeutics) were used as controls. After 30 min from 

succinate stimulation, media were collected, spun at 1,000 g for 5 min, and supernatants 

stored at -80°C for subsequent analysis.  

For measurements of PGE2 levels after co-cultures, media were collected at 24 hrs of co-

culture spun at 1,000 g for 5 min, and supernatants were stored at -80°C for subsequent 

analysis.  

For ex vivo measurements of PGE2 levels in CSF, frozen samples were thawed on ice and 

n³ 2 samples from EAE mice were pulled together. For ex vivo measurements of PGE2 levels 

in plasma, frozen samples were thawed on ice (n= 1 sample from each EAE mouse). Samples 

were then diluted in ice-cold ELISA buffer (1:10) and analysed the same day. 

All PGE2 levels were determined using PGE2 ELISA kit (Caymanchem) following the 

manufacturer’s instructions. Briefly, 50 µl of samples were added to 96 wells pre-coated plates 

and incubated for 18 hrs at 4°C. Plates were then washed, developed for 60-90 min at RT, 

and read at 405-420 nm. PGE2 concentration was determined by comparison to the standard 

curve performing 4-parameter logistic fit. 
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6.14 Uptake experiments with [14C] - labelled succinate 
Cells were counted after dissociation and re-plated at high cell-density (2.4x105 cells/cm2) the 

day before the experiment. The following day cells were collected and centrifuged at 300 g for 

8 min. Pellet was re-suspended in CGM or iNSCs medium (previously adjusted at pH 6.8) and 

cells were seeded in a 6 well plate at a final concentration of 5x105 cells/ml/well. Each well 

was respectively stimulated with [14C] - labelled succinate (American Radiolabelled 

Chemicals) at final concentration 500 µM (80 nCi [14C] - succinate/mL) in PBS. PBS alone was 

used as controls. At the corresponding time points, culture media and cells were collected, 

and centrifuged at 400 g for 5 min. To isolate the extracellular fraction, 500 µl of supernatant 

from each sample was added to tubes containing 3 mL of Ultima Gold liquid scintillation 

cocktail (PerkinElmer). To isolate the cellular fraction, the remaining volume in the tube was 

removed first after a 1,000 g for 5 min spin. Another 1,000 g for 1 min spin was then performed 

to better separate the pellet from the residual supernatant. Finally, each pellet was dried with 

blotting paper (to further avoid any extracellular fraction’s contamination) and 40 µl of Triton-

X100 was added. Cellular fraction was then added to tubes containing 3 mL Ultima Gold liquid 

scintillation cocktail (PerkinElmer). Total radioactivity was then measured using a TriCarb LSC 

Counter (PerkinElmer). Radioactive counts were converted into decays per min and 

subsequently converted into amounts of succinate using a final specific activity of 0.15 

mCi/mmol. Data were normalized on total proteins content evaluated by BCA Protein assay 

kit (Thermo Scientific). 

 

6.15 Immunoblotting 
Western blots for SUCNR1 were performed on freshly dissociated cells. Cells were collected 

and spun at 16,000g for 30 sec. Pellets were washed with PBS, and then re-suspended in 50 

µl of 1X RIPA buffer (Abcam) with protease (Roche) and phosphatase inhibitors (Thermo 

Fisher Scientific). Samples were frozen at -80°C until further use.  

Western blots after succinate stimulation were performed as it follows. Cells were dissociated, 

counted, and 1.5x106 cells/1ml/well per condition were seeded in a 6 well plate. After 6 hrs, 

either sodium succinate dibasic hexa-hydrate (Sigma-Aldrich) in PBS (final concentration 500 

µM, unless otherwise stated) or PBS alone (control) was added to each well. Cells pre-treated 

(1 hr before succinate stimulus) with ± 4c (1 µM, Advinus Therapeutics) were used as controls 

for hiNSCs studies. After given time points (0min-5min-10min-15min-2hrs-6hrs) cells were 

collected and spun at 16,000g for 30 sec. Pellets were washed with PBS, and then re-

suspended in 50 µl (or 25 µl for pP38/P38 WB) of 1X RIPA buffer (Abcam) (with 

protease/phosphatase inhibitors). Samples were frozen at -80°C and electrophoresis was 

performed the following day. 
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Western blots for IL-1b on Mφ were performed after 24 hrs of co-culture. Proteins were 

extracted by pooling 3 wells of a 12 well plate per condition (3x105 cells in total). First, cells 

were washed with PBS, and then 1X RIPA buffer (Abcam) with protease (Roche) and 

phosphatase inhibitors (Thermo Fisher Scientific) was added to each well (30 µl/well). Cells 

were frozen at -20°C for 1 hr, and then scraped before pooling. Samples were frozen at -80°C 

and electrophoresis was performed the following day. 

Western blots for hypoxia-inducible factor (Hif)-1a and Pyruvate kinase M2 (PKM2) on Mφ 

were performed after 24 hrs of co-culture. Proteins were extracted by pooling 6 wells of a 12 

well plate (6x105 cells in total) per condition. First, cells were washed with PBS, and then 

Laemmli buffer (Sigma-Aldrich) 1X final concentration with protease (Roche) and phosphatase 

inhibitors (Thermo Fisher Scientific) was added to each well (50 µl/well). Cells were scraped 

before pooling, samples were heated 95°C for 5 mins, and the same volume of extract (25 µl) 

was loaded for electrophoresis on the same day on a 10% Bis-Tris precasted gel (Life 

technologies).  

For all the other samples (i.e. those stored at -80°C), extracts were instead defrosted, 

sonicated and proteins were quantified using Pierce™ BCA Protein Assay kit (Thermo 

scientific). These samples were then heated at 95°C for 5 mins, and the same amount of 

protein (50-60  µg of extract for P-p38/p38 or 10-20 µg of extract for all the other targets) per 

each condition was loaded with 1X NuPAGE LDS sample buffer and NuPAGE sample 

reducing agent 1X on a 10% SDS-PAGE gel.  

After running at 120V, samples were then transferred on Immobilon™ PVDF filter paper 

sandwich at run completion (Millipore). The membrane was then blocked with 5% non-fat milk 

in 0.1% PBS-Tween 20 for 1 hr and then incubated with primary antibodies diluted in 5% non-

fat milk in 0.1% PBS-Tween 20 [with phosphatase inhibitors (Thermo Fisher Scientific) in case 

of P-p38/p38 WB] overnight at 4°C.  

The following primary antibodies were used for immunoblotting: anti-HiF1α (1:1,000, Novus 

Biologicals), anti-PKM2 (1:1,000 Cell Signalling), anti-IL-1β (1:1,000 R&D systems), anti-

SUCNR1 (1:500 Novus Biologicals), anti-P-p38 MAPK (1:1,000 Cell Signalling), anti-p38 

MAPK (1:1,000 Cell Signalling), anti-SLC13A5 (1:400 ThermoFisher), anti-SLC13A3 (1:1,000 

Aviva Systems Biology), anti-b-actin (1:10,000 Sigma-Aldrich), anti-b-tubulin (1:1,000 Sigma-

Aldrich). After 3 washes in 0.1% PBS-Tween 20, membranes were incubated for 1 hr at RT 

with the appropriate HRP-conjugated secondary antibodies: anti-rabbit HRP conjugated 

secondary (1:10,000 Thermo Scientific), anti-mouse HRP conjugated secondary (1:20,000 

Thermo Scientific). Proteins bands were developed using Enhanced Chemiluminescence 

Substrate (Perkin Elmer) and acquired using a Biorad Chemidoc MP system. The density of 



 

 44 

each band was quantified using ImageJ software and normalized to housekeeping bands (b-

actin or b-tubulin) measured in the same membranes. 

 

6.16 Extracellular flux (XF) assays  
A XF24e Extracellular Flux Analyser (Seahorse Bioscience, Billerica, MA) was used for all XF 

assays.  

For XF assay on Mφ co-cultures, Mφ were seeded 6 days after bone marrow isolation, with 

fresh Mφ medium on a 24 well XF24 cell culture microplate (1x105 cells/well) for co-culture 

experiments. After approximately 18 hrs from seeding, Mφ were stimulated by adding 50 ng/ml 

LPS (Enzo life sciences). Treatment (or control) cells were added at 1:1 ratio, 1 hr after LPS 

stimulation, using 0.4  µm-pore size trans-well inserts (24 well-size, Millipore). 24 hrs after the 

start of the co-culture the inserts were removed, Mφ medium was replaced with XF medium 

[Seahorse salt solution (Seahorse Bioscience), 1% glutamine 200 mM, 1% pyruvate 100 mM, 

1% FBS, D-glucose (225 mg/50ml final volume)] pH 7.35-7.45, and baseline oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured for 10 

reads. 

To verify the efficient reprogramming of iNSCs, cells were counted after dissociation and 

seeded in their own specific medium plus laminin (Roche) 1:100 (laminin was not added for 

MFs) on a 24 well XF24 cell culture microplate (1x105 cells/well). When cells reached >90% 

confluency, media were replaced with XF medium pH 7.35-7.45. Mitochondrial stress protocol 

was performed using oligomycin, Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

(FCCP), rotenone and antimycin (Rot+Ant) (1 µM final concentration) (Figure 13).  

 

 
Figure 13 Extracellular Flux (XF) assay of iNSCs metabolism in vitro.  
Oxygen Consumption Rate (OCR) during a mitochondrial stress protocol. Data are normalized on total protein content and 

expressed as mean values (± SEM) from n≥ 3 independent experiments. *p≤ 0.05 and ****p≤ 0.0001, vs. Mouse Fibroblasts 

(MFs). 
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After the completion of each XF assay, all cells were washed with PBS and 25  µl of 1X RIPA 

buffer (with protease/phosphatase inhibitors) were added to each well. The total protein 

amount/well was estimated with a BCA Protein assay kit (Thermo Scientific) and used to 

normalize the OCR and ECAR values of the single well. 

 

6.17 Gene expression analysis (microarrays and qRT-PCR) 
Ex vivo samples were collected at 10 and 30 dpt. Mice were deeply anesthetized with 

isoflurane (4% induction) and decapitated. The entire brain and spinal cord were exposed, 

isolated and stored in RNAlater (QIAGEN) at 4°C until use. Samples were homogenated using 

a potter and total RNA was extracted using the RNeasy Plus Universal Midi Kit (QIAGEN) 

following manufacturer’s instructions. 

Total RNA from Mφ or BV2 microglial cell line in co-cultures was collected at given time points. 

Before collection, cells were washed with PBS, 350 µl of RLT buffer were added, and samples 

stored at -80°C until extraction. 

Total RNA after succinate stimulation was collected as it follows. Cells were dissociated, 

counted, and 1.5x106 cells/ml/well per condition were seeded in a 6 well plate. After 6 hrs, 

sodium succinate dibasic hexa-hydrate (500 µM, Sigma-Aldrich) in PBS or PBS alone (control) 

was added to each well. After 15 min cells were collected and spun at 16,000 g for 30 sec. 

Pellets were washed with PBS, resuspended in 350 µl of RLT buffer and stored at -80°C until 

extraction.  

Total RNA from all in vitro samples was extracted using the RNeasy Micro Kit (QIAGEN) 

following manufacturer’s instructions.  

For microarrays, samples were prepared according to Affymetrix protocols (Affymetrix, Santa 

Clara, CA). RNA quality and quantity were ensured using the Bioanalyzer (Agilent, Santa 

Clara, CA) and NanoDrop (Thermo Scientific, Waltham, MA) respectively. For RNA labelling, 

200 ng of total RNA was used in conjunction with the Affymetrix recommended protocol for 

the Clariom_S chips. The hybridization cocktail containing the fragmented and labelled cDNAs 

was hybridized to the Affymetrix Mouse Clariom_S GeneChip. The chips were washed and 

stained by the Affymetrix Fluidics Station using the standard format and protocols as described 

by Affymetrix. The probe arrays were stained with streptavidin phycoerythrin solution 

(Molecular Probes, Carlsbad, CA) and enhanced by using an antibody solution containing 0.5 

mg/mL of biotinylated anti-streptavidin (Vector Laboratories, Burlingame, CA). An Affymetrix 

Gene Chip Scanner 3000 was used to scan the probe arrays. Gene expression intensities 

were calculated using Affymetrix AGCC software. Downstream analysis was conducted in 

R/Bioconductor.  
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The annotation package for the Clariom_S chips was generated with pdInfoBuilder  

(https://www.bioconductor.org/packages/release/bioc/html/pdInfoBuilder.html) using the 

platform files provided by Affymetrix. The CEL files were then loaded into R, RMA normalized 

with the oligo package, and filtered to only retain probes annotated as “main” 147. Differential 

expression testing was performed using limma 148 and the resulting p.values were corrected 

with the Benjamini-Hochberg method.  

GO enrichment analyses were performed using the topGO package 

(https://bioconductor.org/packages/release/bioc/html/topGO.html) with the classic algorithm 

and Fisher statistic. Microarray heatmaps were generated with the heatmap.2 function of the 

gplots package with the default clustering methods. The microarray raw data were deposited 

in ArrayExpress with the accession numbers E-MTAB-5579 and E-MTAB-5586. 

For qRT-PCR analysis, equal amounts of RNA were reversed-transcribed using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the 

manufacturer’s instructions. cDNA was then quantified with the NanoDrop 2000c instrument 

(Thermo Scientific) and qRT-PCR was performed with the TaqMan® Universal PCR Master 

Mix (Applied Biosystems) and TaqMan® Gene Expression Assays for different genes (Table 
2). Actb and 18S (Life Technologies) were used as internal calibrators. All samples were 

tested in triplicate on a 7500 Fast Real-Time PCR System (Applied Biosystems) and analysed 

with the 2-ΔΔCT method. 

 

6.18 Metabolite extraction and LC-MS analysis 
Ex vivo CSF/plasma samples (stored at -80°C) were thawed on ice for metabolites extraction. 

Samples were diluted in cold methanol (1:10) and put in agitation for 15 min at 4°C (800 rpm). 

After a centrifugation (20,000 g for 10 min), the supernatants were transferred to a new pre-

chilled Eppendorf tube. Samples were concentrated using a SpeedVac (ThermoScientific 

Savant DNA 120) for 15 min and the pellet was dissolved in cold acetonitrile/water (1:1) using 

16X of the initial sample volume. Samples were transferred to pre-chilled autosampler vials 

(Thermo Fisher) and stored at -80°C for subsequent liquid chromatography coupled to mass 

spectrometry (LC-MS) analysis. 

In vitro samples were collected from Mφ (INTRA_Metab) and cell culture media 

(EXTRA_Metab). INTRA_Metab were collected from Mφ at 1-2-4-6-8-12-25 hrs upon LPS 

stimulation and at 24 hrs after the start of co-cultures (for co-culture experiments). For 

INTRA_Metab extraction, Mφ (originally re-seeded as 1x105 cells/well in a 12 well plate) were 

washed with PBS and kept on ice throughout the procedure. 200  µl of Metabolite Extraction 

Buffer (MEB) (50% Methanol, 30% Acetonitrile, 20% water, with 100 ng/mL HEPES) was 

added to each well, and after scraping, extracts from each single well were collected 
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separately. Samples were kept in agitation at 4°C (800 rpm) for 15 min, and then spun at 

13,000 g for 15 min at 4°C. 100  µl of the supernatant was transferred to a pre-chilled 

autosampler vial and stored at -80°C for subsequent LC-MS analysis. EXTRA_Metab were 

collected from Mφ media at 25 hrs from LPS stimulation and at 24 hrs after the start of co-

cultures (for co-culture experiments). For EXTRA_Metab extraction, media were collected 

from Mφ, spun at 1,000 g for 5 min, and 50 µl of the supernatant transferred to a pre-chilled 

Eppendorf containing 750 µl of MEB. Samples were kept in agitation at 4°C (800 rpm) for 15 

min, and then spun at 1,000 g for 10 min at 4°C. 600  µl of the supernatant was transferred to 

a pre-chilled autosampler vial and stored at -80°C for subsequent LC-MS analysis. 

LC-MS analysis was performed on a QExactive Orbitrap mass spectrometer coupled to a 

Dionex U3000 UHPLC system (Thermo). The liquid chromatography system was fitted with a 

Sequant ZIC-HILIC column (150 mm x 2.1 mm, 5 µm) and guard column (20 mm × 2.1 mm, 5 

µm) from HiChrom, Reading, UK. The mobile phase was composed of 0.1% formic acid (v/v) 

in water (solvent A), and 0.1% formic acid (v/v) in acetonitrile (solvent B). The flow rate was 

set at 300 µL/min with the following gradient: 0 min 80% B, 5 min 30% B, 15 min 10% B, 20 

min 10% B, 21 min 80% B, 30 min 80% B. The mass spectrometer was operated in full MS 

and polarity switching mode. Samples were randomised in order to avoid bias due to machine 

drift. The acquired spectra were analysed using XCalibur Qual Browser and XCalibur Quan 

Browser software (Thermo Scientific) by referencing to an internal library of compounds. 

 

6.19 Statistical analysis 
Statistical analyses were performed with GraphPad Prism (version 5.00 for Mac, GraphPad 

Software), unless otherwise stated. Statistical analyses of EAE score and mitochondrial stress 

protocol were performed using a two-way ANOVA analysis, followed by Holm-Sidak post-test. 

Statistical analysis of DigiGait data was performed with SPSS (version 21 for mac, IBM 

Software) and outcomes were analysed using a multivariate general linear model. Metabolic 

changes were analysed using a one-way ANOVA, followed by Bonferroni post-test, unless 

otherwise stated. All remaining differences among groups were tested using a Kruskal-Wallis 

test, followed by a Mann-Whitney post-test. 

All values are given in the text as mean (± SEM) and a p value < 0.05 was accepted as 

significant in all analyses, unless otherwise stated. 

 

6.20 Data availability 
The microarray data have been deposited in ArrayExpress with the accession numbers E-

MTAB-5579 and E-MTAB-5586. 

  



 

 48 

7. iNSC transplantation ameliorates chronic 
neuroinflammation in vivo  

 

7.1 Introduction 
Recent data suggest that iNSCs could offer an attractive and safe alternative for 

regenerative/transplantation stem cell therapies. As such, during the past years, several 

studies have been carried out to determine the safety and therapeutic efficacy of iNSCs 

transplantation in different models of CNS diseases. 

In mouse models of stroke, initial studies suggested that locally transplanted iNSCs survived 

well and migrated towards the injured area. There was no tumorigenesis in both the brains of 

normal or ischaemic mice after the transplant, however the behaviour in ischaemic mice was 

not significantly improved 149. In a following study, it was found that transplanted iNSCs could 

reduce lesion size and promoted the functional recovery in middle cerebral artery stroke rats, 

by secreting growth factors and directly differentiating in Tuj1+ neurons 150. Similarly, a 

following study showed that locally transplanted iNSCs could improve the survival rate of 

stroke mice by persisting in the post-stroke brain, and without forming a tumour, for up to 8 

months 151. 

In spinal cord injury (SCI), locally engrafted iNSCs could differentiate into all neuronal 

lineages, including different subtypes of mature neurons. Furthermore, iNSC-derived neurons 

could form synapses with host neurons, enhancing the locomotor function recovery. A time 

course analysis of iNSC-treated SCI animals revealed that engrafted iNSCs effectively 

reduced the inflammatory response in the absence of tumour formation 152. Three-dimensional 

poly (lactide-co-glycolide)/polyethylene glycol (PLGA-PEG) nanofiber scaffolds were also 

used to enhance iNSCs adhesion and growth in vivo. Scaffolds with iNSCs were then 

transplanted into transected rat spinal cords. iNSCs were shown to survive, self-renew and 

differentiate into neurons and glial cells, thus contributing to functional recovery 153. 

INSCs have been shown to be safe and beneficial also in models of chronic 

neurodegenerative conditions. iNSC transplantation into the striatum of 6-hydroxydopamine 

(6-OHDA)-injected mice (a model of Parkinson’s disease) significantly reduced apomorphine-

induced rotational asymmetry. Engrafted iNSCs differentiated into dopaminergic (DA) neurons 

and glia migrating into the substantia nigra of 6-OHDA lesioned mice 154. In a following study 

from the same group, Lmx1a was introduced into iNSCs under a Nestin enhancer. iNSCs that 

over-expressed Lmx1a (iNSC-Lmx1a) gave rise to an increased yield of dopaminergic 

neurons in vitro and, when transplanted into mouse models of PD, those mice that received 

iNSC-Lmx1a exhibited better recovery 155. 
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Interestingly it was recently shown that, when transplanted in a mouse model of closed head 

injury, iNSC grafts decreased the levels of TNF-α+/Iba1+ microglia in the injured cortex. This 

effect was mediated by CXCR4 signalling between iNSCs and host microglial cells 156. 

Altogether these findings suggest that iNSCs are safe and efficacious in preclinical models of 

CNS diseases, and could exert immunomodulatory properties similar to those of somatic 

NSCs. However, whether iNSCs would have any therapeutic effects in chronic 

neuroinflammation by modulating the key drivers of disease progression (e.g. innate immune 

cell activation and neurodegeneration) has not been investigated yet. My aim in this thesis is 

to provide a complete and quantitative inventory of the therapeutic potential of tissue-specific, 

autologous, stably expandable source of NSCs (i.e. iNSCs) in a mouse model of progressive 

MS, the myelin oligodendrocyte glycoprotein (MOG)-induced EAE. 

 

7.2 Results 
7.2.1 Transplanted iNSCs distribute within the CNS and localise close to MPs in vivo 

Before proceeding with in vivo testing, I confirmed that iNSCs are similar to somatic NSCs in 

respect to growth curves (Figure 7), differentiation upon growth factor withdrawal (Figure 8), 

expression of surface molecules (Figure 9) and metabolic profile (Figure 13) in vitro (please 

refer to Materials and Methods). 

I then assessed the effects of the ICV transplantation, at peak of disease (PD), of iNSCs or 

somatic SVZ-derived NSCs in mice with MOG-induced chronic EAE. At 30 days post 

transplantation (dpt), iNSC and NSC transplants survived, distributed and integrated within 

the EAE brain and spinal cord (Figure 14). 

 

 
Figure 14 Distribution of ICV-injected iNSCs and NSCs in EAE at 30 dpt.  

(A-B) Distribution in the brain and spinal cord of fGFP+ iNSCs or fGFP+ NSCs injected ICV in EAE mice at peak of disease (PD). 

Stereology-based quantification of whole brain (A) and spinal cord (B) with representative 3D reconstructions (green dots indicate 
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individual fGFP+ cells, contours of the ventricles are in light blue, those of the forebrain or spinal cord are in light grey, and those 

of the cerebellum are in dark grey). Solid bars in A are data from the left-brain hemisphere, while wide upward diagonal bars are 

from data of the right brain hemisphere. Data are mean numbers (± SEM) from n≥ 5 mice/group over n= 2 independent 

experiments. 

 

Only a minority of retrieved fGFP+ cells (iNSCs: 2.1 ± 0.9%; NSCs: 1.7 ± 0.1%) were found to 

be proliferating (Figure 15A), or expressing neuronal (Figure 15B), astroglial (Figure 15C) or 

oligodendroglial (Figure 15D) lineage markers.  

The majority (~ 75%) of iNSCs surviving to transplantation were found instead not to be 

expressing any of the neural lineage markers tested, and localising around meningeal 

perivascular niche-like areas close to F4/80+ endogenous MPs (Figure 15E), as previously 

observed for somatic NSCs grafts 85,157. This suggested a specific pathotropism of 

transplanted cells for areas of focal CNS inflammation (perivascular and meningeal) and 

possibly an effect of the graft on the inflammatory infiltrates. 
 

 
Figure 15 Differentiation profile of ICV-injected iNSCs and NSCs in EAE at 30 dpt.  
(A-D) Representative images of fGFP+ iNSCs at 30 dpt expressing the proliferation marker Ki67 (A, arrowheads) and the neural 

marker Nestin (A), the mature neuronal marker NeuN (B, arrowhead), the astroglial lineage marker GFAP (C) or the 

oligodendroglial lineage marker OLIG2 (D, arrowhead). (E) Confocal microscopy image of a perivascular area with several fGFP+ 

iNSCs in juxtaposition to fGFP-/F4/80+ MPs. Nuclei in A-E are stained with DAPI (blue). Scale bars: 25  µm (A-E). (F) In vivo 

differentiation profile of transplanted fGFP+ iNSCs or NSCs. Data are mean numbers (± SEM) from n≥ 5 mice/group over n= 2 

independent experiments. 

 

7.2.2 iNSCs induce a phenotypic switch of MPs in vivo 

To investigate a potential immunomodulatory effect of the iNSCs grafts, I analysed the 

expression levels of the main pro- and anti-inflammatory genes in the whole CNS of 

transplanted EAE mice ex vivo, and compared it to PBS-treated control EAE mice. iNSC- and 

NSC-transplanted EAE mice both exhibited significantly reduced levels of interleukin 1 beta 
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(Il1b) in the brain and spinal cord, and increased levels of mannose receptor C type 1 (Mrc1) 

in the spinal cord, both at 10 dpt (Figure 16A).  

Trying to correlate these transcriptional changes with pathological outcomes, I initially 

performed ex vivo IHC to evaluate the activation phenotype of MPs close to transplanted cells. 

I found that low iNOS and prevalent MRC1 expression in F4/80+ MPs close to fGFP+ iNSCs, 

while high iNOS expression was observed in the remaining MP infiltrate (Figure 16B). 

 
Figure 16 iNSCs transplantation changes the activation of MPs in vivo.  

(A) Expression levels (qRT-PCR) of pro- and anti-inflammatory genes in the brain and spinal cord of EAE mice. Data are mean 

fold change over HC from n≥ 3 mice/group. (B) Representative confocal microscopy image and comparative histograms of a 

perivascular area with several fGFP+ iNSCs in juxtaposition to F4/80+ MPs. Low iNOS and prevalent MRC1 expression is detected 
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in F4/80+ MPs close to fGFP+ iNSCs (inset on the left), while high iNOS expression is observed in the remaining MP infiltrate 

(inset on the right). Nuclei are stained with DAPI. Scale bars: 50  µm. (C-D) Flow cytometry-based ex vivo quantification of the 

expression levels of pro- inflammatory (CD80) and anti-inflammatory (MRC1) markers in CX3CR1+ cells (C) and CCR2+ cells (D) 

from the CNS of iNSC- and NSC-transplanted EAE mice at 30 dpt. Quantitative data are shown on the left, while representative 

density plots are shown on the right. Data are min to max % of marker-positive cells from n≥ 4 pools of mice/group. *p≤ 0.05 and 

**p≤ 0.01, vs. PBS. 

 

Based on this finding, I next isolated via ex vivo fluorescence activated cell sorting (FACS) 

CD45+ infiltrating leukocytes to assess the composition of CNS inflammatory infiltrates in 

iNSC- and NSC-transplanted, vs. PBS-treated control EAE mice.  

I found that the transplantation of iNSCs or NSCs had no effects on the fraction of CNS-

infiltrating T-cells, B-cells and total MPs, as well as in that of CD3+/CD4+ T-cells subsets 

(including Th1, Th2, Treg, Th GM-CSF and Th17 subsets) at 30 dpt (Figure 17).  

 
Figure 17 FACS of the inflammatory infiltrates of transplanted EAE mice.  
(A) Flow cytometry ex vivo analysis of lymphoid and myeloid cells from the CNS of iNSC- and NSC-transplanted EAE mice at 30 

dpt. Cells are gated as CD45+/7AAD-/CD11b-/CD3+ (T cells), CD45+/7AAD-/CD11b-/CD19+ (B cells), CD45+/7AAD-/CD11b+/GR1-

/F4/80+ (MPs). Data are min to max % of marker-positive cells from n≥ 4 pools of mice/group. (B-C) Representative density plots 

as in A. (D) Analysis of the CD3+/CD4+ T cells subsets as IFNγ+ (Th1), IL4+ (Th2), GM-CSF+ (Th GM-CSF), FoxP3+ (Treg) and 

IL17A+/RORγt+ (Th17). Data are min to max % of marker-positive cells from n≥ 4 pools of mice/group. (E-G) Representative 

density plots as in D. 

 

Instead, iNSC- or NSC-transplanted EAE mice showed a significant switch in the activation 

profile of CX3CR1+ cells with ~1.5 fold decrease of the pro-inflammatory marker CD80+ and 

parallel increase of the MRC1+ anti-inflammatory marker (Figure 16C). Likewise, CNS-

infiltrating (monocyte-derived) CCR2+ cells from iNSC- or NSC-transplanted EAE mice 

underwent significant phenotype switch with ~1.3 fold decrease of the CD80+ pro-inflammatory 

macrophages and parallel ~1.8 fold increase of the MRC1+ anti-inflammatory macrophages 

(Figure 16D).  
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7.2.3 iNSCs transplantation induces long lasting amelioration of clinical deficits 

I next investigated whether these changes in MPs activation, were correlated with any clinico-

pathological amelioration of EAE mice. I found that iNSC- and NSC-transplanted EAE mice 

accumulated significantly lower axonal loss (Figure 18A) and demyelination (Figure 18B) in 

the spinal cord, compared to PBS-treated control EAE mice.  

 

 
Figure 18 iNSCs ameliorate the clinico-pathological outcomes of EAE mice.  

(A-B) Quantification and representative 3D reconstructions of spinal cord damage in iNSC- and NSCs-transplanted EAE mice. 

Data are mean % of Bielschowsky negative-stained axonal loss (A) or Luxol fast blue (LFB) negative-stained demyelinated (B) 

areas/spinal cord section (± SEM) from n≥ 5 mice/group over n= 2 independent experiments. Scale bars: 2 mm. (C) Behavioural 

outcome of iNSCs/NSCs-transplanted EAE mice. Data are mean EAE score (± SEM) from n≥ 7 mice/group over n= 2 independent 

experiments. EAE mice injected icv with Mouse Fibroblasts (MFs) or PBS were used as controls. *p≤ 0.05 and **p≤ 0.01, vs. 

PBS. 

 

The transplantation of iNSCs induced a significant and long lasting (up to 90 dpt) amelioration 

of EAE score, which started from 15-20 dpt onwards and was significantly higher than control 

EAE mice treated with PBS or subjected to Mouse Fibroblasts (MFs) ICV transplantation 

(Figure 18C and Figure 19A). Most importantly, no signs of tumorigenesis were observed 

either at 30 or 90 dpt (Figure 19B-C).  
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Figure 19 Long-term outcome of iNSC-transplants in EAE mice.  

(A) Behavioural outcome of fGFP+ iNSC transplants up to 110 dpi. Data are mean EAE score (± SEM) from n= 6 mice/group. (B-

C) Representative confocal microscopy image of transplanted fGFP+ iNSCs in the brain of a EAE mouse at 110 dpi. Expression 

of Ki67 by fGFP+ iNSCs is indicated by arrowheads (B). Transplanted fGFP+ iNSCs are negative for fibronectin (arrowheads in 

C). Scale bars: 50  µm. *p≤ 0.05 and **p≤ 0.01, vs. PBS; n.s.: not significant. 

 

Lastly, functional recovery was also confirmed by computer-assisted automated gait analysis 

(Figure 20).  

 

 
Figure 20 DigiGaitTM ventral plane treadmill videography of EAE mice. 

(A) Changes in the areas of the paws (front limbs and hind limbs) in iNSC- and NSC-transplanted EAE mice. Data are mean 

areas (± SEM) from n≥ 5 mice/group. Baseline was assessed before EAE onset. (B) Gait kinematics as in A. Data are percentages 
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of time in which the paw is in the propulsion (propel) or breaking (brake) phase during the stance (± SEM) from n≥ 5 mice/group. 

*p≤ 0.05 and **p≤ 0.01, vs. PBS. 

 

Overall, I found that ICV-transplanted iNSCs had an in vivo distribution similar to NSCs, 

localising in areas of CNS inflammation, and induced a switch in the activation profile of MPs 

towards an anti-inflammatory state. Most importantly, iNSCs were found to be safe (low 

proliferation and no tumour formation), and led to behavioural and pathological recovery in 

chronic EAE mice. 

 

7.3 Discussion 
Advances in cellular reprogramming have brought a novel modality for the direct generation 

of autologous NSCs that circumvents histocompatibility barriers and concordantly nullifies 

dissent related to the cell’s source 138. However, before envisaging the successful clinical 

translation of iNSC-based for SPMS, several pre-clinical data on safety and efficacy must be 

collected. 

When iNSCs were injected in mice affected by MOG-induced EAE, I found that at 30 dpt 

grafted cells distributed and survived in the CNS (brain and spinal cord) of EAE mice. Just a 

minority of cells was found to be terminally differentiated, while the majority of iNSCs 

preferentially accumulated at the level of meningeal perivascular areas in juxtaposition to 

endogenous MPs, as previously described for somatic NSCs 96,110. No tumour formation was 

observed at this time point, nor at 3 months after transplantation. 

I have then investigated how the transplant affected the inflammatory gene expression profile 

in the brain and spinal cord, and found that transplanted iNSCs/NSCs were able to significantly 

reduce il1b expression while increasing the expression of the marker Mrc1, which is expressed 

by anti-inflammatory MPs. To further investigate these findings, I performed an ex vivo FACS 

analysis of the CNS infiltrates and found that iNSCs/NSCs transplantation was associated 

with a specific switch in the activation profile of both CX3CR1+ cells and CCR2+ cells with a 

decrease of the CD80+ pro-inflammatory MPs and parallel increase of the MRC1+ anti-

inflammatory MPs. At his chronic time point (30 dpt), this effect was specific for MPs as no 

significant effect of the transplant was observed on the T- or B-cell compartment.  

I then tried to assess the link behind the observed modulation of the host innate immune 

system and clinical/pathological neurological recovery. I found that the ICV transplantation of 

iNSCs into  EAE mice promoted equivalent outcomes to those previously observed in mice 

transplanted with somatic NSCs 85. Transplanted iNSCs or NSCs induced significant clinical 

amelioration, as well as reduced axonal and myelin damage. This is in line with evidence 

suggesting that although the orchestrated lymphocytic activation is the major early driver of 

tissue damage in MS 158, the evolution of demyelinating lesions in the chronic phase of 
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EAE/MS seems to be regulated by activated MPs. These results encourage the idea that 

iNSCs and somatic NSCs can reduce axonal damage via hindering/modulating the innate 

immune system activation. 

However, these findings also imply the presence of some yet unknown mechanisms of 

intercellular coupling/signalling between grafted stem cells and inflammatory MPs. Whether 

this iNSC/NSC-MPs communication in vivo can be (i) unveiled (ii) quantified and (iii) monitored 

was yet to be addressed.  
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8. iNSC transplantation modifies the metabolic content of 
the CSF in vivo 

 

8.1 Introduction 
Refinement of clinical diagnostic criteria, development of novel biomarkers and application of 

new DMTs are major steps that have transformed the pharmaceutical industry for patients 

with RRMS. Unfortunately, similar advances are still lacking in progressive MS. While lesion 

activity on MRI is an accepted biomarker of clinical relapse rate, being T2 or gadolinium-

enhancing lesions the most common biomarker outcomes for phase 2 clinical trials in RRMS 
159, no comparable measures have been identified for SPMS patients.  

As such, there is a strong unmet clinical need for independent biomarkers to assist diagnosis, 

estimate long-term prognosis, monitor treatment response and predict potential adverse 

effects in SPMS. To this end, biofluid markers are potential candidate outcome measures, 

which have shown promising applications for the quantification of chronic neurodegeneration 

and inflammation in SPMS.  

Neurofilaments (NfL) are highly specific neuronal proteins that have been found to be 

increased in biological fluids of patients with clinically isolated syndrome (CIS) and in all stages 

of MS, compared to healthy controls. Increased levels of NfL in the CSF have been 

consistently reported in SPMS and PPMS where data suggest they might serve as biomarkers 

of the response to treatment 160,161. In SPMS and PPMS significant reductions in NfL were 

observed in Natalizumab 162, Mitoxantrone and Rituximab treated patients 163. Moreover, it has 

been shown that high baseline NfL levels increase the risk for conversion from RRMS to SPMS 
164 and that NfL can be predictive of the annual Expanded Disability Status Scale (EDSS) 

increase 165. Even if NfL may also have a relevant role in the evaluation of neuroprotective 

therapies, large multicentre studies to validate their function as informative clinical trial 

outcome measures are still needed. 

The advances in ‘omics’ technologies have uncovered new tools to systematically screen body 

fluids for novel biomarkers with different clinical purposes. Metabolomic studies have been 

effective in identifying novel prognostic markers in several diseases, however in MS, a 

reproducible MS-specific metabolomic profile remains to be identified. Nonetheless, specific 

metabolic pathways have been discovered in the past years and linked to the pathobiology of 

disease progression in MS.  

Increased lactate in the CSF, with decreased citric acid cycle intermediates (citrate, 

oxaloacetate), has been linked with an increased reliance on glycolysis and diminished 

mitochondrial energy generation in MS 166. N-acetylaspartate (NAA) has been found to be 

decreased in the parenchyma and CSF of patients with SPMS, in comparison with RRMS and 
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CIS, suggesting that NAA could be a marker for axonal damage in progressive forms of 

disease 167. Increased uric acid (and its by-product allantoin), have been constantly reported 

in CSF from MS patients suggesting a sustained purine catabolism secondary to deficient ATP 

biosynthesis 168-170. Finally, a metabolic pathway found to be altered in MS patients that could 

be important in monitoring the CNS limited inflammation is citrulline biosynthesis. In fact, pro-

inflammatory MPs are characterised by the conversion of L-arginine to L-citrulline plus toxic 

NO, while in anti-inflammatory MPs the arginases convert L-arginine into L-ornithine and urea 
171. However both citrulline and NO production, as well as ornithine, were found to be increased 

in the CSF of MS patients 172 173, suggesting that it could be hard to extrapolate the phenotypic 

activation of MPs based on these metabolites. As such, a specific biomarker of chronic 

inflammation and innate immune activation, capable of discriminating between pro- and anti-

inflammatory MPs in SPMS, is still lacking.  

 

8.2 Results 
8.2.1 Succinate is a key metabolite in the CSF of mice with chronic EAE 

Given the established importance of cell metabolism in regulating the phenotype and function 

of inflammatory and neural cells, I collected matched CSF and plasma samples from EAE 

mice and performed an untargeted metabolic profiling of polar metabolites by liquid 

chromatography coupled to mass spectrometry (LC-MS) (the analysis was performed in C. 

Frezza’s lab by A.S.H. Costa). 

PBS-treated control EAE mice showed a significant increase of several CSF (but not plasma) 

metabolites. Ornithine, citrulline, leucine+isoleucine, allantoin and uric acid were all 

significantly increased in the PBS-treated control EAE mice at the peak of disease (PD). These 

findings are consistent with published evidences, as previously described 168-170,174. 

Interestingly, among the significantly changed metabolites in the CSF, only succinate showed 

a delayed increase in the CSF of PBS-treated control EAE mice (Figure 21). Of note, EAE 

mice not subjected to surgery also showed a significant increased succinate in the CSF only 

at 45 days post immunisation (corresponding to 30 dpt) (vs. healthy control mice), which was 

not different from the levels of succinate in the CSF PBS-treated control EAE mice (Figure 
22).  
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Figure 21 Levels of CSF metabolites significantly changed during EAE.  

Corresponding levels in matched plasma samples are also shown. Data are mean arbitrary units (a.u.) (± SEM) from n≥ 3 

mice/group. *p≤ 0.05, vs. PBS; #p≤ 0.05, vs. HC; dpt: days post transplantation, PD: peak of disease, HC: healthy controls 

 

While we did not detect any significant change in plasma metabolite levels between 

iNSC/NSC-transplanted and PBS-treated control EAE mice, we found that the transplantation 

of iNSCs or NSCs led to a significant drop in CSF succinate at 30 dpt. Further, we found no 

significant differences in CSF succinate, when comparing PBS-treated EAE mice vs. EAE 

mice injected ICV with MFs as control cells (Figure 22).  
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Figure 22 Quantification of CSF succinate in controls.  

EAE 45 dpi are EAE mice not subjected to surgery, while MFs are EAE mice injected icv with MFs as control cells. HC, healthy 

controls. Data are mean arbitrary units (a.u.) (± SEM) from n≥ 3 mice/group. #p≤ 0.05, vs. HC. 

 

Altogether our data suggest that iNSCs and NSCs directly injected into the lateral ventricle of 

EAE mice induce a specific phenotype switch of MPs with amelioration of chronic 

neuroinflammation, which is associated with reduction of the immunometabolite succinate in 

the CSF only. 

 

8.3 Discussion 
Untargeted small molecule analysis of matched CSF and plasma samples revealed profound 

metabolic changes in the CSF of EAE mice, with differences between the early and the 

delayed phases of disease.  

Among the metabolites already described in literature, we found that carnitine was significantly 

increased in the CSF of EAE mice at PD. While most of our findings are in line with the 

available literature, increased CSF carnitine has not been reported in MS. However important 

increases of CSF carnitine have been described in non-MS inflammatory conditions of the 

CNS, such as encephalitis 175 and meningitis 176. This finding might be related to the current 

limitations of the EAE mouse model used in this study, and needs to be confirmed in CSF 

samples of MS patients.  

However, the most important finding was the specific accumulation of succinate of EAE mice 

during the chronic phases of EAE (45 days post immunisation, corresponding to 30 dpt), which 

was found in the CSF only and not in plasma. 

Physiological circulating succinate concentrations in the plasma of rodents vary from 6 to 20 

µM, whereas in human succinate levels have been detected from 2 to 3 µM 177 and 2 to 20 
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µM in serum and plasma, respectively 178. Exercise has been shown to increase circulating 

succinate levels in plasma from subjects at the peak of diagnostic treadmill or bicycle 

ergometry cardiopulmonary exercise testing 179,180. In disease, ischemia, hypertension, 

diabetes mellitus and metabolic syndrome all increase succinate levels in mice 177,181,182. 

However, the relevance of this systemic biomarker in human disease is controversial. Some 

reports suggest that neither hypertension nor diabetes are associated with a rise in circulating 

succinate in human blood samples 177, while others suggest that serum succinate levels are 

increased in patients suffering from cardiac hypertrophy 183.  Of note, succinate is significantly 

increased in conditions of inflammation, such as in the plasma of patients with peritonitis 184. 

While circulating succinate is still to be unequivocally accepted as marker of metabolic 

syndrome or inflammation, our data suggest that the local accumulation of succinate, rather 

than its systemic levels, is predictive of disease.  

As a matter of fact, high levels of succinate have been detected in the vitreous fluid of patients 

suffering from diabetic retinopathy (DR) and are highly predictive of disease 185. Similarly, 

elevated succinate levels have been found in the synovial fluid of patients suffering from 

rheumatoid arthritis 186, and a metabolic profiling study has identified succinate as the most 

differentially expressed metabolite in rheumatoid arthritis compared with other arthropathies 
187. These data suggest that succinate could become a valuable in vivo biomarker of local 

metabolic distress and inflammatory activity 188,189.  

In our case, succinate was found to increase in the CSF only of EAE mice, and it was 

significantly decreased in the CSF of iNSC-/NSC-transplanted mice. The reduction of CSF 

succinate following iNSC or NSC transplantation is of interest, as it might be not only a 

consequence of decreased inflammation (like NfL are a consequence of reduced 

degeneration), but rather have a prominent role in interfering with chronic neuroinflammation 
188. 
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9. iNSCs reprogram the activation profile and metabolism of 
pro-inflammatory Mφ in vitro 

 

9.1 Introduction 
The term classical activation for macrophages was introduced in the 1960s to describe their 

microbicidal activity towards bacteria and the production of IFN-gamma 190. The following 

discovery that the mannose receptor (MRC1) was selectively increased in macrophages 

exposed to anti-inflammatory cytokines (IL-4 and IL-13) led researchers to identify an 

alternative activation phenotype, described as a state different from both classical activation 

and resting state 191,192  

Macrophages have been then characterised as pro-inflammatory classical activated M1 or 

anti-inflammatory alternatively activated M2. This first classification was based on one 

important metabolic difference: M1 macrophages made the nitric oxide (NO), whereas M2 

macrophages made polyamines 193. On one hand, the nitric oxide synthase (NOS) family of 

enzymes catalyse the conversion of L-arginine to L-citrulline plus toxic NO in pro-inflammatory 

macrophages 171. On the other hand, the arginases convert L-arginine into L- trophic ornithine 

and urea in anti-inflammatory macrophages 194. These data were based on the activity of 

different enzymes in macrophages isolated from different mouse strains (C57BL/6 and BALB/c 

mice), and correlated with differences between T helper 1 (Th1) and Th2 cell responses in the 

same strains.  

Despite the attractive simplicity of this dichotomisation, several evidences suggest that a 

simple M1/M2 categorisation based on arginase activity is inherently flawed. First, C57BL/6 

mice bear a deletion in the promoter of Slc7a2, which encodes a key arginine transporter in 

macrophages, causing large differences in arginine metabolism 195. Second, it has been 

shown that different activation scenarios exist in macrophages on a spectrum that cannot be 

easily binned into defined group 196. Third, while the expression of M1/M2 markers is important 

in murine macrophage biology, some of them (e.g. Arginase I) have no applicability in human 

myeloid cells biology 197.  

Nevertheless, these initial seminal studies have highlighted a key concept in macrophage 

biology: the link between immune function and metabolism. Several mechanisms have come 

into prominence in the past years to understand the underpinnings of such an intricate relation 

in MPs.  

So far, it can be stated that one key point is represented by the convergence of the activity of 

the NLRP3 inflammasome and the mitochondrial function in MPs. The NLRP3 inflammasome 

is a molecular platform activated by cellular ‘danger’ signals to trigger innate immune defences 
198. A wide variety of signals activate the NLRP3 inflammasome, including pathogen-
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associated molecular patterns. The mechanisms by which these structurally distinct molecules 

trigger NLRP3 inflammasome activation are under debate. One of the current working 

hypothesis suggest that NLRP3 is activated in a common pathway by ROS, however the initial 

source of increased ROS production in macrophages is currently unclear. Once activated, 

NLRP3 recruits procaspase-1, which results in caspase-1 activation and processing of 

cytoplasmic targets, including the pro-inflammatory cytokines IL-1β and IL-18 199.  

Mitochondria are the main source of cellular ROS and data suggest that mtROS can oxidise 

the mtDNA, which has been shown to bind directly to NLRP3 to increase inflammation 200. It 

is now clear that mitochondria are at the centre of cellular immune processes, where they 

promote inflammation in several complementary ways. First, mtDNA can diffuse into the 

systemic circulation where it is recognized by the Toll-like receptor (TLR) 9 leading to innate 

immune activation 201. Second, mitochondria may act as immune signalling platforms via 

mitochondria antiviral signalling (MAVS) proteins 202. Finally, and most importantly, 

mitochondrial structure and function guide immunity by regulating immune cells into pro- and 

anti-inflammatory phenotypes.  

This latter mechanism is of interest, as it has been shown that pro-inflammatory stimuli induce 

a remarkable change in the structure of the mitochondrial network of MPs, leading to increased 

fission and reduced oxidative phosphorylation (OXPHOS). As such, inhibition of LPS-induced 

mitochondrial fission by knock-down of dynamin-related protein 1 (Drp1, a key regulator of 

mitochondrial fission) dramatically attenuate the production of pro-inflammatory mediators and 

ROS 203. Similarly, mitochondrial toxins selectively targeting the respiratory complexes to 

cause OXPHOS deficits lead to increased production of pro-inflammatory mediators. For 

example, administration of rotenone, an inhibitor of mitochondrial complex I, causes microglial 

activation both in rodent models 204 and in human microglial cell lines 205. Consistently, 

macrophages from Ndufs4 (complex I) knockout mice produce elevated levels of ROS and IL-

1β in response to LPS 206.  

To conclude, compelling evidences show that differentiation of macrophages into distinct 

phenotypes involves multiple metabolic signatures and complex changes in mitochondrial 

metabolism 207. In classically activated pro-inflammatory macrophages, while OXPHOS 

decreases and the TCA cycle is interrupted, the cells switches their metabolism to aerobic 

glycolysis (a process termed Warburg effect) 208,209. In alternatively activated anti-inflammatory 

macrophages, the TCA cycle and OXPHOS are instead intact and fatty acid oxidation (FAO) 

is preferentially utilized as source of energy.  

These metabolic cascades do not only reflect macrophage energy production routes but 

directly dictate their inflammatory phenotype. As such, cell metabolism is emerging as an 

important therapeutic target to modulate the activation of MPs, both macrophages 208 and 

microglia 210. 
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9.2 Results 
9.2.1 iNSCs co-cultures change the gene expression profile of pro- inflammatory Mφ in vitro  

I first investigated whether iNSCs/NSCs would display any anti-inflammatory activities on 

MPs, using an in vitro system that recapitulates the interactions between MPs and 

iNSCs/NSCs.  

Naïve bone marrow derived macrophages (Mφ) were polarized into a pro-inflammatory 

phenotype with LPS (MφLPS), as described 211. MφLPS were then co-cultured with iNSCs 

(MφLPS-iNSCs) or NSCs (MφLPS-NSCs) in a trans-well system that avoids cell-to-cell contacts. 

Unpolarised Mφ were used as controls.  

Microarray gene expression profiling (performed by Tommaso Leonardi, a PhD student in the 

lab) showed significant transcriptional changes in MφLPS with 7,401 genes affected (vs. Mφ, 

adjusted p value< 0.1), and 51 genes differentially expressed in MφLPS-iNSCs or MφLPS-NSCs 

(vs. MφLPS, adjusted p value< 0.1, Figure 23A-B). This latter set of genes was enriched in 

biological processes related to positive regulation of leukocyte activation (GO: 0002696), 

myeloid leukocyte differentiation (GO: 0002761) and immune system processes (GO: 

0002376).  

Independent qRT-PCR validation of selected Mφ pro-inflammatory genes confirmed 

significant down-regulation of the expression levels of Il12b, Il15, Il15ra and Cd69, as well as 

the classical inflammatory genes Nos2, tumour necrosis factor (Tnf) and Il1b in MφLPS-iNSCs 

and MφLPS-NSCs (vs. MφLPS, Figure 23C). This effect was coupled with the concomitant up-

regulation of the expression levels of genes associated with an anti-inflammatory Mφ 

phenotype, such as uronyl-2-sulfotransferase (Ust) and bone marrow stromal cell antigen 1 

(Bst1) 212,213, as well as arginase 1 (Arg1) and Mrc1 (vs. MφLPS, Figure 23D).  

When iNSCs/NSCs were co-cultured with LPS-activated mouse BV2 microglial cells as 

before, significant reduction of the expression levels of the pro-inflammatory genes Nos2 and 

Il1b was also observed (Figure 23E).  
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Figure 23 iNSCs change the gene expression of pro-inflammatory Mφ in vitro.  

(A-B) Gene expression microarrays of MφLPS-iNSCs/NSCs. (A) Venn diagram of differentially expressed genes (adjusted p value 

< 0.1). (B) Heatmap of genes differentially expressed (adjusted p value < 0.1) in MφLPS-iNSCs or MφLPS-NSCs. (C-D) qRT-PCR 

independent validation of differentially expressed inflammatory genes as in B. (C) Expression of genes related to pro- 

inflammatory and (D) anti-inflammatory Mφ phenotypes relative to Actb. Data are mean fold change (± SEM) vs. MφLPS from n≥ 

3 independent replicates per condition. (E) qRT-PCR of BV2LPS-iNSCs/NSCs (± SEM) from n≥ 3 independent experiments per 

condition. BV2 and BV2LPS are shown as controls. *p≤ 0.05 and **p≤ 0.01, vs. MφLPS. 

 

9.2.2 iNSCs co-cultures modify the intracellular and extracellular metabolic signature of pro-

inflammatory Mφ in vitro 

In an effort to clarify the metabolic determinants of these anti-inflammatory effects, we 

performed an untargeted LC-MS analysis of the extracellular and intracellular small molecule 

metabolite content of MφLPS. As expected, LPS stimulation profoundly changed the 

extracellular and intracellular metabolic milieu of MφLPS (vs. Mφ). In co-cultures, MφLPS-iNSCs 

and MφLPS-NSCs both showed significant reduction of extracellular glutamate, GABA and 

succinate (vs. MφLPS, Figure 24A). Furthermore, MφLPS-iNSCs and MφLPS-NSCs also 

displayed a significant reduction of intracellular succinate and itaconate (vs. MφLPS, Figure 
24B). 
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Figure 24 iNSCs reduce succinate levels of pro-inflammatory Mφ in vitro.  
(A-B) Levels of significantly changed extracellular (EXTRA_Metab, A) and intracellular (INTRA_Metab, B) metabolites in MφLPS 

vs. Mφ at 25 hrs. Data are mean arbitrary units (a.u.) (± SEM) from n≥ 2 independent experiments per condition. *p≤ 0.05, vs. 

MφLPS. 

 

9.2.3 iNSCs reprogram the metabolism of pro-inflammatory Mφ in vitro towards OXPHOS 

To link gene expression profiles with functional metabolic states, we assessed the basal 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of MφLPS, as 

readouts of their TCA cycle and glycolytic activities, respectively. We found a significant 

reduction of OCR and a significant increase of ECAR in MφLPS (vs. Mφ).  

Instead, MφLPS-iNSCs and MφLPS-NSCs underwent significant restoration of both OCR and 

ECAR values (vs. MφLPS, Figure 25A-B), as observed in Mφ switching to an anti-inflammatory 

phenotype 214.  

As previously stated, activation of MPs by pro-inflammatory stimuli causes a metabolic switch 

towards glycolysis from OXPHOS 208. Recent evidence suggests that, within this metabolic 

rewiring, pro-inflammatory MPs accumulate succinate, with important pathophysiological 

implications 211. Intracellular succinate inhibits the activity of prolyl hydroxylases enzymes 

(PHDs), thereby stabilising hypoxia responsive element (HIF)-1a and inducing the 

transcription of interleukin (IL)-1b 211. Consistent with the reduction of intracellular succinate 

levels, we found that MφLPS-iNSCs and MφLPS-NSCs exhibited significantly reduced levels of 

HIF-1a, of the upstream protein pyruvate kinase isozyme M2 (PKM2) 215 (Figure 25C), as well 

as of IL-1b (vs. MφLPS, Figure 25D). 
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Figure 25 iNSCs reprogram the metabolism of pro-inflammatory Mφ in vitro.  

(A-B) Extracellular flux (XF) assay of the Oxygen Consumption rate (OCR, A) and Extracellular Acidification Rate (ECAR, B) in 

MφLPS-iNSCs/NSCs. Data were normalized on total protein content and are expressed as mean values (± SEM) from n≥ 3 

independent experiments per condition. (C and D) Hif-1a, PKM2 and IL-1b expression levels relative to  b-actin. Data are mean 

fold change vs. MφLPS (± SEM) from n≥ 3 independent experiments per condition. *p≤ 0.05 and **p≤ 0.01, vs. MφLPS. 

 

Altogether these in vitro data provide evidence that iNSCs/NSCs reduce the accumulation of 

both intracellular and extracellular succinate in co-cultures with pro-inflammatory MPs, 

reprogramming them towards an OXPHOS anti-inflammatory phenotype. 

 

9.3 Discussion 
Herein we found that the factor-driven reprogramming of iNSCs yields multipotent cells that 

are functionally equivalent to somatic NSCs and are capable to exert major 

immunomodulatory activities on classically activated MPs in vitro. Adopting a comprehensive 

transcriptomic and metabolomic in vitro profiling, we found that NSCs/iNSCs induced specific 

gene expression and metabolic changes of LPS activated MPs (MφLPS).  

Several pro-inflammatory genes that have been linked to MS pathophysiology, such as Il12b 
216,217, Il15 218 and Il1b 219, were specifically downregulated in MφLPS by NSCs/iNSCs co-

culture. Conversely, the co-culture with iNSCs or somatic NSC induced a significant increase 

in anti-inflammatory genes in MφLPS, such as Arg-1 and Mrc1, suggesting a switch from a 

classically activated to an alternatively activated phenotype. This effect was coupled by 

increased oxidative metabolism and reduced glycolysis, as well as significant changes in 

specific intracellular and extracellular metabolites in MφLPS co-cultured with iNSCs or NSCs. 

Within mitochondria, the TCA cycle generates several metabolites with important signalling 

functions, which accumulate INTRAcellularly in pro-inflammatory macrophages because of 

the existence of enzymatic break points. Among these, we found intracellular succinate and 

itaconate to be the significantly increased in MφLPS and significantly reduced by iNSCs or 

NSCs co-cultures. 
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Increased production of succinate in pro-inflammatory MPs may be caused by several 

mechanisms. First, α-ketoglutarate can be converted into succinate by the PHDs and non-

enzymatic decarboxylation 220. Second, glutamine is used to produce glutamate and 

subsequently a-ketoglutarate during an anaplerotic reaction 209. Third, succinate is also 

generated through the gamma-aminobutyric acid (GABA)-shunt 211. This involves 

transamination of a-ketoglutarate from the TCA by GABA a-oxoglutarate transaminase 

generating L-glutamic acid. Glutamic acid decarboxylase (GAD) then catalyses the 

decarboxylation of glutamic acid to form GABA. GABA, once converted to succinic 

semialdehyde, becomes a source of succinate. Finally, the malfunction of the succinate 

dehydrogenase (SDH or complex II), can increase succinate levels by either blocking its 

conversion to fumarate or by its reverse action (i.e. producing succinate from fumarate) 221.  

Once it accumulates intracellularly, succinate is essential for the generation of a pro-

inflammatory response in LPS-activated macrophages stabilizing HIF-1a and inducing the 

transcription of pro-inflammatory cytokines 211. Subsequent succinate oxidation by SDH leads 

then to mtROS production from the NADH-ubiquinone oxidoreductase via a process termed 

reverse electron transport 222. 

Our data suggest that iNSCs/NSCs co-cultures induced a reduction of the intracellular 

succinate, which was coupled by reduced HIF-1a expression. Moreover, we found that both 

NCSs and iNSCs were capable to significantly reduce the intracellular levels of itaconate. 

Itaconate in pro-inflammatory MPs acts as an endogenous inhibitor of the SDH 223. However, 

the fact that we cannot observe any significant variations in fumarate levels would suggest 

that NSCs/iNSCs have no direct effect on SDH activity and/or succinate oxidation 222,224, but 

rather point towards another primary immunomodulatory effect, which eventually results in a 

reduction of intracellular succinate accumulation. 

When we examined the EXTRAcellular metabolic content of MφLPS, we found that stimulation 

with LPS induced in Mφ a release of succinate in the extracellular media. The mechanisms of 

this release are not yet completely understood, as following its accumulation within the 

mitochondria, succinate requires specific transporters or exchangers to get into the cytosol. 

The inner mitochondrial membrane contains the succinate–fumarate/malate transporter 

SLC25A10, which is the most likely candidate to facilitate transport of accumulated succinate 

in the mitochondrial matrix 225. Transport of succinate across the outer mitochondrial 

membrane occurs instead through porins, while candidate proteins for succinate transport 

across the plasma membrane into the extracellular fluid will likely be members of the organic 

anion transporter families, multidrug resistance proteins, and sodium–dicarboxylate 

exchangers 226. Whatever the mechanisms, our data confirm previous reports of increased 
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release of succinate in biological fluids 188 and might explain the progressive accumulation of 

CSF succinate seen in EAE mice over time. 

Interestingly, we found that iNSCs and NSCs had significant effects on the pool of extracellular 

metabolites found in MφLPS, specifically on glutamate, GABA and succinate. Co-cultures 

reduced the available extracellular glutamate and GABA in vitro. This is interesting as both  

metabolites can be used as substrates to generate succinate, as reported above 189, and it is 

in line with previous evidence suggesting that NSCs may selectively uptake extracellular 

metabolites/neurotransmitters, such as GABA 227 and glutamate 228, thereby reducing their 

extracellular levels. Most importantly, we found that iNSCs and NSCs co-cultured with MφLPS 

significantly reduced extracellular succinate, as it was detected in the CSF of transplanted 

mice.  

Whether the decrease of extracellular succinate is a consequence of its reduced intracellular 

accumulation, or a direct effect of iNSCs and NSCs, is not clear yet. Nonetheless, recent data 

suggest that reducing the accumulation of succinate in the extracellular media might have 

important functional consequences. As a matter of fact, it has been described that succinate 

can bind its cognate succinate receptor 1 (SUCNR1), a G protein–coupled receptor (also 

known as GPR91), which functions as an autocrine and paracrine sensor to sustain and 

amplify MPs activation in conditions of chronic inflammation 188.   
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10. Succinate signals via SUCNR1/GPR91 in mouse and 
human iNSCs 

 

10.1 Introduction 
The succinate receptor was first discovered in 1995 in a megakaryocytic cell line and it was 

called P2U2, due to its homology with the purinergic receptor P2Y2 (which was known as 

P2U). In 2001, the gene was identified on the human chromosome 3q24–3q25 as the orphan 

receptor GPR91 229. Due to its sequence homology, the succinate receptor was initially 

predicted to bind purinergic ligands. Only in 2004, succinate was identified as the ligand for 

GPR91/SUCNR1 230.  

It is now known that the response of SUCNR1 to succinate is highly specific (EC50 values for 

receptor activation are in the 20–50 µM range), and only malate and methylmalonate can 

induce its activation (even if 5- to 10-fold lower potency). Of note, recent in silico modelling 

suggests that SUCNR1 might also interact with gamma-hydroxybutyrate (GHB) in the CNS, 

although with lower efficiency 231. 

SUCNR1, belonging to the GPCRs family, has transmembrane domains connected by three 

hydrophilic extracellular loops. SUCNR1 has also two N-glycosylation sites (N8 and N168 in 

the N-terminus and in the second extracellular loop), which could be important for signal 

transduction 232,233; and one phosphorylation site (S326 in the C-terminus) that might be 

important for the receptor internalization 229 234 (Figure 26).  

 
Figure 26 Snakeplot of SUCNR1.  

Blue: AA conserved within rhodopsin family; red: putative disulphide bridge; green: V6.42 may exclude the formation of anionic 

lock between E6.32 and the DRY motif; yellow: potential glycosylation site; brown: possible phosphorylation site; purple: AA 

involved in the interaction SUCNR1-succinate 234. 
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In a recombinant cellular system expressing GPR91, succinate was found to activate both 

Gai- and Gaq-mediated intracellular signalling pathways, inhibiting cyclic adenosine 

monophosphate (cAMP) production and stimulating Ca2+-mobilization 235. However, these 

initial data suggesting Gaq coupling have been challenged and most recent findings suggest 

that the observed Ca2+-mobilization is consistent with an inositol phosphate dependent 

mechanism via phospholipase C (PLC) activation mediated by bg subunits derived from Gai 

proteins as opposed to classical Gaq 
236.  

Succinate binding to SUCNR1 triggers the activation of mitogen-activated pathway kinases 

(MAPK), including phosphorylation of Extracellular Signal Regulated Kinases 1 and 2 

(ERK1/2) and P38 MAPK 237. 

SUCNR1 expression has been described in several tissues and cell types. In the kidney, 

SUCNR1 plays a key role in the regulation of blood pressure mediated by the juxtaglomerular 

apparatus. Stimulation of SUCNR1 by extracellular succinate on cells of the macula densa (or 

endothelial cells of the afferent arteriole) induce the release of PGE2 and NO 232. These 

paracrine factors activate EP2 and/or EP4 receptors on the granular cells, triggering the 

release of renin form the granular cells and increasing blood pressure 181. 

In the heart, SUCNR1 is expressed in ventricular cardiomyocytes. It has been shown that the 

stimulation of SUCNR1 on these cells can lead to the expression of genes related to 

hypertrophy (via ERK1/2 phosphorylation, calcium/calmodulin-dependent protein kinase IIδ 

and histone deacetylase 5 translocation) 238, modulate cell contraction (altering Ca2+ transients 

via protein kinase A-PKA) or promoting cell death 183. This latter outcome has been seen after 

prolonged incubation with high concentrations (10mM) of succinate and it is possibly mediated 

by combination of PKA activation and increased intracellular calcium levels.  

In the liver, SUCNR1 is expressed by quiescent hepatic stellate cells (HSCs). After damage 

(i.e. ischemic) succinate accumulates in the extracellular space stimulates SUCNR1 in HSCs, 

which start expressing markers of myofibroblastic trans-differentiation, such as α-smooth 

muscle actin (α-SMA), Transforming growth factor beta (TGF-β) and collagen type I 239. 

Consequently, SUCNR1 is soon downregulated on activated HSCs 240, acting mainly as an 

early sensor of damage to induce the hepatic fibrogenic response. 

SUCNR1 is also expressed by adipocytes, where its stimulation inhibits lipolysis and prevents 

the release of free fatty acids via GaI signalling 241, as well as by cells of the hematopoietic 

lineage.  

SUNCR1 plays a key role in haematopoiesis. Stimulation of SUCNR1 on hematopoietic 

progenitor cells (HPC) of the bone marrow signals via GaI protein to induce cell proliferation 

via ERK1/2 of erythroid and megakaryocyte progenitor cells, as well as erythroid-like TF-1 
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cells 242. SUCNR1 is expressed in megakaryocytes and it is one of the most highly expressed 

GPCRs in platelets 243 where it acts via PKA to induce their activation 244,245. 

SUCNR1 has been also identified on adaptive immune cells, such as T lymphocytes (CD4+, 

CD8+) and B (CD19+) cells 243, and plays a key role in the regulation of innate immune function, 

especially in dendritic cells 139, mast cells 246, CD14+ monocytes 188 and microglia 247.  

In dendritic cells, SUCNR1 elicits the chemotaxis (via Ca2+ mobilization), and potentiates the 

expression of TNF-α and IL-1β via ERK1/2 phosphorylation, in synergy with TLR 3-7. In this 

view, succinate acts as an endogenous “danger” signal, regulating cytokine expression by 

dendritic cells during their migration to the lymph nodes.  

In mast cells, a deficiency in succinate sensing during development confers to these cells a 

hyperactive phenotype 246. Such a phenomenon does not translate into exacerbation of 

asthma or mast cell-dependent arthritis. On the contrary, it has been shown that Sucnr1-/- mice 

develop reduced arthritic disease 246 and that SUCNR1 plays a key role in maintaining chronic 

inflammation in rheumatoid arthritis 188.  In this case, it has been described that macrophages 

releasing succinate into the extracellular medium enhance IL-1β production via SUCNR1 

expressed by neighbouring macrophages. Hence, SUCNR1 acts as an autocrine and 

paracrine sensor for extracellular succinate to sustain chronic inflammation. As a matter of 

fact, Sucnr1-/- macrophages and microglia show reduced inflammatory activity and motility 
188,247. 

In the retina, SUCNR1 plays a key role in regulating vascularisation. In development, blocking 

SUCNR (via local injection of SUCNR1 siRNA) decreases the vascularization of the retina. In 

pathological conditions (i.e. oxygen deprivation), the activation of SUCNR1 triggers the 

release of Vascular Endothelial Growth Factor (VEGF) independently from HIF1α activity 248. 

The working model is that during hypoxia succinate binds to SUCNR1 on retinal ganglionic 

cells activating the ERK1/2 and JNK signalling pathways to secrete VEGF and angiopoietins 
249. 

Altogether these evidences suggest that SUCNR1 play a key role in the response to damage 

in several organs and cells, and highlight the importance of succinate as a immunometabolic 

signal acting on its own cognate receptor.  

 

 

10.2 Results 
10.2.1 Mouse iNSCs and NSCs express SUCNR1 in vivo and in vitro 

Given the observed secretion of succinate by pro-inflammatory MPs in vitro, and its 

accumulation in the CSF in chronic EAE mice, I have investigated whether succinate could 

regulate the activity of surrounding cells in situ, including that of transplanted iNSCs/NSCs. 
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I found that transplanted iNSCs/NSCs detected in proximity to meningeal perivascular areas 

(Figure 27A-B) and F4/80+ MPs (Figure 27C) expressed SUCNR1 in vivo in the CNS. In vitro 

SUCNR1 was found to be expressed at protein level on both iNSCs and NSCs, but not on 

MFs (Figure 27D).  

 
Figure 27 SUCNR1 expression in vivo and in vitro.  

(A-C) Representative confocal microscopy images of meningeal perivascular areas with transplanted fGFP+ iNSCs (A) and NSCs 

(B) expressing SUCNR1 in the brain of a mouse with EAE. The image in C shows transplanted SUCNR1+ iNSCs in close vicinity 

to SUCNR1+/F4/80+ MPs. Nuclei are stained with DAPI. Scale bars: 25  µm. (D) SUCNR1 protein expression relative to b-tubulin 

in vitro. Data are shown as mean (± SEM) of n≥ 3 independent replicates per condition. ND: not detected. 

 

10.2.2 SUCNR1 stimulation in iNSCs/NSCs leads to intracellular signalling 

To further assess whether SUCNR1 in iNSCs/NSCs was functionally activated by succinate, 

I investigated its downstream signalling cascade in vitro.  

When exposed to succinate, iNSCs and NSCs showed a mobilisation of intracellular Ca2+ 

stores (Figure 28A). This response was lacking on MFs. Ca2+ signalling was followed by a 

significant up-regulation of the Phospho-p38 MAPK (Figure 28B), indicative of its activation.  
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Figure 28 Succinate signals via SUCNR1 in mouse iNSCs.  

(A) Intracellular Ca2+ response after treatment with 500 µM succinate (live staining with Fluo-4AM). Representative images 

(baseline and during stimulation) are pseudocolored with red/blue according to high/low fluorescence intensity. Responsive cells 

(arrowheads). Data are mean changes in fluorescence intensity as ΔF/F0 (± SEM) from n≥ 2 experiments. (B) Phospho-p38 

MAPK (P-p38) and total p38 MAPK (p38) protein expression after succinate treatment. Data are P-p38/p38 expression relative 

to b-tubulin and expressed as mean fold change (± SEM) vs. untreated cells, over n≥ 3 independent experiments per condition. 

Scale bars: 25  µm, *p≤ 0.05, vs. 0’. 

 

10.2.3 Human NSCs express functional SUCNR1  

We confirmed the expression of SUCNR1 and SUCNR1 also in hiNSCs, as well as in samples 

of human foetal NSCs (hNSCs) (Figure 29A-B). In 2011 Bhuniya et al. reported a screening 

hit with antagonist profile for the human SUCNR1 following high-throughput screening 250. The 

hit compounds were reported as able to inhibit succinate mediated [Ca2+]i mobilization (IC50 

=0.8 μM) in CHO-K1 cells overexpressing human SUCNR1. Hence two antagonists (2c and 

4c) were selected to provide a potent and selective (with respect to GPR99) effect on the 

receptor with IC50 in the nanomolar range (property of Advinus Therapeutics). We then 

established a collaboration to test the compound 4c in our human cell lines. We found that, as 

described for mouse iNSCs, succinate-dependent p38 MAPK signalling was evoked in 

hiNSCs, but not in hiNSCs pre-treated with the selective SUCNR1 inhibitor 4c (Figure 29C).  
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Figure 29 SUCNR1 is expressed in hiNSCs.  

(A) qRT-PCR of SUCNR1 basal expression in human cells. Data are normalised over 18S from n≥ 3 independent experiments. 

(B) Representative confocal microscopy images of human iNSCs expressing Nestin (red) and SUCNR1 (green). Nuclei are 

stained with DAPI. Scale bars: 50  µm. (C) P-p38 and p38 protein expression after stimulation with succinate ± pre-treatment 

with the irreversible inhibitor of the human SUCNR1 4c. hBJFs: human BJ fibroblasts. *p≤ 0.05, vs. hNSCs. 

 

Our data show for the first time that both mouse and human iNSCs/NSCs express a functional 

SUCNR1, which induces a downstream signalling pathway after its stimulation with the 

immunometabolite succinate. 

 

10.3 Discussion 
In the CNS, SUCNR1 has been detected on both neurons and astrocytes, where it plays a 

key role in the response to ischemic damage. After ischemia, succinate rapidly accumulates 

and binds SUCNR1 to stimulate PGE2 formation, which then acts on EP4 receptor expressed 

on neurons and endothelial cells to induce a dose-dependent induction of VEGF 251. These 

effects are specific and markedly diminished by the selective EP4 antagonist and underline a 

specific role for SUCNR1 in CNS angiogenesis. 

Here we show that both mouse iNSCs and somatic NSCs express a functional SUCNR1. 

When transplanted in mice with EAE, SUCNR+ iNSCs/NSCs localise close to pro-

inflammatory MPs in atypical perivascular niches. In vitro, I found that both mouse iNSCs and 

somatic NSCs express SUCNR1 protein, while MFs do not. This is of interest, since our 

previous data show that the transplantation of MFs is not capable of inducing functional 

amelioration of EAE mice. This finding suggests a possible role for the SUCNR1 in the 

immunomodulatory properties of iNSCs/NSCs, which is worth of further investigation. 

I also found that when iNSCs/NSCs are challenged in vitro with the agonist for the SUCNR1 

(succinate) they mobilised Ca2+ from intracellular stores, as previously described for other 

SUCNR1+ cell types. Stimulation of the SUCNR1 on iNSCs/NSCs leads then to an intracellular 

signalling mediated by the up-regulation of the Phospho-p38 MAPK. 
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Finally, after directly inducing hiNSCs from human fibroblasts, we have confirmed that human 

iNSCs express SUCNR1 at mRNA and protein level, and challenging of the receptor leads to 

p38 MAPK phosphorylation.  

When pre-treated with the specific human SUCNR1 inhibitor 4c, hiNSCs did not increase 

Pp38/p38 MAPK ratio, indicating a functional and specific activity of the SUCNR1-succinate 

axis also in human cells. Interestingly, when we consulted available data from online 

repositories (Allen Brain Atlas), we confirmed the presence of SUCNR1 both in mouse and 

human brain tissues (Figure 30).  

 
Figure 30 SUCNR1 expression in the mouse and human brain (Allen Brain Atlas).  

Sucnr1 expression by in situ hybridisation in mouse brain (A) is mostly present at the level of olfactory bulbs, hippocampus, lateral 

ventricle and cerebellum (arrows). Microarray data show that Sucnr1 is also expressed in the human brain (B) especially in basal 

ganglia and hippocampus (arrows). 

 

This finding confirms our data and highlights the relevance of our outcomes for both mouse 

and human NSCs biology. Nonetheless, the precise cellular pathways induced by SUCNR1 

stimulation on stem cells, and their relevance for the immunomodulatory activity of 

iNSCs/NSCs, are still an open question.  
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11. SUCNR1 stimulation initiates the secretion of 
prostaglandin E2 

 

11.1 Introduction 
The immunomodulatory properties of NSCs involve different pathways regulating the 

exchange of molecules and information between the graft and the host. This exchange of 

signals entails either cell-to-cell contacts (i.e. juxtacrine), gradients formed by soluble factors 

(i.e. paracrine), which also circulate in blood/body fluids (i.e. endocrine), or the release of 

extracellular membrane vesicles (EVs) 252. 

Juxtacrine signalling pathways from NSCs include receptor–ligand interaction such 

as Fas/FasL 103, immune synapse-like contacts with CD3+ T cells 253, and gap junction 

formation 110. Paracrine signalling from NSCs is mediated by the release of soluble factors 

(e.g. TGF-β, VEGF and LIF) that likely form a gradient 254.  Endocrine signalling from NSCs 

implies the release of hormone-like factors, such as insulin 255.  Finally, EV released from 

NSCs have been shown to carry a multitude of bioactive molecules such as mRNAs, micro-

RNAs and proteins, which can be transferred to target cells 256. 

In order to understand if any of these immunomodulatory responses were triggered by the 

activation of the SUCNR1 on NSCs, we decided to derive a primary NSCs line from Sucnr1-/- 

mice 247 and compare its response to succinate to wild-type (WT) NSCs.  

Sucnr1-/- mice (J. Carballido, Novartis) display a normal behaviour and normal baseline blood 

pressures, likely due to long-term blood pressure counter-regulatory mechanisms 234. 

However, recent data suggest that these mice are more prone to develop signs of premature 

sub-retinal dystrophy with accumulation of oxidized-LDL, abnormal thickening of Bruch’s 

membrane and a build-up of subretinal microglia. The accumulation of microglia in Sucnr1-/-	

mice is likely triggered by the inefficient clearance of oxidized lipids by the retinal pigment 

epithelium and compromised microglial cells motility, which likely contributes to their trapping 
247.  

On a regular diet, Sucnr1-/- mice present also a smaller white adipose tissue compartment, 

smaller adipocytes, increased energy expenditure and an improved glucose buffering. While 

the deletion of SUCNR1 does not alter adipogenesis, it rather results in diminished lipid 

accumulation and smaller adipocyte size 257. In contrast, feeding Sucnr1-/- mice with a high fat 

diet leads to increased fat deposition, hyperglycaemia, reduced insulin secretion and 

augmented hepatocyte damage compared to WT littermates.  
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11.2 Results 
11.2.1 NSCs generation from Sucnr1-/- mice 

Compared to control WT NSCs, Sucnr1-/- NSCs showed similar growth curves and 

differentiation in vitro (Figure 31A-C).  

 

 
Figure 31 Mouse Sucnr1-/- NSCs in vitro features.  
(A) Sucnr1 mRNA expression relative to Actb in mouse cells and Sucnr1-/- NSCs. Data are mean fold change (± SEM) vs. NSCs 

from n≥ 3 independent replicates per condition. (B) Linear growth curves of NSCs and Sucnr1-/- NSCs over 6 passages in vitro. 

Data are mean numbers (± SEM) from n≥ 3 independent experiments per condition. (C) In vitro differentiation properties of NSCs 

and Sucnr1-/- NSCs. Representative confocal microscopy images of differentiated cells stained for Nestin, O4, GFAP and  bIII 

tubulin are shown. Nuclei are stained with DAPI. Data are mean percentages of positive cells (± SEM) from n≥ 3 independent 

experiments per condition. Scale bars: 200  µm. **p≤ 0.01, vs. NSCs; ND: not detected. 

 

However, when exposed to succinate at different time points and concentrations, succinate 

treatment did not elicit a release of Ca2+ from intracellular stores (Figure 32A), indicating a 

defective SUCNR1 signalling in Sucnr1-/- NSCs. Similarly, Sucnr1-/- NSCs showed no up-

regulation of Phospho-p38 MAPK (Figure 32B-C).  

 
Figure 32 Succinate does not signal in Sucnr1-/- NSCs.  

(A) Intracellular Ca2+ response after treatment with 500 µM succinate (live staining with Fluo-4AM). Data are % of responsive 

cells (± SEM) from n≥ 2 experiments. Representative images of Sucnr1-/- NSCs (baseline and during stimulation) are 

pseudocolored with red/blue according to high/low fluorescence intensity. Scale bars: 25  µm. (B-C) Phospho-p38 MAPK (P-p38) 
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and total p38 MAPK (p38) protein expression in mouse NSCs and Sucnr1-/- NSCs after 500 µM succinate at different time points 

(B), or at 10’ under different concentration of succinate (C). 

 

11.2.2 SUCNR1 stimulation in NSCs changes their gene expression profile and prompts 

PGE2 secretion 

Together with Tommaso Leonardi, we then performed a gene expression profiling microarray 

following treatment with succinate in control NSCs and Sucnr1-/- NSCs.  

We found that Prostaglandin-Endoperoxide Synthase 2 (Ptgs2), encoding the inducible 

PTGS2/cyclooxygenase(COX)-2 (the key enzyme in PGE2 biosynthesis) was the most up-

regulated gene in succinate-stimulated control NSCs (log2 fold change 1.05), but not in 

succinate-stimulated Sucnr1-/- NSCs (log2 fold change -0.43) (Figure 33).  

 

 
Figure 33 Gene profiling after succinate treatment of NSCs.  
Heatmap showing the microarray expression profile of the 50 most up-regulated genes in NSCs after treatment with succinate. 

Data are shown as z-scores. 

 

I validated these results on Ptgs2 by qRT-PCR, confirming that its expression levels were 

significantly up-regulated (2.1-2.7 fold change) in succinate-stimulated iNSCs and NSCs, 

whereas they were not in succinate-treated Sucnr1-/- NSCs (Figure 34A). 
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Given the role of PGE2 as regulator of the immunosuppressive effects of mesenchymal stem 

cells (MSCs) and NSCs 258,259, we tested its accumulation in tissue culture media from iNSCs, 

NSCs and Sucnr1-/- NSCs after stimulation with succinate.  

iNSCs and NSCs, but not Sucnr1-/- NSCs, showed significant (>2.5-fold) increase of their basal 

release of PGE2, as early as 30 min after succinate. This succinate-induced effect was 

abolished by pre-treatment with the irreversible PTGS2/COX-2 blocker SC-58125 (Figure 
34B).  

As in mouse iNSCs, exposure of hiNSCs to succinate elicited a significant increase of PGE2 

concentrations in tissue culture media, while again pre-treatment with either SC-58125, or the 

specific inhibitor of the human SUCNR1 4c, prevented its release (Figure 34C). 
 

 
Figure 34 SUCNR1 stimulations triggers PGE2 release.  

(A) qRT-PCR independent validation of Ptgs2 expression. Data are calculated relative to Actb and shown as mean fold change 

(± SEM) vs. untreated cells, over n≥ 3 independent experiments per condition. (B) PGE2 secretion following 1 hr treatment with 

succinate ± pre-treatment with the selective PTGS2/COX-2 blocker SC-58125. Data are mean values (± SEM) over n≥ 3 

independent experiments per condition. (C) PGE2 secretion by hiNSCs treated with succinate ± pre-treatment with either SC-

58125 or 4c. Data are mean values (± SEM) over n≥ 3 independent experiments per condition. *p≤ 0.05, vs. untreated cells (A); 

*p≤ 0.05 and **p≤ 0.01 (B-C). 

 

11.2.3 Blocking PGE2 release reduces the immunomodulatory effect of NSCs on pro-

inflammatory Mφ in vitro 

To further extend the relevance of these findings to our in vitro co-cultures between NSCs and 

MφLPS, we analysed the levels of PGE2 in tissue culture media. We found that MφLPS-NSCs 

accumulated higher levels of PGE2 compared to MφLPS, while pre-treatment of co-cultured 

NSCs with SC-58125 significantly reduced PGE2 levels (Figure 35A).  

SC-58125 pre-treatment of NSCs was also coupled with a significant increase of Il1b 

expression in MφLPS (Figure 35B), and with a reduction of OCR values indicative of retained 
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a pro-inflammatory phenotype (Figure 35C). However, we noticed that NSCs pre-treated with 

SC-58125 retained some residual anti-inflammatory effects on MφLPS, compared to Sucnr1-/- 

NSCs (Figure 35B). On the contrary, Sucnr1 loss of function in NSCs completely abolished 

their anti-inflammatory effects on MφLPS (Figure 35B-C).  

 

 
Figure 35 Blocking PGE2 release reduces the immunomodulatory effect of mouse NSCs.  
(A) PGE2 secretion in Mφ co-cultures. Data are mean values (± SEM) over n≥ 3 independent experiments per condition. (B) Il1b 

expression relative to Actb in Mφ co-cultures. Data are mean fold change vs. MφLPS (± SEM) from n≥ 3 independent experiments 

per condition. (C) XF assay of the OCR of Mφ. Data are normalized on total protein content and expressed as mean values (± 

SEM) over n≥ 3 independent experiments per condition. *p≤ 0.05, **p≤ 0.01 and *** p≤ 0.001 vs. MφLPS; #p≤ 0.05 and ##p≤ 0.01, 

vs. MφLPS-NSCs. 

 

We also show that the observed PGE2-dependent anti-inflammatory ability of NSCs is 

conserved and relevant for human NSCs. As such, hiNSCs induced a significant reduction of 

Il1b expression in MφLPS in co-cultures (Figure 36A); which was coupled with a restoration of 

OCR values (Figure 36B), and increased PGE2 levels in tissue culture media (Figure 36C). 

These effects were completely suppressed by pre-treatment of hiNSCs with the selective 

SUCNR1 inhibitor 4c.  
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Figure 36 Blocking PGE2 release reduces the immunomodulatory effect of human iNSCs.  

(A) Il1b expression relative to Actb of Mφ co-cultures with hiNSCs. Data are mean fold change vs. MφLPS (± SEM) from n≥ 3 

independent experiments per condition. (B) XF assay showing the OCR of Mφ. Data are normalized on total protein content and 

expressed as mean values (± SEM) over n≥ 2 independent experiments per condition. (C) PGE2 secretion in Mφ co-cultures. 

Data are mean values (± SEM) over n≥ 3 independent experiments per condition. *p≤ 0.05 and *** p≤ 0.001 vs. MφLPS; #p≤ 0.05 

and ##p≤ 0.01, vs. MφLPS-hiNSCs. 

 

11.3 Discussion 
As previously shown for other cell types 226, our microarray analysis confirmed that Ptgs2 was 

among the genes profoundly upregulated by SUCNR1 stimulation on NSCs, leading to active 

PGE2 secretion.  

PGE2 is a key immunomodulatory molecule that has been described to be secreted by stem 

cells and linked to their immunomodulatory properties. Recent in vitro experiments have 

identified NO and PGE2 as being novel strong players in the NPC-induced impairment of T-

cell proliferation, alternative to the interference with cell activation or induction of apoptosis 
104. PGE2 is also known to have important immunomodulatory functions by elevating the 

expression of indoleamine 2,3-dioxygenase (IDO) in dendritic cells 260, promoting the 

development of functional Treg cells 261 and suppressing IL-15 responsiveness of NK cells 262. 

In LPS activated MPs, PGE2 is capable to inhibit the expression of the pro-inflammatory 

marker CD69 263, the secretion of TNF-a 264, and has specific IL-12-antagonistic activities 265.  

Interestingly, recent data suggest that MSCs can program innate immune cell plasticity by 

altering the metabolic status of MPs via a PGE2-dependent mechanism 259. However, the 

relation between MPs activation and the release of PGE2 from stem cells has not been fully 
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understood up to now. Here we provide for the first time a link between the secretion of 

succinate from pro-inflammatory MPs, and the activation of SUCNR1 signalling pathway in 

mouse and human NSCs, which leads to the release of immunomodulatory PGE2.  

Inhibition experiments targeting PTGS2/COX-2 (with the irreversible blocker SC-58125), in 

combination with the use of mouse Sucnr1-/- NSCs, show that the release of PGE2 is 

selectively dependent on the stimulation of SUCNR1 on NSCs.  

Moreover, SC-58125 pre-treated NSCs were found to be significantly less efficient in reducing 

the expression of il1b and OCR in MφLPS, suggesting a key role for PGE2 in the modulation of 

MPs activation. However, we were surprised to see that SC-58125 pre-treated NSCs still 

displayed some residual immunomodulatory activities on MφLPS. 

On the contrary, we noticed that Sucnr1-/- NSCs lost completely their ability to modulate the 

activation of MφLPS, anticipating that additional SUCNR1-dependent and PGE2-independent 

mechanisms are likely to play a role in the overall anti-inflammatory effects of NSCs. 

Interestingly, we also show that the functionality of the succinate-SUCNR1-PGE2 axis is 

conserved in human cells as well, and that blocking the SUCNR1 hinders the release of PGE2 

and the immunomodulatory activity of these cells on MφLPS.  

Altogether these data highlight a link between the activation of the innate immune system and 

a paracrine response on iNSCs/NSCs, which is conserved in different species and mostly 

effective in reducing the activation of pro-inflammatory MPs. 
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12. SUCNR1 stimulation initiates the uptake of succinate by 
iNSCs  

 

12.1 Introduction 
Gene expression arrays of succinate-stimulated NSCs revealed that, besides Ptgs2, 

NaCT/Slc13a5 was among the most up-regulated genes in WT NSCs (log2 fold change= 0.49), 

but not in Sucnr1-/- NSCs (log2 fold change= -0.12).  

SLC13A5 is a dicarboxylate co-transporter, known to be involved in the transport of TCA cycle 

intermediates, including succinate 266. Previous evidences suggest that extracellular succinate 

can be scavenged by cells, in both pathological and physiological contexts, via dicarboxylate 

co-transporters. 

Cancer cells employ different strategies for fuelling themselves with energy rich metabolites 

available in interstitial fluids. Among these, it has been shown that succinate is transported in 

the cytosol by the plasma membrane Na+-dependent dicarboxylic acid transporter SLC13A3 

to increase respirometric activity and OXPHOS 267. Succinate acts therefore as an 

oncometabolite to fuel cancer cell mitochondria, to stimulate 18F-FDG uptake by surrounding 

endothelial cells 268 and possibly promote tumour angiogenesis via GPR91251.  

Dicarboxylate co-transporters are also physiologically expressed on several mammalian 

tissues, including the CNS. Na+-dependent succinate transport has been found in primary 

cultures of astrocytes and neurons. Specifically, SLC13A3 is expressed in cerebrocortical 

astrocytes, where it mediates the uptake of both succinate and citrate 269. Interestingly, 

succinate uptake inhibits completely Na+-dependent citrate transport in astrocytes, suggesting 

its preferential uptake.  

It is becoming increasingly clear that astrocytes play a key role in buffering extracellular 

succinate to either reduce (uptake) or increase (efflux) its concentration, thereby promoting 

highly dynamic interactions with surrounding neurons and modifying their excitability and 

metabolism. 

On one hand, it has been shown that succinate acting on neurons can increase the slope of 

field excitatory post-synaptic potentials via the involvement of N-methyl-d-aspartate receptors 
270. This could be relevant in conditions of ischemia/reperfusion, in which succinate has been 

found to selectively accumulate in a range of tissues, being not only responsible for 

mitochondrial ROS production during reperfusion 221, but also contributing to stroke induced 

excitotoxicity. 

On the other hand, other evidences suggest that astrocytes can negatively regulate neuronal 

activity by releasing succinate that (i) acts as agonist on synaptic GHB recognizing targets 271 

and (ii) inhibits the "low-affinity" excitatory amino acid uptake 272. This is in line with 
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experimental data showing that treating neonatal rats with succinate can reduce action 

potential frequency in Purkinje cells and normalise the lowering of action potential threshold 

caused by convulsions 273. 

Besides, its effects on neuronal excitability, it appears that succinate can also be actively 

transferred from astrocytes to fuel neurons (and possibly other cells), similar to the well-known 

lactate shuttle 274. In mixed glial cell cultures exposed to the mitochondrial complex I inhibitor 

rotenone, succinate supplementation can restore a normal lactate/pyruvate ratio and OCR 275. 

Consistently, in Spinocerebellar ataxia (SCA)1 mice displaying deficits in cerebellar NADH-

coenzyme Q oxidoreductase (complex I), short term succinate treatment ameliorates 

cerebellar OXPHOS dysfunction, reducing cerebellar pathology and improving motor 

behaviour 276. Finally, microdialysis perfused succinate for 24 hrs into sedated traumatic brain 

injury patients' brains, significantly decreases lactate/pyruvate ratio, glutamate and glucose 

(lower lactate/pyruvate ratio suggests better redox status, while glucose decrease suggests 

improved utilisation). 

Given the consistent depletion of succinate found both in vivo in the CSF of iNSC- or NSC-

transplanted EAE mice and in vitro in co-cultures with MφLPS, as well as the above-mentioned 

evidence suggesting an active uptake of succinate by neural cells, we hypothesised that 

iNSCs/NSCs would activate dicarboxylate co-transporters via SUCNR1 to scavenge 

extracellular succinate. 

 

12.2 Results 
12.2.1 Succinate stimulated NSCs upregulate the expression of dicarboxylate co-transporters 

and uptake succinate 

I found that the expression of SLC13A5, as well as of the high affinity dicarboxylate co-

transporter SLC13A3, were significantly increased in iNSCs and NSCs, but not in Sucnr1-/- 

NSCs, upon succinate stimulation (Figure 37).  
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Figure 37 Succinate upregulates SLC13A3 and SLC13A5 expression.  

(A) SLC13A3 and SLC13A5 protein expression levels after 2 hrs of succinate treatment. Data are relative to b-actin and expressed 

as mean fold change (± SEM) vs. untreated cells, over n≥ 3 independent experiments per condition. *p≤ 0.05, vs. untreated cells. 

 

Similarly, hiNSCs exposed to succinate up-regulated the protein expression levels of both 

these SLC13 co-transporters in vitro (Figure 38). 

 

 
Figure 38 Succinate upregulates SLC13A3 and SLC13A5 expression in hiNSCs.  

SLC13A3 and SLC13A5 protein expression levels after 6 hrs of succinate treatment in hiNSCs. Data are relative to b-actin and 

expressed as mean fold change (± SEM) vs. untreated cells, over n≥ 3 independent experiments per condition. *p≤ 0.05, vs. 

untreated cells. 
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Based on these initial findings, we established a collaboration with M. Murphy (Mitochondrial 

Biology Unit, Cambridge) to investigated the role of these co-transporters by measuring 

succinate uptake in iNSCs and NSCs.  

We found that both iNSCs and NSCs significantly accumulated [14C]-succinate intracellularly 

(Figure 39A), while reducing the amount of extracellular [14C]-succinate in tissue culture 

media (Figure 39B). Interestingly, Sucnr1-/- NSCs neither accumulated [14C]-succinate 

intracellularly nor did they deplete it extracellularly.  

 
Figure 39 SUCNR1 regulates the uptake of succinate by NSCs in vitro.  
Uptake assay of [14C] - labelled succinate at 0 and 6 hrs. (A) Intracellular [14C] - labelling and (B) extracellular [14C] - signal in 

tissue culture media. Box-whiskers plots ± min to max value from n≥ 4 technical replicates per group from n= 2 independent 

experiments. *p≤ 0.05 and **p≤ 0.01, vs. 0 hrs, Mann-Whitney test (C-D). 

 

12.2.2 Reducing extracellular succinate reduces the activity of pro-inflammatory Mφ in vitro 

We then investigated the levels of extracellular succinate in co-cultures of Sucnr1-/- NSCs with 

pro-inflammatory MPs. Interestingly, we found that Sucnr1-/- NSCs, which we have shown to 

have no effects on Il1b expression in MφLPS, failed to reduce the extracellular succinate levels 

in co-cultures with MφLPS (Figure 40). 
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Figure 40 Succinate release in Mφ co-cultures. 

Data are mean values (± SEM), from n≥ 2 independent experiments per condition. *p≤ 0.05. 

 

As further proof of the importance of succinate depletion in modulating the phenotype of pro-

inflammatory MPs, we decided to treat in MφLPS with active recombinant (r)SDH complex 

subunit A, which has specific enzymatic activity on succinate to reduce its concentrations 

(Figure 41A). We found that MφLPS treated rSDHA displayed a significantly reduced 

expression of Il1b, suggesting a possible therapeutic role for enzymes targeting succinate in 

inflammation (Figure 41B). As a matter of fact, depleting the available extracellular succinate 

pool would likely block the autocrine and paracrine activation of pro-inflammatory MPs 

mediated by SUCNR1 activation 188. 

 
Figure 41 rSDHA treatment of inflammatory Mφ in vitro.  
(A) Activity of increasing concentrations of mouse recombinant complex subunit A (rSDHA) compared to manufacturer’s positive 

control (+ CTRL). Data are mean numbers (± SEM) from n= 3 independent replicates per condition. (B) Il1b expression relative 

to Actb in MφLPS treated with 0.05 µg/ml of mouse rSDHA. Data are mean fold change vs. MφLPS (± SEM) from n≥ 3 independent 

experiments per condition. *p≤ 0.05, *p≤ 0.01. 
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12.3 Discussion 
Here I have identified for the first time a link between the stimulation of SUCNR1 signalling 

and dicarboxylate co-transporters upregulation in NSCs. 

iNSCs and NSCs exposed to succinate display a significant higher expression of SLC13a3 

and SLC13a5, which are functional dicarboxylate co-transporters that mediate the rapid intake 

of extracellular [14C]-succinate. Of note, we found that this effect is SUCNR1 dependent, as it 

was not observed in Sucnr1-/- NSCs.  

Consistently, when investigating the amount of extracellular succinate in the extracellular 

media of MφLPS, I found a selective decrease of this immunometabolite in Mφ treated with WT 

NSCs, but not with Sucnr1-/- NSCs. 

These data are very promising, and put forth two key concepts. First, depleting the 

immunometabolite succinate from the inflammatory microenvironment, using cells or active 

enzymes (e.g. rSDHA), could be a novel treatment for chronic inflammatory disorders. 

Second, NSCs seem to be highly capable of up taking succinate from extracellular fluid, thus 

suggesting that this could be a key metabolite driving intracellular metabolic pathways in stem 

cells. 

Cells are sensible to extracellular succinate, which can be used as energy source to increase 

OXPHOS. Whether this is happening on NSCs as well needs to be determined. Alternatively, 

succinate could be used in NSCs as a substrate for other metabolic pathways, including fatty 

acid synthesis (FAS) 277. The rate of FAS is controlled by the NADH:NAD+ ratio and succinate 

has an extraordinary capacity to stimulate the system via reverse electron transport. As such, 

the mitochondrial FAS mediated by succinate accumulation may represent a storage form of 

acetyl units during the development of "oxygen debt" in conditions of real or virtual hypoxia. 

Recent evidences suggest that succinate can also regulate cell function and epigenetic 

programmes (DNA and histone demethylases of the dioxygenase family) through competitive 

inhibition of α-ketoglutarate (αKG) binding 278. Specifically, in stem cells it has been recently 

shown that increased intracellular αKG favours self-renewal in naïve mouse embryonic stem 

cells (mESCs) and it accelerates primed hPSCs differentiation, depending on the pluripotent 

state. Succinate has instead opposite effects on primed hPSCs where it delays differentiation 

and impairs global histone and DNA demethylation 279. Consistently, it has been shown that 

succinate treatment (which also stabilizes HIF-1α) increases the stem cell fraction in 

glioblastoma under hypoxia, thus preserving the tumour stem cell niche 280.   
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13. Transplantation of Sucnr1 loss-of-function NSCs shows 
impaired ability to ameliorate chronic neuroinflammation 
in vivo 

 

13.1 Introduction 
To confirm the definitive role of the succinate-SUCNR1 axis in mediating the response of NSC 

grafts to succinate released by pro-inflammatory MPs in vivo, we assessed the effects of the 

ICV transplantation of Sucnr1-/- NSCs in chronic EAE. Mice were randomly allocated to 

Sucnr1-/- NSCs transplantation at the peak of disease and compared to EAE mice transplanted 

with WT NSCs or PBS. 

 

13.2 Results 
13.2.1 Sucnr1-/- NSCs are unable to ameliorate chronic MPs activation in EAE 

At 30 dpt, Sucnr1-/- NSCs survived, distributed and integrated within the EAE brain and spinal 

cord with no significant differences compared to control NSCs (Figure 42-43).  

 

 
Figure 42 Distribution of ICV-injected Sucnr1-/- NSCs at 30 dpt.  

(A-B) Stereology-based quantification of whole brain (A) and spinal cord (B) of fGFP+ Sucnr1-/- NSCs (light blue bars) or fGFP+ 

NSCs (grey bars) injected icv in EAE mice at peak of disease. Solid bars in A are data from the left-brain hemisphere, while wide 

upward diagonal bars are from data of the right brain hemisphere. Data are mean numbers (± SEM) from n≥ 4 mice/group. (C) 

Representative 3D reconstructions of a brain and spinal cord from a Sucnr1-/- NSCs-treated EAE mouse (green dots indicate 

individual fGFP+ cells, contours of the ventricles are in light blue, those of the forebrain or spinal cord are in light grey, and those 

of the cerebellum are in dark grey). Scale bars: 2 mm. 
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Figure 43 Differentiation of ICV-injected Sucnr1-/- NSCs at 30 dpt.  

(A-E) Representative images of fGFP+ Sucnr1-/- NSCs at 30 dpt expressing the neural marker Nestin (A, arrowheads), the mature 

neuronal marker NeuN (B, arrowhead), the astroglial lineage marker GFAP (C, arrowheads) or the oligodendroglial lineage 

marker OLIG2 (D, arrowheads). (E) Confocal microscopy image of a perivascular area with several fGFP+ Sucnr1-/- NSCs 

(arrowheads) in juxtaposition with fGFP-/F4/80+ MPs. Nuclei are stained with DAPI (blue). Scale bars: 25  µm. (F) In vivo 

differentiation profile of transplanted fGFP+ Sucnr1-/- NSCs or fGFP+ NSCs at 30 dpt. Data are mean numbers (± SEM) from n≥ 

4 mice/group. ND: not detected. 

 

Ex vivo FACS analysis of the composition of CNS inflammatory infiltrates showed that 

transplantation of EAE mice with Sucnr1-/- NSCs failed to shift the proportions of pro-

inflammatory and anti-inflammatory MPs - including CX3CR1+ cells and CCR2+ cells - in 

contrast with the effects of control NSCs (Figure 44A-B).  
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Figure 44 Sucnr1-/- NSCs are unable to ameliorate chronic neuroinflammation.  
Flow cytometry-based ex vivo quantification of the expression levels of pro-inflammatory (CD80) and anti-inflammatory (MRC1) 

markers in CX3CR1+ cells (A) and CCR2+ cells (B) at 30 dpt. Quantitative data are shown on the left, while representative density 

plots are shown on the right. Data are min to max % of marker-positive cells from n≥ 4 pools of mice/group. *p≤ 0.05, vs. PBS; 
#p≤ 0.05, vs. NSCs. 

 

13.2.2 Sucnr1-/- NSCs are unable to reduce the accumulation of succinate in the CSF of EAE 

mice 

We then investigated the levels of PGE2 and succinate in matched CSF and plasma samples 

from NSC-transplanted and PBS-treated control EAE mice. We found that plasma PGE2 

significantly increased in EAE mice only (vs. healthy controls), with no treatment effect 

observed. Unfortunately, both Sucnr1-/- NSCs and control NSCs failed to induce significant 

changes of the levels of PGE2 in the CSF (Figure 45A).  

Instead, whilst transplantation of controls NSCs reduced CSF succinate as before (HC: 

5.524x107 a.u. ± 0.19; PBS: 9.35x107 a.u. ± 0.14; NSCs: 5.64x107 a.u. ± 0.44), Sucnr1-/- NSC 

grafts showed no effects on CSF succinate levels (Sucnr1-/- NSCs: 10.40x107 a.u. ± 2.59; 
Figure 45B). 
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Figure 45 PGE2 and succinate levels after Sucnr1-/- NSCs transplants.  
(A) PGE2 levels in the CSF and plasma of EAE mice at 30 dpt. Data are mean values (± SEM) from n≥ 3 samples/group. (B) 

Succinate levels in the CSF and plasma of EAE mice at 30 dpt. Data are mean values (± SEM) from n≥ 4 mice/group. Kruskal-

Wallis followed by Mann-Whitney post-test. *p≤ 0.05, **p≤ 0.01, vs. PBS; #p≤ 0.05, vs. NSCs; HC: healthy controls. 

 

13.2.3 Sucnr1-/- NSCs fail to ameliorate the clinico-pathological outcomes of EAE mice 

Post-mortem tissue pathology further confirmed the reduced tissue protective effects of 

Sucnr1-/- NSC grafts (Figure 46A-B). The transplantation of Sucnr1-/- NSCs induced only a 

slight recovery of EAE behavioural deficits, vs. PBS-treated control EAE mice (EAE score - 

Sucnr1-/- NSCs: 2.9 ± 0.2; PBS: 3.6 ± 0.4), which was significantly less pronounced (50% of 

the effect) than what observed in EAE mice transplanted with control NSCs (EAE score - 

NSCs: 2.1 ± 0.3) (Figure 46C). 
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Figure 46 Sucnr1-/- NSCs fail to ameliorate the clinico-pathological outcomes of EAE mice.  
(A-B) Pathological outcomes of experiments. Data are mean % Bielschowsky negative-stained axonal loss (A) or LFB negative-

stained demyelinated (B) areas/spinal cord section (± SEM) from n≥ 4 mice/group. Scale bars: 400  µm. (C) Behavioural outcome 

of EAE mice. Data are mean EAE score (± SEM) from n≥ 5 mice/group. *p≤ 0.05, **p≤ 0.01, vs. PBS; #p≤ 0.05, vs. NSCs. 

 

13.3 Discussion 
Herein we demonstrate that Sucnr1-/- NSC grafts show no difference of survival, distribution 

and differentiation vs. control NSCs in vivo. This finding is in apparent contrast to what has 

been recently described in literature for human MSCs 281.  

It has been shown that succinate can significantly accelerates human MSC migration in vitro 

via succinate-SUCNR1 interaction that leads to p38 MAPK phosphorylation and 

subsequent DRP1 translocation to the mitochondrial outer membrane, eventually inducing 

mitochondrial fragmentation. Mitochondrial fission elevates mitochondrial ROS levels and 

activates Rho GTPases, which then induce F-actin formation 281. As such, succinate-pre-

treated human MSC display enhanced migration, increased wound closure, vascularization 

and re-epithelialization.  

However, it must be noted that NSCs express several chemokine receptors (including 

CCR2 and CXCR4) that have been shown to be important and necessary for the 

pathotropism of NSCs to inflamed sites 252,282. As such, SUCNR1 mediated migration on 

NSCs (if it happens) might be just of another complementary mechanism of chemotaxis. 

We found instead that the loss of SUCNR1-dependent signalling in transplanted NSCs led to 

significant reduction in their anti-inflammatory properties on MPs. This effect resulted in a 

significantly higher percentage of pro-inflammatory MPs in our FACS analysis, compared to 

EAE mice transplanted with WT NSCs.  
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When we evaluated ex vivo the two immunomodulatory pathways that we have linked to 

SUCNR1 stimulation on NSCs in vitro, we found that PGE2 levels in the CSF were increased 

after WT NSCs transplant vs. PBS, albeit not reaching statistical significance.  

Instead, we found that succinate accumulation in the CSF was significantly reduced after WT 

NSCs transplantation, while Sucnr1-/- NSCs had no effect on CSF succinate. These findings 

would suggest that the effective scavenging of extracellular succinate by NSCs injected in 

EAE mice trough the CSF circulation seems to be a predominant immunomodulatory effect 

compared to the secretion of PGE2.  

Finally, we show that transplantation of Sucnr1-/- NSCs did not lead to any ameliorations on 

the degree of axonal degeneration and demyelination of EAE mice, while it induced a slight 

degree of functional amelioration, which was however significantly reduced compared to WT 

NSCs.  

The minor degree of functional amelioration induced by Sucnr1-/- NSCs vs. PBS might be 

attributed to other neurotrophic or immunomodulatory properties exerted by NSCs soon after 

transplant (possibly on T cells), which are independent of SUCNR1 activation. 

Altogether these data confirm the requirement of a functional SUCNR1 signalling pathway for 

the regulation of the anti-inflammatory and neuroprotective effects of NSC transplants and 

underline the importance of succinate scavenging as a predominant anti-inflammatory 

mechanism of action of NSCs in vivo.  
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14. General Discussion and Future Perspectives 
 

There is an unmet clinical need to develop cellular and molecular approaches to target the 

core drivers of chronic neuroinflammatory conditions that include progressive forms of MS 111. 

In MS, an initial (early) stage of brain injury, driven by systemic inflammation, is followed by a 

second stage of compartmentalized inflammation in the brain and spinal cord, and a last phase 

of inflammation independent, but age and disease burden–related neurodegeneration. 

Inflammatory demyelinating processes in early MS trigger a cascade of events (e.g. microglia 

activation, chronic oxidative injury and mitochondrial damage in axons) that lead to tissue 

damage and are amplified by pathogenic mechanisms related to accumulated disease burden 

during progression. 

Here we used accessible, autologous and stably expandable directly-induced NSCs (iNSCs) 
125, as well as somatic NSCs, to investigate the effects of brain stem cell transplantation in a 

mouse model of chronic neuroinflammation, which mimics the inflammatory cascade observed 

in progressive MS.  

We found that the transplantation of iNSCs into the lateral ventricle of EAE mice promotes 

equivalent outcomes to those previously observed in mice transplanted with somatic NSCs 85. 

Transplanted iNSCs or NSCs induced significant clinical amelioration, as well as reduced 

axonal and myelin damage, without evidence of tumour formation. We found that our paradigm 

of transplantation was associated with a specific switch in the activation profile of both 

CX3CR1+ cells and CCR2+ cells, with a decrease of the CD80+ pro-inflammatory MPs and 

parallel increase of the MRC1+ anti-inflammatory MPs.  

 

Our findings suggest that in conditions of overt chronic neuroinflammation (i.e. the EAE mouse 

model), the preferential therapeutic effect of iNSCs/NSCs relies on their ability to modify the 

innate immune activation. However, previous data suggest that NSCs can also foster 

endogenous remyelination in mouse models of MS by (i) providing local trophic support to the 

injured CNS and (ii) directly replacing damaged tissue. These complementary mechanisms of 

action of iNSCs are not fully addressed in this thesis, and they still need to be investigated 

before their successful clinical application in SPMS.  

Major points to be addressed are the effects of iNSCs transplants on endogenous 

remyelinating responses and the iNSCs differentiation profile towards myelin forming 

oligodendrocytes in vivo 283,284.  To address these issues, I am currently carrying out in the lab 

a project aimed at assessing the potential of intraparenchymally injected iNSCs in enhancing 

remyelination in lysophosphatidylcholine (LPC) lesioned spinal cords of mice 131,138,285. The 

choice of a different route of cell administration (intraparenchymal vs. intracerebroventricular) 
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in a different mouse model of MS (focal vs. multifocal) will allow to examine the propensity 

towards in vivo differentiation of iNSCs in a condition in which inflammation is negligible and 

the microenvironment might prompt transplanted cells to differentiate toward a specific 

reparative phenotype. 

So far, our data suggest that iNSCs injected in LPC lesioned spinal cords of wild type mice 

induced a significant enhancement of endogenous oligodendrocyte precursors cells (OPCs) 

differentiation into oligodendrocytes. Of note, we found that part of the transplanted cells could 

also directly differentiate into astrocytes (~20%) and mature oligodendrocytes (~10%) in vivo. 

This increased propensity towards in vivo differentiation is in apparent contrast to 

transplantation studies in the EAE model of MS (reported in this thesis), in which the great 

majority of grafted cells remain undifferentiated in perivascular atypical niches. Nonetheless, 

these new data highlight the need of testing cellular therapies in different pre-clinical models 

of disease prior to their final clinical applications. 

To further characterise the potential for direct remyelination of iNSCs, we are also performing 

iNSCs transplantation in LPC lesioned Olig1-/- mice. This transgenic mouse line displays 

impaired remyelination after damage, and when subjected to focal LPC injection, OPCs are 

recruited in the lesion but they are not able to differentiate into mature myelinating 

oligodendrocytes 286. Hence, studying the differentiation profile of iNSCs-grafts in Olig1-/- mice 

will help to exclude any cell competition between the graft and the endogenous remyelinating 

responses after damage. 

Altogether, these data suggest that mouse iNSCs support systemic homeostasis in mouse 

models of MS and ultimately promote the healing of the injured CNS. While exhibiting 

immunomodulatory and neurotrophic activities (as observed in for other stem cell types, such 

as MSCs), NSCs are more amenable to grafting within the injured CNS due to their neural 

lineage. Thus, iNSCs represent the most feasible source of autologous stem cell 

transplantation for incurable neurological conditions. 

 

One of the major limitations of this thesis is related to the predominant use mouse iNSCs 

rather than human (h)iNSCs. HiNSCs can be generated directly from skin-derived fibroblasts 

of patients and are stably-expandable, thus providing a convenient source of safe, patient-

specific NSCs, to fulfil unmet needs in the treatment of progressive MS.  

Herein we show that hiNSCs have similar immunomodulatory properties compared to mouse 

iNSCs. However, several other data are still needed before their clinical translation as 

Advanced Therapy Medicinal Products (ATMPs), including (i) the efficacy and safety profile of 

hiNSC and (ii) developing quality controls and functional assays to be used prior to cell 

transplantation. 
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Although hiNSCs can be derived with non-integrating techniques from fibroblasts, recent 

evidences on iPSCs suggest that frequent genetic modifications, including aberrant DNA 

methylation and mutations in genes implicated in cancer, can be detecting after in vitro 

reprogramming and expansion 287-289. In this regard, the first trial employing an individualized 

iPSC-based therapy (for age related macular degeneration) was suspended after the 

identification of three single-nucleotide variations and three copy-number variants, which were 

not detectable in the patient's original fibroblasts 290. 

As such, another project I am currently working on in the lab, aims at understanding if hiNSCs 

derived from patients with MS would acquire any abnormal genetic and epigenetic alteration 

with long-term culture in vitro. 

Next year, I will be joining the laboratory of F. Edenhofer to derive hiNSCs from fibroblasts 

obtained from skin biopsies of MS patients (n=3 RRMS, n=3 PPMS, n=3 SPMS) and controls 

(n=3). We will be using non-integrating viruses (such as Sendai virus), or transfection of 

synthetic RNA, to deliver reprogramming factors into target cells. Cell-permeant 

reprogramming factors that induce ectopic expression without nucleic acids will be used as a 

back-up strategy 291. Of note, protocols for scalable expansion, storage, freezing/thawing of 

cells under Good Manufacturing Practices (GMP)-like conditions have already been 

established by Edenhofer’s lab and will be adapted to current GMP standards 292. 

HiNSCs will be fully characterized in vitro, and tested for their expandability (growth curve over 

n ≥ 30 passages), expression of marker proteins (Nestin, SOX1, SOX2, PAX6, Ki67, negative 

for OCT4 and TRA1-60), and differentiation potential (Tuj1, GFAP, Olig2). Quality controls will 

include in vitro assays for microbial, fungal, endotoxin, mycoplasma, and viral contamination, 

as well as karyotype testing. The efficiency of transdifferentiation will be also evaluated by 

measuring the oxygen consumption rate (OCR) of human iNSCs (vs. source fibroblasts) via 

the XF24e Extracellular Flux Analyser (as described in this thesis, Figure 10). Lastly, [14C]-

succinate assays will help determine the functionality of succinate uptake of hiNSCs, which 

was proven in this thesis to be an important indicator of their therapeutic efficacy on innate 

immune cells. 

To check if the iNSC reprogramming process is safe and free of genomic alterations, we will 

also subject hiNSCs (and control fibroblasts) to whole genome bisulphite sequencing (WGBS) 

to determine the effects of reprogramming on genome and epigenome stability. We will assess 

Copy Number Variations and genome-wide cytosine methylation to show the genomic 

structural stability of iNSCs and the epigenetic stability of genes coding for pluripotency-

associated factors.  

A critical aspect of establishing the safety of transplanted hiNSCs for ultimate use in humans 

is assaying their tumorigenicity. As the intended end-use of the transplants is the treatment of 

CNS disorders, specifically MS, studying the safety of transplants in an in vivo environment is 
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imperative. As such, selected hiNSCs lines will be transplanted in NOD-SCID IL2R gamma 

null (NSG) for in vivo tumorigenicity assays, via renal capsule xenografting. The tumorigenic 

phenotype of the cell graft will be defined by evaluating the kinetics of tumour formation at 

doses of 107, 105 and 103 cells/adult mouse at 3 months from the inoculum. The dose-

response dynamics of tumour formation will be expressed as TPD50 values (tumour-

producing doses at the 50% endpoint), which provides useful data on: (i) the number of cells 

required for tumour development - the fewer the cells required, the more aggressive the 

phenotype; (ii) the time of tumour appearance (tumour latency) - the more rapidly the tumours 

appear, the more aggressive the phenotype; and (iii) the capacity of the tumours to form 

metastases.  

 

Besides providing the initial building blocks for the translation of iNSCs therapies in SPMS, 

this thesis has highlighted key pathways and cellular functions that can be exploited for future 

diagnostic purposes. There is a strong unmet clinical need for objective body fluid biomarkers 

to assist diagnosis, estimate long-term prognosis, monitor treatment response and predict 

potential adverse effects in MS. Our untargeted small molecule analysis of matched CSF and 

plasma samples revealed profound metabolic changes in the CSF of EAE mice, with 

differences between the early vs. late phases of disease. Among these, only succinate 

showed a delayed increase in the CSF of EAE mice. The finding that succinate builds up in 

vivo over time during neuroinflammation suggests that the ultimate amount of tissue damage 

and the chronic innate immune activation could be extrapolated from the extent of succinate 

content. 

Succinate is becoming a valuable in vivo biomarker of metabolic distress and inflammatory 

activity 188,189. This thesis suggests that CSF succinate might be additionally used as a marker 

of chronic neuroinflammation and to monitor the metabolism and activation of the innate 

immune system in SPMS. 

To investigate the relevance of succinate (and related metabolic pathways) in MS, we have 

established a collaboration with the Centre for MS patients in Piedmont - CReSM (Italy), which 

guarantees us full access to biological samples from MS patients obtained since 2010 during 

diagnostic workout. This Bio-Bank includes CSF and plasma samples from 830 patients 

affected by clinically isolated syndromes-CIS (n=150), RRMS (n=450), PPMS (n=60), SPMS 

(n=15), and other neurological diseases-OND (n=55). All collected samples are accompanied 

by carefully documented case histories with all clinical, therapeutic and diagnostic information 

been registered in the departmental electronic database.  

Together with the laboratory of C. Frezza (MRC Cancer Unit), we will validate our metabolomic 

studies on this cohort of patients, performing an untargeted metabolomic analysis of matched 

CSF/plasma samples. Correlations of metabolites levels with patients’ clinical history will be 
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performed, including the EDSS, the number of MS relapses per year and/or the extent of 

progression over a period of time (progression index). This analysis will give precious insights 

into the metabolic signature of CSF and plasma in MS and possibly provide initial data on the 

use of CSF succinate (and/or other metabolites) as a surrogate endpoint of disease. We 

believe that these important preliminary data will help us confirm the validity of our pre-clinical 

findings in MS pathology, eventually uncovering novel and unexpected metabolic players. Our 

final aim is to pave the way for future studies aimed at assessing the sensitivity, specificity, 

and reliability of our findings in wider cohorts of patients.  

In this thesis, we also found that succinate was significantly decreased in the CSF of iNSC-

/NSC-transplanted mice. The reduction of CSF succinate following iNSC or NSC 

transplantation was of interest and might have a prominent role in interfering with chronic 

neuroinflammation and be a useful in vivo marker of stem cells activity. While in pre-clinical 

models of diseases, it is possible to monitor graft integration in vivo with MRI and 

Superparamagnetic iron oxide (SPIO) labelling 293, these tools are not ready for clinical 

applications yet. As such, the quantification of CSF succinate could be a valuable alternative 

(i) to compensate for the lack of markers tracking NSCs activity after transplant, and (ii) to 

define endpoints that will allow the comparison of the results of NSCs clinical trials among 

different centres 294. 

 

The main finding of this thesis is that succinate is an inflammatory signal released by pro-

inflammatory MPs that primes both NSCs and iNSCs, via engagement with its high affinity 

receptor, in a way that allows them to exert their immuno-modulatory action.  

Succinate-mediated activation of SUCNR1 on rodent and human iNSCs and NSCs, activates 

calcium signalling and MAPK phosphorylation in vitro, thus eliciting the acquisition of a 

concerted anti-inflammatory phenotype in NSCs. On the one hand, SUCNR1 activated the 

secretion of PGE2, a well-established pleiotropic immune modulator, whose function targets 

multiple cell types within the inflamed microenvironment, including MPs 259,295. On the other 

hand, succinate-SUCNR1 signalling in iNSCs and NSCs led to the up-regulation of two 

members of the SLC13 family of co-transporters (i.e. SLC13A3 and SLC13A5) and uptake of 

extracellular succinate (Figure 47).  
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Figure 47 Outline of the identified cellular pathways of immunomodulation.  

Succinate activates SUCNR1 on NSCs to initiate the secretion of PGE2 and the scavenging of extracellular succinate. 

 

This completely novel link between the innate immune system and NSCs, unveils new and 

unexpected fields of scientific investigation for novel treatments in SPMS.  

SUCNR1 is a GPCR that acts as an early detector of metabolic stress in several physiological 

and pathological conditions, including renin-induced hypertension, ischemia/reperfusion 

injury, inflammation, platelet aggregation and retinal angiogenesis 234,237. Of note, GPCRs are 

currently the direct or indirect target for ~60% of marketed drugs and thus the most successful 

receptor family for treating human diseases 296. Moreover, new research is being carried out 

to confirm pairings of orphan receptors (where there is currently limited information) and to 

identify cognate ligands for the remaining GPCRs.  

In this thesis, we reveal a SUCNR1/succinate-dependent feed-forward loop of macrophage 

activation in chronic neuroinflammation and propose that SUCNR1 antagonists (such as 4c) 

could be used as novel therapeutic principles to treat SPMS. This is a very interesting 

application, that may be worth pursuing, also in light of the recent identification of (99m)Tc 



 

 102 

and (18)F radiotracers that may be useful for competition or PET labelling studies of SUCNR1 
297. 

Another field of investigation that might be pivotal in treating the innate immune activation 

seen in SPMS patients is MPs metabolism. Both microglia and macrophages contribute to 

damage in chronic neuroinflammation, but the specific contribution of CNS resident microglial 

cells and/or blood born infiltrating macrophages in mediating the observed accumulation of 

succinate in vivo has not been investigated so far.  

As such, another project in the lab is aiming at establishing the relationship between CSF 

succinate and ex vivo FACS sorted CX3CR1+ cells 298 and CCR2+ cells 299, as well as 

identifying novel metabolic therapeutic targets in MPs.  

Ex vivo isolated cells (from EAE mice) will be subjected to an unbiased metabolomic analysis 

of intracellular metabolites via LC–MS. Observed metabolic changes will be then coupled with 

functional metabolic states (OCR and ECAR) and to the expression of surface markers 

indicative of a pro-inflammatory or anti-inflammatory phenotype. We postulate that the pro-

inflammatory profile of MPs will correlate with intracellular succinate levels and a metabolic 

‘switching’ from OXPHOS to glycolysis in either (or both) MPs subsets.  

To definitely pinpoint the contribute of microglia or macrophages to succinate accumulation 

during EAE, we will also adopt conditional transgenic mouse models. Mice carrying tamoxifen 

(TAM)-dependent Cx3cr1creERT2 or Ccr2creERT2 alleles will be used 300. These mice have been 

extensively employed for immunological studies as they express the Cre recombinase in cells 

positive for CX3CR1 or CCR2 after TAM treatment. We will then cross these two lines with 

mice carrying a Cre-dependent diphtheria toxin fragment A (DTA) transgene in the 

ubiquitously expressed ROSA26 locus (ROSA-DTA mice). In these mice, the floxed-STOP 

cassette is deleted and the Gt(ROSA)26Sor promoter drives expression of diphtheria toxin 

only in Cre-expressing cells. The resulting Cx3cr1creERT2 / ROSA-DTA and Ccr2creERT2 / ROSA-

DTA mouse lines will express the DTA transgene specifically in CX3CR1+ (microglia) or 

CCR2+ (infiltrating macrophages) cells upon TAM administration. In the absence of an active 

Cre, mice will develop a EAE with typical onset of disease (usually around 11-14 days post 

immunisation). With the timely administration of TAM (before EAE onset), an active DT-A will 

allow us to achieve a cell-restricted and time-dependent ablation of either microglia or 

macrophages in the chronic phase of EAE. The use of this conditional ablation is of pivotal 

importance, as MPs play an important role in the development of EAE, and the absence of 

either cell type can affect disease onset.  

At 50 days post immunisation, we will carry out a targeted metabolomic analysis on both the 

CSF and plasma of EAE TAM-treated mice to study the modifications of succinate. We 

postulate that we will detect reduced/undetectable levels of succinate in mice lacking either 
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cell type (or both), thereby formally establishing a link between resident vs infiltrating MPs 

activation and succinate production/release.  

Besides studying the net contribute of microglia and macrophages in EAE and CSF succinate 

accumulation, we will test the generality of manipulating the succinate pathway as a 

mechanistic explanation for immune mediated damage in chronic neuroinflammation.  

The identification of succinate as a primary driver of mtROS and IL-1β production by MPs 

suggests that pharmacological inhibition of succinate accumulation during neuroinflammation, 

and/or of its oxidation, could lead to highly efficient neuroprotective strategies. Importantly, the 

recent identification of the pathways controlling succinate accumulation, including reversal of 

complex II (SDH) activity, and ROS production from mitochondrial complex I via reverse 

electron transport, provides a rationale of targeted inhibition of these pathways that should 

prove protective. Despite these important evidences, the contribution of complex II and 

complex I to the mechanisms driving chronic innate activation in the CNS has not been 

investigated yet.  

As such, we will expand on previous findings by using conditional transgenic mouse models 

of complex II (i.e. SDHDflox mice) 301 and complex I deficiency (i.e. NADH-ubiquinone 

oxidoreductase subunit S4-NDUFS4flox mice) 302 to induce a selective impairment of 

mitochondrial complexes in MPs. We will then cross either Cx3cr1creERT2 or Ccr2creERT mice 

with mice carrying the SDHDflox and NDUFS4flox alleles. The resulting homozygous mice will 

display an impairment of complex II and complex I function in either microglia or macrophages 

upon TAM administration. We postulate that reducing the activity of these two key 

mitochondrial complexes in MPs will affect the metabolic composition of biological fluids and 

mice with lower levels of succinate will be protected from EAE induced clinical deficits. mtROS 

will be quantified in Cx3cr1creERT2(or Ccr2creERT2) / SDHDflox and Cx3cr1creERT2(or Ccr2creERT2) / 

NDUFS4flox EAE mice using the recently developed MitoB mass spectrometric method for 

determination of mitochondrial hydrogen peroxide in vivo 303. The development of this 

chemical method has previously allowed for the assessment of metabolic pathways that 

control ROS dependent pathology in cardiac disease 221. Briefly, the ratiometric mass 

spectrometric mitochondria-targeted ROS probe MitoB will be rapidly taken up by 

mitochondria in vivo and then oxidized to MitoP by hydrogen peroxide and peroxynitrite. 

Measuring the MitoP/MitoB ratio by LC–MS will then indicate changes in mtROS. Coupled 

with mtROS determination, neuropathology data will be provided. Demyelination, axonal 

damage and CNS inflammatory infiltrates will be quantified with unbiased stereological 

quantification.  

We believe that this approach will help us establishing (for the first time in vivo) the relationship 

between succinate, complex II, complex I, and mtROS generation in MPs during chronic 

neuroinflammation. 
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Once this relationship will be unequivocally established, we will work towards the development 

of drugs enhancing or blocking the activity of complex I or II, to be tested in proof of concept 

in vivo studies in EAE. Metformin, as complex I inhibitor, induce the pro-inflammatory to anti-

inflammatory switch by decreasing LPS-induced pro-IL-1β and ROS production 304. Similarly, 

inhibition of complex II with Dimethyl malonate (DMM), a cell permeable form of the potent 

SDH inhibitor malonate, has been proven to be highly protective during in vivo ischemia 

reperfusion injury (IRI) by preventing the accumulation of succinate 221.   

We postulate that targeting the activity of complex II or I (via systemic vs local administration 

of small molecule inhibitors) will ameliorate chronic CNS damage related to innate immune 

activation. These studies will provide initial mechanistic insights for the development of new 

pharmacological tools, identifying routes and timing of administration, to better manipulate 

succinate mediated injury in chronic neuroinflammation. 

One of the challenges is that modulating metabolic pathways in humans could be fraught with 

potential off-target effects on other cells and tissues. While metabolic modulators like 

metformin, resveratrol, and rapamycin appear to be well tolerated at low doses, macrophage-

specific targeting of other metabolic compounds may be a requirement for success in therapy. 

For example, by exploiting the intrinsic capacity of monocytes and macrophages to take up 

foreign particles, the use of nanoparticle formulations might be one option to achieve targeting 

specificity. Alternatively, the use of prodrugs that are specifically activated in macrophages 

could be considered for future therapies.  

 

Finally, one key question that remains unanswered from this thesis is: what is the role 

succinate uptake for NSCs biology? As previously discussed, several hypotheses can be put 

forth, ranging from the use of succinate as a substrate for the TCA cycle to increase OXPHOS, 

the stimulation of FAS in NSCs, or the induction of epigenetic programmes that affect NSCs 

differentiation. Additional studies will be needed to further characterise the function of the 

succinate-SUCNR1 axis in NSCs and to provide insights on the critical role of cellular 

metabolism for neural stem/progenitor cells biology 305. 

 

In conclusion, this thesis shows that iNSCs display the potential to be an ideal therapeutic 

option for SPMS. Mechanistically, iNSCs/NSCs sense the extracellular succinate that 

accumulates in the chronically inflamed CNS to ameliorate neuroinflammation via succinate-

SUCNR1-dependent mechanisms. Our work identifies a novel anti-inflammatory mechanism 

that underpins the regenerative potential of somatic and directly-induced NSCs, thus paving 

the way for a new era of personalised stem cell medicines for chronic inflammatory and 

degenerative neurological diseases.  
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15. Tables 
 

Table 1: Phase 3/4 clinical trials with DMTs or neuroprotective strategies in PMS 
Study name Target 

population  

Treatment arms Primary outcome Results Ref. 

PROMiSe PPMS Glatiramer acetate 
(n=627) and placebo 

(n=316) 

CDW based on 

EDSS at 3 months 

Hazard Ratio 0·87, 95% 

CI 0·71–1·07 

46 

INFORMS PPMS Fingolimod (n=336) 

and placebo (n=487) 

CDW based on 

EDSS at 3 months 

5·05% reduction in CDW NCT00731692 306 

OLYMPUS PPMS Rituximab (n=292) 

and placebo (n=147) 

CDW based on 

EDSS at 3 months 

8·3% reduction in CDW NCT00087529 53 

ORATORIO PPMS Ocrelizumab 

(n=488) and placebo 

(n=244) 

CDW based on 

EDSS at 3 months 

24% reduction in CDW NCT01194570 54 

N/A PPMS Hydroxyurea and 

placebo (n=33) 

N/A Terminated. No efficacy 

interim analysis 

NCT01103583 

      

CUPID PPMS 

and 

SPMS 

Dronabinol (n=329) 

and placebo (n=164) 

CDW based on 

EDSS at 6 months 

No overall effect on the 

progression of multiple 

sclerosis 

ISRCTN 

62942668 307 

MS-ON RRMS, 

PPMS, 

SPMS 

Biotin (n=105) and 

placebo 

Best corrected 

visual acuity at 6 

months 

Active, not recruiting NCT02220244 

MS-SPI2 

(previous 

MS-SPI) 

PPMS 

and 

SPMS 

Biotin and placebo 

(estimated n=600) 

CDW based on 

EDSS at 15 months 

Active, recruiting NCT02936037; 

MS-SPI 60 

SUPREMES PPMS 

and 

SPMS 

Sunphenon EGCG 

(n=60) and placebo 

Brain atrophy at 36 

months  

Completed. Results not 

available 

NCT00799890 

N/A PPMS 

and 

SPMS 

Fampridine and 

placebo (crossover 

assignment) 

Upper limb 

responders at 8 

weeks 

Active, not recruiting NCT02208050 

MOTION - 

JAPAN 

SPMS Fampridine and 

placebo 

CDW based on 

walking speed at 21 

weeks 

Completed. Benefits were 

evident on walking speed 

NCT01917019 

ENHANCE RRMS, 

PPMS, 

SPMS  

Fampridine and 

placebo 
CDW based on the 

Multiple Sclerosis 

Walking Scale 

(MSWS-12) at 24 

Weeks 

Completed NCT02219932 

ASCEND SPMS Natalizumab 
(n=439) and placebo 

(n=448) 

CDW based on 

EDSS at 6 months 

Terminated. Failed to 

meet its main endpoint  

NCT01416181 

N/A SPMS Mitoxantrone (3 

doses) 

CDW based on 

EDSS 

Terminated NCT00146159 
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N/A SPMS Double-dose 
Betaferon to the 

Approved Dose 

T2-lesions  Withdrawn prior to 

enrolment 

NCT00313976 

N/A SPMS Interferon beta-1a 
(total n=150) 

Non-Conventional 

MRI Measures 

Completed. NCT00463710 

RIVITaLISe SMPS Rituximab and 
normal saline 

Analysis of 

Changes in CSF 

CXCL13 and BAFF 

at 3 months 

Terminated. Failed to 

meet its main endpoint 

NCT01212094 

N/A SPMS Rituximab and 

Glatiramer Acetate 

 

ARR at 12 months Active, not yet recruiting NCT03315923 

 

PROMESS SPMS Cyclophosphamide 

and 

Methylprednisolone 

CDW based on 

EDSS at 4 weeks  

 

Completed. NCT00241254 

MS-STAT2 

(previous 

MS-STAT) 

SPMS Simvastatin and 

placebo 

 Active, not yet recruiting MS-STAT 58,308 

EXPAND SPMS Siponimod-BAF312 

(n= 1090) and 

placebo 

CDW based on 

EDSS 

Active, not recruiting. 

Unpublished results: 

lower risk of progression 

and brain atrophy 

NCT01665144 

MAESTRO-

03 (previous 

MEASTRO-

01/02) 

SPMS MPB8298 (n=305) 

and placebo (n=307) 

Time to 

progression in 2 

years 

7·5% reduction in CDW  NCT00468611 309 

N/A PPMS 

and 

SPMS 

Masitinib and 

placebo (total n=450) 

 

CDW based on 

EDSS 

Week 96 

Active, recruiting NCT01433497 

N/A SPMS Lipoic acid and 

placebo (n=54) 

Brain Atrophy by 

MR at 2 years 

Reduced whole brain 

percent volume change 

NCT01188811 61 

INSPIRE SPMS Dimethyl fumarate- 
BG00012 and 

placebo 

CDW independent 

of relapse  

Terminated. Sponsor 

Decision 

NCT02430532 

      

TEMSO and 

TOWER 

RRMS, 

PPMS, 

SPMS 

with 

relapses 

Teriflunomide and 

placebo 

 

Annualized 

Relapse Rate at 

108 weeks 

 

Completed. Decrease in 

the risk of accumulating 

long-term disability in 

some patients  

NCT00134563 

and 

NCT00751881 

N/A RRMS, 

PPMS, 

SPMS 

with 

relapses 

Oral Prednisone 

and placebo 

CDW based on 

EDSS 

3 months 

Terminated NCT01411514, 310 

ARR annualized relapse rate, CDW=confirmed disability worsening. EDSS=Expanded Disability Status Scale.  
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Table 2: Antibodies and Fluorescent Markers Used for Immunocytochemistry 
and Flow Cytometry 

REAGENT SOURCE IDENTIFIER 

AffiniPure Fab Fragment Goat Anti-Mouse IgG (H+L) Jackson 115-007-003 

Chicken anti-GFP (polyclonal) abcam ab13870 

Chicken anti-Nestin (polyclonal) abcam ab134017 

Donkey anti-goat AF488 conjugated secondary abcam AB150129 

Donkey anti-goat Biotin conjugated secondary adb serotech 642008 

Goat anti mouse-HRP conjugated secondary Thermo Scientific 31430 

Goat anti-CD20 (polyclonal) Santa Cruz sc-7735 

Goat anti-chicken AF488 conjugated secondary Invitrogen A11039 

Goat anti-chicken AF555 conjugated secondary Invitrogen A21237 

Goat anti-chicken AF647 conjugated secondary Lifetech A21449 

Goat anti-chicken IgG biotin conjugated secondary vector laboratories BA-9010 

Goat anti-il1β (polyclonal) R&D systems AF-401-NA 

Goat anti-mouse AF488 conjugated secondary Invitrogen A11001 

Goat anti-mouse AF546 conjugated secondary Invitrogen A21045 

Goat anti-mouse AF647 conjugated secondary Invitrogen A21235 

Goat anti-rabbit AF488 conjugated secondary Invitrogen A11008 

Goat anti-rabbit AF546 conjugated secondary Invitrogen A11010 

Goat anti-rabbit AF647 conjugated secondary Invitrogen A21244 

Goat anti-rabbit HRP conjugated secondary Thermo Scientific 31460 

Goat anti-Rat AF405 conjugated secondary abcam ab175671 

Goat anti-Rat AF488 conjugated secondary Invitrogen A11006 

Goat anti-Rat AF546 conjugated secondary Invitrogen A11081 

Mouse anti-CD3 (clone: PS1) abcam ab699 

Mouse anti-GFAP (clone: 52/GFAP) BD Biosciences 610566 

Mouse anti-NeuN (clone: A60) Millipore MAB377 

Mouse anti-O4 (clone: O4) R&D systems MAB1326 

Mouse anti-β-actin (clone: AC-15) Sigma Aldrich A1978 

Mouse anti-β-tubulin (clone: TUB 2.1) Sigma Aldrich T4026 

Rabbit anti-MRC1 (polyclonal) abcam ab64693 

Rabbit anti-GFAP (polyclonal) DAKO Z0334 

Rabbit anti-Sucnr1 (polyclonal) Novus Biologicals NBP1-00861 

Rabbit anti-iNOS (polyclonal) abcam ab3523 

Rabbit anti-Ki67 (polyclonal) abcam ab15580 

Rabbit anti-Olig2 (polyclonal) Chemicon AB9610 

Rabbit anti-p38 MAPK (polyclonal) Cell Signaling 9212 

Rabbit anti-Phospho-p38 MAPK (polyclonal) Cell Signaling 9211 

Rabbit anti-Pkm2 (polyclonal) Cell Signaling 3198 

Rabbit anti-SLC13A3 (polyclonal) Aviva Systems biology ARP41438_T100 

Rabbit anti-SLC13A5 (polyclonal) ThermoFisher PA5-24675 

Rabbit anti-SOX2 (polyclonal) Abcam ab15830 

Rabbit anti-vWF (polyclonal) Abcam ab6994 
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Rabbit HIF1α (polyclonal) Novus Biologicals NB100-134 

Rat anti-CD45 (clone: 30-F11) BD Biosciences 550539 

Rat anti-F4/80 (clone: Cl:A3-1) Bio-Rad MCA497R 

Rat anti-MBP (aa82-87) (clone: 12) Bio-Rad MCA409S 

Alexa Fluor® 488 Rat anti-Mouse Foxp3 BD Biosciences 756348 

Alexa Fluor® 594 anti-mouse Ly-6G/Ly-6C (Gr-1) BioLegend 108448 

Alexa Fluor® 647 Rat Anti-Mouse CD4 Clone RM4-5 (RUO)  BD Biosciences 557681 

Alexa Fluor® 700 Rat Anti-Mouse IFN-γ BD Biosciences 557998 

Alexa Fluor647 anti-mouse CCR2  Biolegend  150603 

APC/Cy7 anti-mouse F4/80 Biolegend 123117 

Brilliant Violet 421™ Goat anti-rat IgG BioLegend 405414 

Brilliant Violet 711 anti-mouse CD206  BioLegend  141727 

BUV395 Hamster Anti-Mouse CD3e Clone 500A2 (RUO) BD Biosciences 740221 

BV421 Rat Anti-Mouse GM-CSF BD Biosciences 564747 

BV605 Hamster Anti-Mouse CD80 BD Biosciences 563052 

BV786 Rat Anti-Mouse IL-4 BD Biosciences 564006 

FITC Rat Anti-CD11b M1/70  BD Biosciences 553310 

PE anti-mouse CX3CR1 BioLegend  149005 

PE Mouse anti-Mouse RORγt BD Biosciences 562607 

PE-Cy7 Rat Anti-Mouse CD19 BD Biosciences 552854 

PerCP-Cy™5.5 Rat Anti-Mouse IL-17A BD Biosciences 560666 

Purified anti-P2RY12 Antibody BioLegend 848002 

Rat anti-mouse FcyIII/II receptor (CD16/CD32) BD Biosciences 558636 

CD45 MicroBeads Milteny 130-052-301 
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Table 3: Details of Primers used for Taqman Real Time PCR  
REAGENT  SOURCE IDENTIFIER 

Taqman Gene Expression assay: 18S Life Technologies 4318839 

Taqman Gene Expression assay: ACTB Life Technologies 4331182 

Taqman Gene Expression assay: Arg1  Life Technologies Mm00475988_m1 

Taqman Gene Expression assay: Bst1  Life Technologies Mm00477672_m1 

Taqman Gene Expression assay: Cd69  Life Technologies Mm01183378_m1 

Taqman Gene Expression assay: SUCNR1 Life Technologies Hs00908230_m1 

Taqman Gene Expression assay: Sucnr1 Life Technologies Mm00519024_m1 

Taqman Gene Expression assay: Il1b Life Technologies Mm00434228_m1 

Taqman Gene Expression assay: Il12b Life Technologies Mm01288989_m1 

Taqman Gene Expression assay: Il15 Life Technologies Mm00434210_m1 

Taqman Gene Expression assay: Il15ra Life Technologies Mm04336046_m1 

Taqman Gene Expression assay: Mrc1 Life Technologies Mm01329362_m1 

Taqman Gene Expression assay: Nos2 Life Technologies Mm00440502_m1 

Taqman Gene Expression assay: Ptgs2 Life Technologies Mm00478374_m1 

Taqman Gene Expression assay: Tnf Life Technologies Mm00443258_m1 

Taqman Gene Expression assay: Ust Life Technologies Mm00616790_m1 
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Table 4: Details of other reagents  
REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

[14C]-succinic acid American Radiolabelled 

Chemicals 

ARC 3593-50µCi 

4’6-diamidino-2-phenylindole (DAPI) Invitrogen D1306 

4C Advinus Therapeutics N/A 

Accumax Affymetrix 00-4666 

B27 w/vitamin A (50x) Gibco 17504-044 

Basal Fibroblast Growth Factor Peprotech 100-18B-1000 

Basement Membrane Matrix Growth Factor Reduced Corning 354230 

CHIR 99021 Axon MedChem 1386 

Dialyzed Foetal Bovine Serum (dFBS) Gibco 26400036 

Dimethyl malonate Sigma Aldrich 136441 

DMEM high glucose Gibco 41966029 

DMEM/F12 Gibco 11320-033 

Fluo-4AM  Life Technologies F-14217 

Foetal bovine serum (FBS) Gibco 10500-064 

freund adiuvant incomplete Sigma Aldrich f5506 

Glutamax Gibco 35050-038 

Heparin Sigma Aldrich H3393 

hLIF Gibco PHC9484 

Insulin from bovine pancreas Sigma Aldrich I1882 

Laemmli  Sigma S3401-L 

Laminin Roche 11243217001 

Lipopolysaccharide (LPS) Enzo life sciences ALX-581-013-L002 

Basement Membrane Matrix Growth Factor Reduced Cornig 354230 

Mersalyl acid Sigma Aldrich M9784 

Minimum Essential Medium Eagle Sigma Aldrich M7278 

Mouse differentiation supplement Stem cells Technologies 05703 

Mycobacterium Tuberculosis H37Ra Difco 231141 

N2 supplement ThermoFisher 17502-048 

Neurobasal medium Gibco 21103-049 

NeuroCult proliferation supplements  Stem cells Technologies 05701 

Normal goat serum Invitrogen 10000C 

Pen/strep Invitrogen 151401 

Pertussis Toxin from Bordetella pertussis List Biological Laboratories 181 

r(MOG 35-55)  Espikem EPK 1 

Recombinant human EGF Peprotech AF-100-15 

Recombinant Human FEF-basic Peprotech 100-18B 

Recombinant Human Leukemia Inhibitory Factor  Gibco PHC9484 

Recombinant murine M-CSF Miltenyi Biotec 130-101-706 

Recombinant SDH subunit A Cloud-clone corp RPJ784Mu01 

RNAlater QIAGEN 76104 
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ROCK inhibitor Y27632 Calbiochem 688000 

SB 431542 Invivogen inh-sb43 

SC-58125 Sigma Aldrich PZ0139 

Sodium succinate dibasic hexa-hydrate Sigma Aldrich S2378 

Trypsin-EDTA (0.05%), phenol red    Gibco 25300-054 

Ultima Gold liquid scintillation cocktail PerkinElmer 6013329 

7-amino-actinomycin D BioLegend  420403 

RPMI Gibco 31870 

Flow Cytometry Staining Buffer BioLegend  420201 

Leukocyte Activation Cocktail BD Biosciences 550583 

IMDM Gibco 12440053 

Collagenase IV Sigma C9891 

Dispase 25U MP Bio 195022 

DNase I 5000U Biolabs M0303L 

Dnase Buffer Biolabs B0303S 

Percoll Sigma-Aldrich GE17-0891-02 

MACS BSA Stock Solution Milteny 130-091-376 

AutoMACS Rinsing Solution Milteny 130-091-222 

Evans Blue Sigma E2129-50G 

Trichloroacetic Acid Sigma T0699 

Critical Commercial Assays 

High Capacity cDNA Reverse Transcription kit applied biosystems 4368813 

LDH-Cytotoxicity Assay kit abcam ab102526 

NeuroCult NS-A proliferation kit (Human) Stemcell 5750 

Nitrite/Nitrate Assay Kit  Sigma-Aldrich 23479-1KT-F 

Prostaglandin E2 ELISA Kit Caymanchem 514010 

RNeasy Micro Kit QIAGEN 74006 

RNeasy Midi kit QIAGEN 73442 

Succinate Dehydrogenase Activity Colorimetric Assay Kit BioVision K660-100 

TaqMan Fast Universal PCR Master applied biosystems 4352042 

LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit ThermoFisher L34959 

Fix/Perm Transcription Factor Buffer Set BD Biosciences 562574 

LS columns Milteny 130-041-306 

Deposited Data 

The microarray data have been deposited in ArrayExpress Affymetrix Accession numbers E-

MTAB-5579 and E-

MTAB-5586 

Experimental Models: Cell Lines 

Human cell line: human BJ fibroblasts Edenhofer lab N/A 

Human cell line: human fetal NSCs Vescovi lab N/A 

Human cell line: human iNSCs Edenhofer lab N/A 

Mouse cell line: 929 Pluchino lab N/A 

Mouse cell line: BMDM Pluchino lab N/A 

Mouse cell line: BV2 Spillantini lab N/A 

Mouse cell line: MFs (mouse fibroblasts) Pluchino lab N/A 
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Mouse cell line: iNSCs Edenhofer lab N/A 

Mouse cell line: NSCs This paper N/A 

Mouse cell line: Sucnr1-/- NSCs This paper N/A 

Experimental Models: Organisms/Strains 

C57BL/6 mice Charles River c57bl6 

Sucnr1-/- mice NOVARTIS AUSTRIA N/A 

Recombinant DNA 

pRRLsinPPT-hCMV   

pCT-f-GFP System Bioscieces CYTO120-PA-1 
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