
 

 

 
 
 
 
 

 
 

 

Pathology and treatment of 
Mucopolysaccharidosis type IIIA 

 
 

 
 

A thesis submitted to The University of Manchester for the degree of 
Doctor of Philosophy in the Faculty of Biology, Medicine and Health 

 
 
 
 

2023 
 
 
 

ORIANA MANDOLFO 
 
 
 
 
 
 
 

School of Biological Sciences 
Division of Cell Matrix Biology and Regenerative Medicine  

 
 
 
 
 
 
 
 
 
 



 2 

List of contents 
 

List of contents ...................................................................................................... 2 

List of figures......................................................................................................... 9 

List of tables ........................................................................................................ 11 

Abbreviations ...................................................................................................... 13 

Abstract ................................................................................................................ 18 

Declaration ........................................................................................................... 19 

Copyright Statement ........................................................................................... 19 

Acknowledgements ............................................................................................. 21 

Journal Format Thesis ........................................................................................ 22 

Chapter 1 Introduction ........................................................................................ 23 

Innate Immunity in Mucopolysaccharide Diseases ................................................ 24 

1.1 The Mucopolysaccharidoses ................................................................. 25 

1.2 Pathology in MPSs .................................................................................. 27 

1.2.1 Primary storage of GAGs .......................................................................... 27 

1.2.2 Lysosomal stress ....................................................................................... 32 

1.2.3 Secondary molecules ................................................................................ 33 

1.3 Innate immunity in Mucopolysaccharidoses ........................................ 36 

1.3.1 TLR signalling ............................................................................................ 36 

1.3.2 Inflammatory cytokines .............................................................................. 41 

1.3.3 The role of cascade initiating cytokines TNFŬ and IL-1 ............................. 42 

1.3.4 The NLRP3 Inflammasome and IL-1 ......................................................... 44 

1.3.5 Cell death .................................................................................................. 47 

1.3.6 Innate immunity in Mucopolysaccharide diseases ..................................... 49 

1.4 Anti-inflammatory Therapies in MPS diseases ..................................... 51 

1.4.1 CNS-targeting therapies ............................................................................ 51 

1.4.2 Periphery-targeting therapies .................................................................... 53 

1.5 Conclusions ............................................................................................. 54 

1.6 Additional section: Current therapeutic approaches for MPS 

diseasesééééééééééééééééééééééééééééééé.55 

1.6.1 Enzyme replacement therapy .................................................................... 55 



 3 

1.6.2 Pharmacological chaperones .................................................................... 56 

1.6.3 Haematopoietic stem cell transplantation .................................................. 56 

1.6.4 Ex vivo gene therapy ................................................................................. 58 

1.6.5 In vivo gene therapy .................................................................................. 59 

Gene-modified neural progenitor cells for the treatment of neuropathic lysosomal 

storage diseases ................................................................................................... 62 

1.7 Lysosomal storage diseases .................................................................. 63 

1.8 Current treatment options for LSDs ...................................................... 63 

1.9 Cell death in LSDs is not addressed by current therapies .................. 64 

1.10 Developing novel regenerative therapeutic approaches ..................... 65 

1.11 iPSC-derived NPCs to treat neuropathic LSDs ..................................... 68 

1.11.1 Non-human animal models........................................................................ 68 

1.11.2 Human stem cells in xenogeneic models .................................................. 69 

1.12 Conclusions ............................................................................................. 71 

1.13 Aims and objectives ................................................................................ 73 

Chapter 2 .............................................................................................................. 74 

Materials and Methods ........................................................................................ 74 

2.1 Materials ................................................................................................... 75 

2.2 Lentiviral vector production ................................................................... 75 

2.2.1 pCCL.PGK.SGSH plasmid starter culture ................................................. 75 

2.2.2 pCCL.PGK.SGSH plasmid purification: EndoFree QIAGEN Plasmid 

Megaprep .............................................................................................................. 76 

2.2.3 Plasmids used for lentivirus production ..................................................... 77 

2.2.4 Production of high-titre PGK.SGSH lentiviral vector using 40kDa PEI ...... 77 

2.2.5 Titration of lentivirus .................................................................................. 78 

2.3 Cell culture ............................................................................................... 80 

2.3.1 Maintenance of cell lines ........................................................................... 80 

2.3.2 Ethics Approval ......................................................................................... 81 

2.3.3 Generation, maintenance, and differentiation of iPSCs ............................. 81 

2.3.3.1 Mitotic inactivation of MEFs for iPSC Culture ............................................ 81 

2.3.3.2 Generation of Induced Pluripotent Stem cells from Human Fibroblasts .... 81 

2.3.3.3 Maintenance of Induced Pluripotent Stem cells - iMEFs ........................... 84 



 4 

2.3.3.4 Maintenance of Induced Pluripotent Stem cells ï Geltrex ......................... 84 

2.3.3.5 Cryopreserving cells .................................................................................. 85 

2.3.3.6 Trilineage Differentiation ........................................................................... 85 

2.3.3.7 Karyotyping iPSCs .................................................................................... 86 

2.3.3.8 Directed Differentiation of iPSCs to Neural progenitor cells (NPCs) .......... 86 

2.3.3.9 Maintenance of NPCs ............................................................................... 87 

2.3.3.10 Neuronal differentiation of NPCsééééééééééééééééé.88 

2.3.4 LV-mediated transduction of cells ............................................................. 89 

2.3.5 Cross-correction ........................................................................................ 89 

2.4 DNA & RNA methods .............................................................................. 90 

2.4.1 DNA extraction .......................................................................................... 90 

2.4.2 RNA extraction .......................................................................................... 91 

2.4.3 Gel electrophoresis for RNA integrity ........................................................ 92 

2.4.4 Polymerase chain reaction ........................................................................ 92 

2.4.5 PCR clean-up ............................................................................................ 93 

2.4.6 DNA Sequencing ....................................................................................... 94 

2.4.7 cDNA synthesis ......................................................................................... 95 

2.4.8 Quantitative polymerase chain reaction .................................................... 96 

2.4.9 Vector copy number determination ............................................................ 97 

2.4.9.1 DNA extraction .......................................................................................... 97 

2.4.9.2 qPCR ......................................................................................................... 97 

2.4.10 Droplet digital (dd) PCR ............................................................................ 98 

2.5 SGSH Enzyme activity assay ............................................................... 102 

2.6 Luciferase Activity Assay ..................................................................... 103 

2.7 Immunohistochemistry (IHC) ............................................................... 104 

2.7.1 IHC analysis of cells ................................................................................ 104 

2.7.1.1 AP staining .............................................................................................. 104 

2.7.1.2 Immunofluorescent staining of iPSC and derivates ................................. 104 

2.7.2 IHC analysis of mouse tissues ................................................................ 105 

2.7.2.1 Cutting Tissue Sections on Microtome .................................................... 105 

2.7.1.2 DAB Isolectin B4 Immunohistochemistry on Free-Floating Brain 

Sectionsééééééééééééééééééééééééééééééé105 



 5 

2.7.2.3 Haematoxylin & Eosin Staining on Free-Floating Brain Sections ............ 106 

2.7.2.4 Cytokeratin AE1/3 Immunohistochemistry on Mounted Brain Sections ... 106 

2.7.2.5 Immunofluorescent staining on free-floating brain sections. .................... 107 

2.7.2.6 Image acquisition and software analysis ................................................. 108 

2.7.3 Electrophoretic tissue clearing with the X-Clarity ..................................... 109 

2.8 Experimental work on mice .................................................................. 111 

2.8.1 Study approval ........................................................................................ 111 

2.8.2 Maintenance of mouse colonies .............................................................. 111 

2.8.3 Mouse strains .......................................................................................... 111 

2.8.4 Mouse genotyping ................................................................................... 113 

2.8.5 Preparation and treatment delivery ......................................................... 113 

2.8.5.1 Poly(I:C) preparation ............................................................................... 113 

2.8.5.2 Poly(I:C) delivery ..................................................................................... 113 

2.8.5.3 Preparation of NPCs ............................................................................... 115 

2.8.5.4 NPCs delivery via intracranial injection ................................................... 116 

2.8.6 Behavioural analyses .............................................................................. 118 

2.8.6.1 Burrowing behaviour test ......................................................................... 118 

2.8.6.2 Y-maze test ............................................................................................. 119 

2.8.6.3 Open-field test ......................................................................................... 120 

2.8.7 Bioluminescent Imaging .......................................................................... 121 

2.8.8 Collection of peripheral blood via tail vein ............................................... 122 

2.8.9 Enzyme-linked immunosorbent assays (ELISAs) .................................... 122 

2.8.10 Intra-cardiac perfusion ............................................................................. 124 

2.8.11 Tissue Collection and Preparation ........................................................... 125 

2.8.12 Flow cytometry analysis .......................................................................... 127 

2.9 Statistics ................................................................................................ 132 

Chapter 3 Paper I ............................................................................................... 133 

Systemic inflammation leads to neuronal loss and exacerbates behavioural deficits 

in a mouse model of chronic neuronopathic lysosomal disease .......................... 133 

3.1 Abstract .................................................................................................. 134 

3.2 Introduction ........................................................................................... 135 

3.3 Materials and Methods .......................................................................... 138 



 6 

3.3.1 Maintenance of mouse colonies .............................................................. 138 

3.3.2 Poly(I:C) preparation ............................................................................... 138 

3.3.3 Higher dose Intraperitoneal challenge ..................................................... 138 

3.3.4 Lower dose Intravenous challenge .......................................................... 139 

3.3.5 Sickness behaviour: burrowing test ......................................................... 139 

3.3.6 Y-maze  working memory test ................................................................. 139 

3.3.7 Tissue harvesting .................................................................................... 140 

3.3.8 ELISA ...................................................................................................... 140 

3.3.9 Immunohistochemistry ............................................................................ 140 

3.3.10 qRT-PCR ................................................................................................. 141 

3.3.11 Caspase 1 activity assay ......................................................................... 142 

3.3.12 Flow cytometry analysis .......................................................................... 142 

3.3.13 Experimental design ................................................................................ 144 

3.3.14 Statistical analysis ................................................................................... 144 

3.4 Results ................................................................................................... 145 

3.4.1 Acute administration of poly(I:C) induces a sickness behaviour 

responseéééééééééééééééééééééééééééééé...145 

3.4.2 High single poly(I:C) dose induces mild microgliosis in WT, with an apparent 

loss of astrocytes in both WT and MPS IIIA, and neuronal loss in MPS IIIA ....... 147 

3.4.3 High single dose poly(I:C) worsens Il-1ɓ activity in the serum and brain in 

MPS IIIA, and further exacerbates caspase-1 activity suggesting inflammasome 

activation ............................................................................................................. 149 

3.4.4 Low single poly(I:C) dose induces a monocyte driven innate immune 

response in the spleen which is more pronounced in MPS IIIA animals ............. 153 

3.4.5 Long-term administration of poly(I:C) adversely affects MPS IIIA behavior, 

but the effect is dose-dependent ......................................................................... 155 

3.4.6 Long-term exposure to poly(I:C) leads to increased significance of 

expression of several key pro-inflammatory genes in the CNS of MPS IIIA mice 157 

3.4.7 Long-term poly(I:C) administration leads to increased microgliosis in the 

cortex and amygdala of MPS IIIA mice ............................................................... 158 

3.4.8 Long-term poly(I:C) administration exacerbates astrogliosis in the cortex and 

amygdala, but leads to cell death in the hippocampus of MPS IIIA mice ............ 160 

3.4.9 Long-term poly(I:C) administration leads to neuronal drop-out in the 

hippocampus of MPS IIIA mice ........................................................................... 162 

3.5 Discussion ............................................................................................. 164 



 7 

3.6 Supplementary figures.......................................................................... 167 

Chapter 4 Paper II .............................................................................................. 171 

Developing an iPSC-based neural gene therapy approach for MPS IIIA disease 171 

4.1 Abstract .................................................................................................. 172 

4.2 Introduction ........................................................................................... 173 

4.3 Materials and Methods .......................................................................... 176 

4.3.1 Generation of Induced Pluripotent Stem cells from Human Fibroblasts .. 176 

4.3.2 Directed differentiation of iPSCs to NPCs and neurons .......................... 177 

4.3.6 Gene expression qRT-PCR ..................................................................... 178 

4.3.7 Vector copy number determination .......................................................... 179 

4.3.8 Droplet digital (dd) PCR .......................................................................... 179 

4.3.9 SGSH enzyme activity ............................................................................. 180 

4.3.10 Cross-correction ...................................................................................... 180 

4.3.11 Luciferase activity assay ......................................................................... 181 

4.3.12 Immunohistochemistry analysis of cells .................................................. 181 

4.3.13 Immunohistochemistry analysis of mouse brain ...................................... 182 

4.3.14 Maintenance of mouse colonies .............................................................. 182 

4.3.15 Intracranial injection of NPCs .................................................................. 183 

4.3.16 Y-maze spontaneous alternations ........................................................... 183 

4.3.17 Open-field test ......................................................................................... 183 

4.3.18 Tissue harvesting .................................................................................... 184 

4.3.19 Electophoretic tissue clearing with X-Clarity ............................................ 184 

4.3.20 Flow cytometry analysis .......................................................................... 184 

4.4 Results ................................................................................................... 186 

4.4.1 The derived iPSC lines displayed normal karyotype and retained MPS IIIA 

disease features .................................................................................................. 186 

4.4.2 The derived iPSC lines displayed pluripotency features .......................... 188 

4.4.3 The derived iPSC lines could be differentiated into NPCs ....................... 190 

4.4.4 Unaffected and MPSIIIA NPCs transduced with lentivirus overexpress 

enzyme that can cross-correct cells and can differentiate into neurons .............. 192 

4.4.5 Characterisation of the MPS IIIA/NSG mouse model .............................. 195 



 8 

4.4.6 Treatment with unaffected LV-transduced NPCs led to correction of 

behavioural abnormalities, while MPS IIIA LV-transduced NPCs exacerbated 

hyperactivity in MPS IIIA/NSG mice .................................................................... 198 

4.4.7 LV-transduced unaffected NPCs displayed higher integration, migration to 

different brain areas and enzyme secretion following intracranial injection ......... 200 

4.4.8 Intracranial injection of LV.NPCs partly ameliorated microgliosis following 

evaluation at 3 months post-treatment ................................................................ 203 

4.4.9 Intracranial injection of unaffected LV.NPCs led to normalization of 

lysosomal compartment and astrocytosis in MPS IIIA/NSG mice ....................... 205 

4.4.10 Unexpected tumours were found in the mice treated with MPS IIIA 

LV.NPCséé...éééééééééééééééééééééééééééé208 

4.5 Discussion ............................................................................................. 211 

4.6 Supplementary figures.......................................................................... 217 

Chapter 5 Conclusion ....................................................................................... 222 

5.1 Summary of findings ............................................................................. 223 

5.2 Limitations of the study and future work ............................................ 226 

5.2.1 Investigating the impact of systemic viral infections on MPS IIIA 

neuropathology ................................................................................................... 226 

5.2.1 The use of LV-transduced unaffected and MPS IIIA NPCs as a therapeutic 

strategy for MPS IIIA disease .............................................................................. 228 

5.3 Concluding statements ......................................................................... 231 

Chapter 6 References ....................................................................................... 233 

Appendix ............................................................................................................ 250 

 

 
[Word count: 53630] 

 

 

 
 
 
 
 

 

 
 



 9 

List of figures 
 

Additional figure 1: The stepwise degradation of heparan sulphate ..................................... 29 

Additional figure 2: Neuropathological features of MPSIIIA disease .................................... 35 

Additional figure 3: TLR4 signalling in response to danger .................................................. 38 

Figure 4: Il-1 feedback ........................................................................................................ 43 

Figure 5: Two-step model for innate immune system activation in MPS diseases ............... 50 

Additional figure 6: Cross-correction through haematopoietic stem cell transplantation ....... 57 

Additional figure 7: Ex-vivo haematopoietic stem cell gene therapy approach ..................... 58 

Additional figure 8: In vivo gene therapy ............................................................................. 61 

Figure 9: Desirable and undesirable outcomes for cell delivery in LSDs.............................. 67 

Additional figure 10: Clinical translation of IPSC-based neural gene therapy ...................... 72 

Figure 11: Analysis of ddPCR run ....................................................................................... 99 

Figure 12: Brain coronal section identification and fields of view for quantification ............ 109 

Figure 13: Schematic of brain sectioning and tissue clearance ......................................... 110 

Figure 14: Generation of the MPS IIIA x NSG mouse model ............................................. 112 

Figure 15: Schematic of acute single poly(I:C) challenge .................................................. 114 

Figure 16: Schematic of repeated poly(I:C) challenge ....................................................... 115 

Figure 17: Schematic of LV-transduced NPCs delivery to NSG mice ................................ 118 

Figure 18: Schematic representation of the burrowing test ................................................ 119 

Figure 19: Schematic representation of the y-maze .......................................................... 120 

Figure 20: Schematic representation of the open-field test ................................................ 121 

Figure 21: Analysing the MPS IIIA/NSG mouse model immune system ............................ 127 

Figure 22: Gating strategy for immune cells ...................................................................... 132 

Figure 23: Poly(I:C) induces a sickness behaviour response ............................................ 146 

Figure 24: High single poly(I:C) dose promotes astrocytic and neuronal drop-out in MPS IIIA 

mice .................................................................................................................................. 148 

Figure 25: Assessing the levels of pro-inflammatory cytokines and chemokines in plasma 

following poly(I:C) challenge ............................................................................................. 152 

Figure 26: Poly(I:C) induces an innate immune response in the spleen which is more 

pronounced in MPS IIIA disease ....................................................................................... 154 

Figure 27: Spatial working memory assessment in WT and MPS IIIA ............................... 156 

Figure 28: Long-term poly(i:c) administration leads to increased microgliosis in the cortex and 

amygdala of MPS IIIA ....................................................................................................... 159 

Figure 29: Long-term poly(I:C) administration exacerbates astrogliosis in the cortex and 

amygdala, but leads to cell death in the hippocampus of MPS IIIA.................................... 161 



 10 

Figure 30: Long-term poly(I:C) administration leads to neuronal drop-out in the hippocampus 

of MPS IIIA ........................................................................................................................ 163 

Figure 31: Gating strategy for innate immune cells ........................................................... 167 

Figure 32: Long-term administration of low poly(I:C) doses induces a sickness behavior 

response ........................................................................................................................... 168 

Figure 33: Expression of inflammatory genes in the brain following poly(I:C) treatment .... 169 

Figure 34: Long-term administration of low poly(I:C) doses does not induce a chronic 

inflammatory response in the spleen ................................................................................. 170 

Figure 35: The derived MPS IIIA iPSCs displayed normal karyotype and retained MPS IIIA 

disease features ................................................................................................................ 187 

Figure 36: The derived iPSC lines displayed pluripotency features ................................... 189 

Figure 37: Derivation and characterization of unaffected and MPS IIIA NPCs ................... 191 

Figure 38: Unaffected and MPS IIIA NPCs transduced with lentivirus overexpress enzyme that 

can cross-correct cells and can differentiate into neurons ................................................. 194 

Figure 39: Characterisation of the MPS IIIA/NSG mouse model ....................................... 197 

Figure 40: Assessment of behavioral correction following intracranial injection of LV.NPCs into 

MPS IIIA/NSG mice .......................................................................................................... 199 

Figure 41: Histochemical analyses following intracranial injection of unaffected and MPS IIIA 

LV.NPCs ........................................................................................................................... 202 

Figure 42: Evaluation of microgliosis levels following LV.NPC treatment........................... 204 

Figure 43: Evaluation of astrocytosis and lysosomal swelling following LV.NPC treatment 207 

Figure 44: Unexpected tumour formation following injection with MPS IIIA LV.NPCs ........ 210 

Figure 45: Gating strategy for immune cells ...................................................................... 217 

Figure 46: Behavioural characterization of the MPS IIIA/NSG model at 4 months of age .. 218 

Figure 47: Assessment of behavioural correction at 2 months following intracranial injection 

with LV.NPCs .................................................................................................................... 219 

Figure 48: Luciferase live imaging of LV-transduced unaffected and MPS IIIA-treated MPS 

IIIA/NSG mice ................................................................................................................... 220 

Figure 49: SGSH activity vs VCN value ............................................................................ 221 

 

 

 
 

 



 11 

List of tables 

 
Table 1: Classification of MPS Diseases ............................................................................. 26 

Table 2: qPCR reagents used for lentivirus titration ............................................................ 78 

Table 3: Nucleofection reagents .......................................................................................... 82 

Table 4: hESC culture knockout medium recipe .................................................................. 83 

Table 5: NIM recipe ............................................................................................................. 86 

Table 6: NEM recipe ........................................................................................................... 87 

Table 7: NDM recipe ........................................................................................................... 88 

Table 8: PCR conditions required for the amplification of the mutation in the MPS IIIA lines 93 

Table 9: Sequencing primers designed to check specific mutations in MPS IIIA lines ......... 94 

Table 10: Sequencing primers designed to check identity of PGK.SGSH plasmid .............. 94 

Table 11: cDNA master mix components and volume per reaction ..................................... 95 

Table 12: Thermocycler reaction parameters ...................................................................... 95 

Table 13: qPCR reagents .................................................................................................... 96 

Table 14: Gene expression assays used to assess the pluripotency and differentiation status 

of cells ................................................................................................................................ 96 

Table 15: Gene expression assays used to assess the expression of pro-inflammatory genes 

in mouse tissue samples ..................................................................................................... 97 

Table 16: Working concentration of qPCR reagents ............................................................ 98 

Table 17: ddPCR mastermix used to quantify the contribution of both vectors to the overall 

VCN .................................................................................................................................. 100 

Table 18: ddPCR mastermix used to quantify the contribution of LV.PGK.SGSH to the overall 

VCN .................................................................................................................................. 101 

Table 19: ddPCR parameters ............................................................................................ 101 

Table 20: Information on 4-methylumbelliferyl standards used for the SGSH enzyme activity 

assay ................................................................................................................................ 103 

Table 21: Information regarding primary antibodies for staining of iPSC and derivates ..... 105 

Table 22: Information regarding primary antibodies for immunofluorescent staining on free-

floating brain sections ....................................................................................................... 108 

Table 23: Buprenorphine dose .......................................................................................... 117 

Table 24: Working concentrations for coating antibodies .................................................. 122 

Table 25: Standard curves were generated using recombinant proteins ........................... 123 

Table 26: Working concentrations for detection antibodies ............................................... 123 

Table 27: Information regarding the antibodies used for flow cytometry analysis .............. 129 

Table 28: Antibodies used for flow cytometry analysis of spleens ..................................... 143 



 12 

Table 29: hESC culture knockout medium recipe .............................................................. 176 

Table 30: Gene expression assays used to assess the pluripotency and differentiation status 

of cells .............................................................................................................................. 178 

Table 31: ddPCR mastermix ............................................................................................. 180 

Table 32: Information regarding the antibodies used for flow cytometry analysis .............. 185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 13 

Abbreviations 
 
2S 2-O sulphation 

6S 6-O sulphation 

Aɓ Amyloid beta 

AAV Adeno-associated virus 

AD Alzheimerôs disease 

ADA Anti-drug antibody 

ALS amyotrophic lateral sclerosis 

ANOVA Analysis of variance 

AP Alkaline phosphatase 

AP-1 Activator protein 1 transcription factor 

APP Amyloid precursor protein 

ARSA Arylsulfatase A 

ASC (PYCARD) Apoptosis-associated speck-like protein containing a CARD 

BBB Blood brain barrier 

BCA Bicinchoninic acid 

BME ɓ-Mercaptoethanol 

BSA Bovine serum albumin 

cAb coating antibody 

CaT Catalase 

CCL Chemokine (C-C motif) ligand 

CLEAR Coordinated lysosomal expression and regulation 

CMV Cytomegalovirus 

CNS Central nervous system 

CS Chondroitin sulphate 

CSF Cerebral spinal fluid 

CXCL Chemokine (C-X-C motif) ligand 

dAb Detection antibody 

DAB 3,3'-Diaminobenzidine 

DAMP Damage-associated molecular pattern 

DAPI 4',6-diamidino-2-phenylindole 

DC Dendritic cell  

DMEM Dulbecco's modified eagle's medium 

DMSO Dimethyl sulfoxide 

DS Dermatan sulphate 

dsRNA Double stranded RNA 



 14 

E8 Essential 8 medium  

EC Extracellular 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

EM Embryoid bodies  

ERK Extracellular signalïregulated kinase 

ERT Enzyme replacement therapy 

FBS Fetal bovine serum 

FGF Fibroblast growth factor 

FSC Forward scatter 

GAGs Glycosaminoglycans 

Gal Galactose 

GALC ɓ-galactocerebrosidase 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GD Gaucherôs disease 

gDNA Genomic DNA 

GFAP Glial fibrillary acidic protein 

GFP Green fluorescent protein 

GlcNAc N-acetylated glucosamine 

GlcNS N-sulphated glucosamine 

Gpx1 Glutathione peroxidase 1  

H&E Haematoxylin and eosin 

HA Hyaluronic acid 

hESC Human embryonic stem cell 

HEK Human embryonic kidney 

HGSNAT Heparan-Ŭ-glucosaminide N-acetyltransferase 

HIV Human immunodeficiency virus 

HMGB1 High mobility group box 1 

HMW High molecular weight 

HS Heparin/heparan sulphate 

HSCGT Hematopoietic stem cell gene therapy 

HSCs Hematopoietic stem cells 

HSCT Hematopoietic stem cell transplantation 

HSV-1 Herpes simplex type 1 

IAV Influenza-A virus 

IdoA Iduronic acid 



 15 

IFN Interferon 

IGFR Insulin-like growth factor receptor 

IgG Immunoglobulin G 

IHC Immunohistochemistry 

IKK Inhibitor of nuclear factor kappa-B kinase 

IL-1 Interleukin 1 

IL-1R Interleukin 1 receptor 

IL-1Ra interleukin 1 receptor antagonist  

ILB4 Isolectin B4 

IMS Industrial methylated spirits 

IP-10 Interferon gamma-induced protein 10 

IPS-1 Interferon-ɓ promoter stimulator 1 

iPSC Induced pluripotent stem cells 

IRAK Interleukin-1 receptor-associated kinase 

IRF interferon-regulatory factor 

ISSCR International Society for Stem Cell Research 

JNK c-Jun N-terminal kinase 

KSR KnockOut Serum Replacement  

KS Keratan sulphate 

LAMP2 Lysosome-associated membrane protein 2 

LB Luria-Bertani 

LBP LPS binding protein 

LDLR Low density lipoprotein receptor 

LMW Low molecular weight 

LPS Lipopolysaccharide 

LRRs Leucine rich repeats 

LSD Lysosomal storage disease 

LV Lentiviral vectors 

mAb Monoclonal antibody 

MAPK Mitogen-activated protein kinase 

MCP-1 Monocyte chemoattractant protein-1 

MDA5 Melanoma differentiation-associated protein 5 

MEF Mouse embryonic fibroblasts 

MIP-1Ŭ Macrophage inflammatory protein-1Ŭ 

MLD Metachromatic leukodystrophy  

MM Master mix 

MOI Multiplicity of infection 



 16 

MPS Mucopolysaccharidosis 

MU Methylumbelliferone 

MyD88 Myeloid differentiation primary response 88 

NAc N-acetylated 

NAGLU N-acetyl-Ŭ-glucosaminidase 

NDM Neural differentiation medium 

NDST Heparan sulphate N-deacetylase/N-sulfotransferase 

NEAA Non essential amino acid  

NeuN Neuronal nuclei 

NF-əB Nuclear factor ə-light-chain-enhancer of activated B cells 

NHDF Normal human dermal fibroblasts 

NIM neural induction medium 

NLR Nucleotide-binding oligomerization domain-like receptor 

NLRP3 NACHT, LRR and PYD domains-containing protein 3 

NOS reactive nitrogen species  

Nos3 Nitric oxide synthase 3  

NRE Non-reducing end 

NPC neural progenitor cell 

NPC-1 Niemann-Pick disease, type C1 

NS N-sulphated 

NSC Neural stem cell 

NSG NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

NTC Non-transduced control 

p38 P38 mitogen-activated protein kinases 

PAMP Pathogen-associated molecular pattern 

PBS Phosphate-buffered saline 

PBS-T Phosphate-buffered saline + Tween 

PC Pharmacological chaperone (PC) 

PCR Polymerase chain reaction 

PD Parkinsonôs disease 

PEI Polyethylenimine 

PFA Paraformaldehyde 

PG Proteoglycan 

Poly(I:C) Polyinosinic:polycytidylic acid 

PPS Pentosan polysulfate 

PRR Pattern recognition receptor 

P/S Penicillin/streptomycin  



 17 

PYD Pyrin domain 

qPCR Quantitative polymerase chain reaction 

RANTES Regulated on activation, normal T cell expressed and secreted 

rh Recombinant human 

RI Rock inhibitor  

RIG-I Retinoic acid-inducible gene I 

RIPK1 Receptor-interacting protein kinase 1  

RLR RIG-I-like receptor 

ROS Reactive oxygen species  

RPMI Roswell park memorial institute medium 

SD Standard deviation 

SDC4 Syndecan-4  

SDF-1 Stromal cell derived factor-1  

SEM Standard error of the mean  

SGSH N-sulphoglucosamine sulphohydrolase 

siRNA Small interfering RNA 

Sod Superoxide dismutase  

SRBCT Small round blue cell tumour  

SSC Side scatter 

TAB TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 2 

TAK Mitogen-activated protein kinase kinase kinase 7 

TBK1 TANK-binding kinase 1 

TBS Tris-buffered saline 

TIR Toll/Interleukin-1 receptor cytoplasmic domain 

TLR Toll-like receptor 

TMB 3,3',5,5'-Tetramethylbenzidine 

TNF-Ŭ Tumour necrosis factor-Ŭ 

TRAM Translocating chain-associated membrane protein 

TRAF Tumor necrosis factor receptorïassociated factor  

TRIF TIR-domain-containing adapter-inducing interferon-ɓ 

UA Uronic acid 

VCN Vector copy number 

WBC White blood cell 

WPRE Woodchuck hepatitis virus posttranscriptional regulatory element 

WT Wild-type 

 



 18 

Abstract 

Mucopolysaccharidosis type IIIA is a rare paediatric lysosomal storage disorder, caused by 

the progressive build-up of heparan sulphate within the lysosome. The disease is marked by 

neurocognitive decline, as well as behavioural problems, which typically culminates in death 

within the second decade of life. Interestingly, a more severe neurological impairment has 

been observed in Mucopolysaccharidosis IIIA patients following recovery from a flu-like 

infection, which indicates that inflammation is highly involved in disease progression. In order 

to test this hypothesis, we performed acute and long-term studies in which wild type and 

Mucopolysaccharidosis IIIA mice were challenged with either high or low doses of the Toll-like 

receptor 3 viral mimetic poly(I:C) to mimic moderate or mild flu-like infections, respectively. 

Our data indicated that repeated mild infections trigger a hyperactivation of microglia, which 

mount a robust IL-1ɓ inflammatory response, culminating in reduction of glial fibrillary acidic 

protein+ astrocytes and neuronal loss in the hippocampus of Mucopolysaccharidosis IIIA mice. 

Strikingly, the impact of systemic infections on behaviour appeared to be viral load dependent, 

with only repeated moderate infections causing exacerbation of the existing working memory 

deficits. Simultaneously, we also developed a novel regenerative therapy to target the 

irreversible neuronal loss observed in Mucopolysaccharidosis IIIA, potentially providing an 

alternative treatment for patients that cannot access current clinical trials. In this respect, we 

generated induced pluripotent stem cell-derived neural progenitors  from unaffected and 

Mucopolysaccharidosis IIIA patient fibroblasts, which were then genetically manipulated via a 

lentivirus to overexpress the SGSH enzyme. Strikingly, delivery of lentivirus-transduced 

unaffected neural progenitors into 2 month-old Mucopolysaccharidosis IIIA/NSG mice led to 

complete correction of the spatial working memory deficits, together with normalisation of the 

lysosomal compartment and significant reduction of neuroinflammation. Conversely, injection 

of lentivirus-transduced Mucopolysaccharidosis IIIA neural progenitors did not rescue the 

behavioural phenotype, nor the neuropathology. Overall, this thesis presents evidence that 



 19 

neuronal replacement in combination with an anti-inflammatory therapy targeting IL-1 might 

provide a robust strategy to reverse Mucopolysaccharidosis IIIA neuropathology. 
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Journal Format Thesis 
 

This thesis has been written as a journal format thesis to reflect the two distinct aims as two 

separate journal manuscripts, and is therefore divided into five chapters. An overall 

introduction provides background details on Mucopolysaccharidosis, innate immunity and 

current treatments (Chapter 1). Most of Chapter 1 incorporates two published papers: ñInnate 

Immunity in Mucopolysaccharide Diseasesò published in International Journal of Molecular 

Sciences and ñGene-modified neural progenitor cells for the treatment of neuropathic 

lysosomal storage diseasesò published in Neural Regeneration Research (see Appendix). I 

have filled the gap between the two papers by adding an additional section titled ñCurrent 

therapeutic approaches for MPS diseasesò, in which I provided more information regarding 

treatment strategies for Mucopolysaccharidosis.  

The introduction is followed by an extensive materials and methods section (Chapter 2). A 

shortened version of materials and methods is also described in each manuscript.  

Chapter 3 describes the impact of systemic viral infections on MPS IIIA neuropathology and 

cognitive function and has currently been sent to Brain for publication. Chapter 3 incorporates 

data gathered from Dr. Helen Parker, during her PhD project.  

Chapter 4 presents an iPSC-based neural stem cell gene therapy approach to treat the 

neurocognitive phenotype in the MPS IIIA/NSG mouse model. This body of work was 

performed in collaboration with Prof. Tristan Mckay and the initial iPSC generation was 

conducted at the Manchester Metropolitan University.  

Finally, an overall discussion of this thesis and future experiments is presented in Chapter 5.  
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1.1 The Mucopolysaccharidoses 
 

The mucopolysaccharidoses (MPSs) are a rare heterogeneous group of lysosomal storage 

disorders (LSDs) (4.5:100,000 live births) [1] which result from the defective catabolism of 

mucopolysaccharides, also termed glycosaminoglycans (GAGs) [2]. This is caused by 

mutations in the genes encoding the lysosomal enzymes responsible for the degradation of 

GAGs [3], leading to lysosomal and extracellular accumulation of partly degraded GAG 

molecules. GAGs are long-chain linear negatively-charged sugars, whose repeating 

disaccharide units consists of an amino sugar, either an N-acetyl-D-glucosamine (D-GlcNAc) 

or N-acetyl-D-galactosamine (D-GalNAc), and an uronic acid, namely D-glucuronic acid (D-

GlcA), L-Iduronic acid (L-IdoA) or a galactose[4]. GAGs are normally found in proteoglycan 

structures, and include heparin/heparan sulphate (HS), chondroitin/dermatan sulphate 

(CS/DS), hyaluronan (HA) and keratan sulphate (KS) [5]. The lysosomal degradation of GAGs 

is a stepwise mechanism where individual sugars are removed from the end of the molecule 

by different enzymes. The deficiency in any of these enzymes results in eleven described 

mucopolysaccharide diseases (Table 1) [6].  
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Table 1: Classification of MPS Diseases 

 

Clinical symptoms usually manifest in patients during early childhood, although the onset and 

severity is quite variable amongst disease subtypes [3]. Generally, the accumulation of KS, 

CS and DS seems to be mostly associated with progressive skeletal dysplasia (dysostosis 

multiplex), cardiac conditions and hepatosplenomegaly. The subtypes caused by 

accumulation of HA are characterised by coarse facial features, dwarfism and soft tissue 

nodules surrounding the joint. Finally, the MPSs caused by incomplete HS degradation usually 

result in cognitive decline in patients, including abnormal behavior and neuro-inflammation 

[6,7]. In this regard, the Royal Manchester Childrenôs Hospital, as well as other clinicians 

looking after similar patients have anecdotally reported a more severe cognitive decline in 

MPS patients, following recovery from a flu-like infection, thus suggesting the implication of 

inflammation in disease progression.  

Category Disease Deficient enzyme Accumulating 

Substance 

Gene 

MPS I-S Scheie  

Ŭ-L-iduronidase 

DS, HS IDUA 

MPS I-HS Hurler-Scheie 

MPS I-H Hurler 

MPS II Hunter Iduronate 2-sulfatase DS, HS IDS 

MPS IIIA Sanfilippo Heparan N-Sulfatase HS SGSH 

MPS IIIB Ŭ-N-acetylglucosaminidase 

Acetyl-CoA-Ŭ 

NAGLU 

MPS IIIC glucosaminidase HGSNAT 

MPS IIID N-acetylglucosamine-6-

sufatase 

GNS 

MPS IVA Morquio A Galactosamine-6-sulfatase KS, CS GALNS 

MPS IVB Morquio B ȸ-galactosidase KS GBL1 

MPS VI Maroteaux-Lamy N-acetylgalactosamine-4-

sulfatase 

DS ARSB 

MPS VII Sly ɓ-Glucuronidase DS, HS, CS GUSB 

MPS IX Natowicz Hyaluronidase HA HYAL1 
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In fact, there is evidence to suggest that the progressive accumulation of GAGs might trigger 

an immune response that eventually gives rise to inflammation [8,9]. At the same time, the 

latter might also lead to changes that eventually cause the accumulation of secondary 

substrates, which themselves could be immunostimulatory [9ï11], thus establishing an 

inflammatory loop which leads to neurodegeneration. We have been interested in unveiling 

the link between the altered GAG catabolism and the inflammatory response and only now 

are we able to shed further light on the immunological perspective of disease.  

 

1.2 Pathology in MPSs  
 

1.2.1 Primary storage of GAGs 
 

The first step in MPS pathology is the excessive accumulation of GAGs in cells and 

extracellular matrix, due to their defective degradation pathway [6]. While MPS I, II and VII are 

characterised by storage of both HS and DS, the latter is usually not a peculiarity of MPS III, 

although there is evidence of a small DS increase in MPS III patient samples and animal 

models [12,13]. In fact, defective enzymes in MPS I, II and VII are involved in both HS and DS 

catabolic pathways [14], whereas defective enzymes in MPS IIIA, IIIB IIIC and IIID are involved 

in the stepwise degradation of only HS fragments (Additional Figure 1) [15]. A study on MPS 

I showed that accumulation of HS upregulates HS sulphation through a positive feedback 

mechanism, which could potentially worsen the neurological impairment [16]. Sulphated 

domains present on HS chains normally permit growth factor and protein guidance binding, 

thus excessive or abnormally sulphated HS might disrupt or dysregulate HS-dependent 

processes, such as neuronal proliferation and survival, synaptic formation and function 

maintenance [17,18]. The addition of sulphate groups happens via glucosaminyl N-

deacetylase/N-sulfotransferase (NDST) Golgi enzymes, which direct N- and O-sulphation 

along the HS chains [19]. In this respect, significant increases in N-, 6-O-, and 2-O HS 

sulphation were detected in MPS I mouse liver, MPS I, IIIA and IIIB mouse brain [18] and in 

MPS I patient serum and urine [16].  
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Especially, increased levels of tri-sulphated disaccharide GlcA(2S)-GlcNS(6S) or IdoA(2S)-

GlcNS(6S) were observed in MPS I, IIIA and IIIB mouse brains, with a consequent reduction 

in non- and mono-sulphated disaccharides [18]. Notably, many chemokines rely on HS as a 

coreceptor for binding their cognate ligands, and sulphation state is important in regulating 

this interaction [9,20,21]. Interestingly, some of these HS co-factors seem to prefer binding to 

2-O sulphated regions. Among these factors there is the stromal cell derived factor-1 (SDF-1 

or CXCL12)[18], which is involved in calcium release and chemotaxis in neutrophils, 

monocytes and T lymphocytes [22] via CXCR4.  
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Additional Figure 1: The stepwise degradation of heparan sulphate 

Heparan sulphate is degraded by series of lysosomal enzymes within the lysosomes. Deficiencies in 

each enzyme results in various MPS disorders, as illustrated on the right side. Figure adapted [23]. 

Created with BioRender.com. 
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In this respect, it has been showed that when CXCL12 is sequestered by 2-O sulphated HS, 

haematopoietic migration in MPS I is hampered [21]. Others have proved that 2-O-sulphated 

HS are crucial for the high binding affinity of vascular endothelial growth factor A, IL-8 and 

fibroblast growth factor (FGF) [24,25]. As far as the latter is concerned, signal transduction is 

only possible when at least one 6-O sulphate group is present, thus implying a 6-O-sulphation-

mediated FGF2/HS/FGF-receptor ternary complex generation [26]. Since FGF-2 regulates 

neural stem cells (NSC) propagation, abnormalities in HS may result in dysfunctional FGF-2-

mediated proliferation of MPS multipotent progenitors, and possibly to impaired synapse 

formation and neurogenesis [27].  

In addition, studies on MPS I animals revealed that 6-O-sulphated forms have a higher affinity 

binding for Wnt protein compared to its receptor Frizzled, thus resulting in blockage of signal 

transduction [28].  

Absence of the enzymes required for GAG degradation also leads to the formation of unique 

non-reducing end (NRE) structures of GAG chains. In this regard, reversed phase high-

performance liquid chromatography analysis revealed a specific non-reducing end 

disaccharide, which is uniquely present in MPS IH patients and Idua deficient mice, thus 

representing a possible diagnostic disease marker [16]. Furthermore, this specific 

disaccharide storage, together with overall HS levels, was lower in the brain than in other 

tissues. These findings suggest that either GAG accumulation may be a slower process in the 

brain or, as an alternative, that neurons present a different pathological threshold for storage 

[16]. Later, Lawrence et al revealed that there are specific non-reducing end disaccharides for 

all the deficient enzymes in HS/DS catabolism in the mucopolysaccharide diseases [15] and 

proposed that these NRE GAGs were the pathological component of the GAG. Indeed, as 

they were able to detect NRE GAGs in plasma and urine of patients, this suggests that these 

GAG fragments have already been partially degraded to their current state in the lysosome, 

and then trafficked by an unknown mechanism to the plasma and urine, where they have the 

potential to interact with toll like receptors (TLR), important for innate immunity.  
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Finally, HS chain length is also important for HS facilitation of chemokine binding [20], with a 

minimum of between a hexamer and 18-20mer disaccharide required to stimulate binding, 

depending on the context. Little is currently known about the chain length of HS accumulated 

in MPS diseases, but data from Parker et al suggest that the GAG accumulated is sufficient 

to promote excess activation of TLR4 nonetheless [9]. 

Very little is known about the effects of DS accumulation in the development of MPS I and III 

neuropathology. It is acknowledged that IDUA deficient animals may present high levels of 

IdoA-containing DS [16], which is generally involved in growth factor and chemokine binding.  

Not only IdoA-DS has been proved to interact with FGF and specific brain molecules, but it 

also plays a key role in modulating neural plasticity and regeneration [29]. As far as the somatic 

symptoms are concerned, DS seems to be a direct mediator of articular chondrocyte apoptosis 

through the activation of the lipopolysaccharide (LPS) signaling pathway (TLR4, potentially 

TLR2/6) in several MPS diseases. These include type I, II, VI and VII, where patients all 

experience progressive joint stiffness [30] and progressive airway pathology and remodeling  

[31]. Indeed a retrospective study of adenoid and tonsils from patients with MPS I, IIIA, IV, and 

VI, suggested significant basement membrane remodeling, associated with GAG storage [32], 

likely stimulated by an inflammatory environment. Simonaro et al directly linked bone and joint 

pathology in MPS VI and VII animals to stimulation of the TLR4 pathway [8,33]. The role of 

KS in pathology in MPS IV is again very poorly understood and unclear. Whilst there may be 

accumulation of secondary storage molecules to some extent, and airway remodeling and 

basement membrane remodeling in adenoids and tonsils is evident [32], it is likely that KS 

itself is somehow also involved in the severe inflammatory responses seen in MPS IV patients 

[34]. 
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1.2.2 Lysosomal stress 
 

By being the first site of GAG storage, the lysosomes are usually characterised by abnormal 

morphology[35]. Notably, lysosomal swelling and vacuolation were reported in MPS mice 

neurons and glia [13,18,36] as well as in MPS human neural stem cells (NSC) [37,38]. 

Abnormalities in lysosomal morphology could be predictive of jeopardised lysosomal 

membrane integrity and permeability [35]. This hypothesis is supported by a study on MPS I 

mice, where a lower content of H+ was detected in lysosomes, along with increased storage 

of cytosolic Ca2+ and cysteine proteases activity [39]. Overall, the altered pH homeostasis and 

molecules leakage not only might compromise the acidic organelle function, but could also be 

directly implicated in inflammation (Additional Figure 2) [35]. In particular, the reduction in H+ 

consequently leads to increasing pH in acidic compartments, which was proved to ultimately 

jeopardise the autophagosome-lysosome fusion (macroautophagy) in Chinese hamster ovary 

cells [40]. This fusion event is crucial to effectively achieve degradation of cellular contents 

and recycling [41]. At the same time, there is evidence that altered pH and increasing cytosolic 

Ca2+ concentration might also hamper early and late endosomes fusion, as well as late 

endosome and lysosome fusion [39]. This will in turn have an impact on autophagy, as recent 

data proved that its efficiency depends extensively on the endocytic pathway [42]. Strikingly, 

dysfunction in the autophagosome-lysosome fusion process was detected in MPS IIIA and 

MPS IH mice [37,43], thus suggesting impaired autophagy. Moreover, MPS IIIA mice also 

showed lack of the lesion-associated late endosomal/lysosomal protein LIMP-2 [44].  

In addition to altered lysosomal homeostasis, oxidative stress caused by mitochondrial 

dysfunction has also been described in nearly all the MPS diseases (Additional Figure 2) [45ï

48], which could contribute to worsening of inflammatory pathology through the release of 

reactive oxygen species (ROS) and reactive nitrogen species (NOS) [49,50]. In this respect, 

Hurler syndrome is marked by elevated cytochrome b558 expressing microglia, which 

suggests possible NADPH oxidase-dependent oxidative burst in phagocytes [50].  

In MPS I and IIIA brain, as well as MPS IIIA peripheral organs, a high increase in the 

expression of mRNAs for oxidative stress markers was detected [47,49]. Moreover, elevated 
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lipid peroxidation, as well as imbalanced antioxidant enzyme activity was observed in MPS I, 

II and IIIB patients [45]. In particular, increased activity in superoxide dismutase and catalase 

enzymes was identified in multiple organs, including the brain, thus implying impaired cell 

homeostasis [50]. Whole transcriptome analysis of MPS II murine cerebral cortex showed 

upregulation of the NADPH-oxidase complex components (Ncf1, Ncf4 and Cyba), nitric oxide 

synthase 3 (Nos3) and glutathione peroxidase 1 (Gpx1). Catalase (CaT) and superoxide 

dismutase (Sod) remained unchanged suggesting oxidative stress dysregulation [51] in the 

MPS II murine model. Overall, these findings suggest existing oxidative stress in MPS 

diseases, although the potential causative mechanisms behind it (macrophage activation, 

defective autophagy and lysosomal impairment) still need to be elucidated [47].  

Furthermore, increased levels of ROS have been proved to have detrimental effects on both 

neurons and glial cells in several MPS types [48,52].  

 

1.2.3 Secondary molecules  
 

It has been hypothesised that the alteration in lysosomal pH may lead to the accumulation of 

secondary molecules within the lysosomes [39], which in turn aggravates impaired lysosomal 

homeostasis (Additional Figure 2). As such, secondary accumulation of sialic acid containing 

glycosphingolipids, termed gangliosides, has been observed in several LSDs, including MPS 

I, II, III, VI and VII [18,53]. This seems to result from the inhibition of ganglioside degrading 

enzymes caused by the progressive accumulation of GAGs [49]. Gangliosides are normally 

highly expressed in the CNS and are located at the plasma membrane level [54], where they 

are involved in a variety of functions, such as cytokine and growth factor activity regulation, 

neural morphology, synaptogenesis, cell recognition and apoptosis [55]. Thus, it has been 

hypothesised that GM ganglioside secondary storage contributes to neurodegeneration.  

Interestingly, progression in GM2 ganglioside storage was detected during the first 4 months 

of age in MPS I and MPS III mouse models [18]. Together with proteins, sphingomyelin and 

cholesterol, gangliosides form lipid rafts at the surface of neurons, which play a key role in 

mediating signaling pathways involved in neural development and differentiation [56]. Notably, 
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GM2 and GM3 gangliosides seem to be sequestered in vesicles, eventually forming granular 

cytoplasmic structures via an unknown mechanism [57].  

Moreover, gangliosides are found to be sequestered in association with cholesterol in MPS I 

and MPS III mice [53], thus suggesting defective composition and/or turn-over of the lipid rafts, 

which could also elucidate neuronal dysfunction in MPS disorders [58]. The secondary storage 

of gangliosides observed in MPS I and MPS III mice [18] could also be related to inflammation.  

In fact, following a microarray-based analysis of the inflammasome related genes in GM1 

gangliosidosis [59], a high expression of the inflammasome pathway was observed in GM1-

NPC, with a similar pattern been witnessed in GM2. In MPSIIIA, GM2 was found to stimulate 

TLR4 and precipitate a priming response, as well as an activation response when combined 

with GAG pre-stimulation of mixed glia [9].  

Along with the accumulation of cholesterol, secondary accumulation of other classes of 

molecules has also been reported in several MPSs, especially in MPS I, II and III [49]. Notably, 

hyper-phosphorylated Tau, as well as beta amyloid (Aɓ) have been detected in both MPS IIIA 

and IIIB mouse brain [60,61]. As far as Aɓ is concerned, increased levels of neuronal HS were 

proved to impede brain Aɓ clearance and support Aɓ aggregation and amyloid plaque 

deposition in AD [62]. Furthermore, increased secondary storage of glypicans, as well as 

autophagy-related proteins were observed in the medial entorhinal cortex of MPS mice, with 

higher levels reported in Sanfilippo mice, compared to MPS I and MPS II [61,63]. Finally, MPS 

IIIA mice were also marked by secondary accumulation of Ŭ-synuclein [44], a member of the 

synuclein family of proteins, which are known to localise to synaptic terminals under 

physiological conditions [64]. Thus, Ŭ-synuclein accumulation might suggest altered 

neurotransmission in MPS IIIA. This is further supported by changes in pre- and post-synaptic 

compartments, caused by reduction in pre- and post-synaptic proteins, with no loss of 

synapses, in both MPS I and MPS IIIA mice [18].  
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Additional Figure 2: Neuropathological features of MPSIIIA disease 

The first step in MPSIIIA pathology is the excessive lysosomal accumulation of HS. Disrupted lysosomal 

homeostasis, seems to also lead to the accumulation of secondary molecules, which further aggravates 

the state of the lysosome, with loss of membrane integrity and permeability (A). Dysfunctional 

lysosomes can jeopardise the autophagosome-lysosome fusion, eventually leading to impaired 

autophagy (B). The latter results in reduced degradation of cellular contents, including clearing of 

dysfunctional mitochondria (C), which are normally associated with increased oxidative stress. Primary 

and secondary storage material also trigger an inflammatory response mounted by the innate immune 

system (D), which leads to microglia activation and subsequent gliosis (E). Finally, increased levels of 

ROS have been proved to have detrimental effects on both neurons and glial cells (F), which are also 

threatened by pro-inflammatory cytokines secreted by reactive glia. Created with BioRender.com. 
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1.3 Innate immunity in Mucopolysaccharidoses  
 

Acute inflammation is believed to be mediated mostly by the innate immune system [65]. This 

is the bodyôs first line of defence, with cells activated by tissue damage or pathogenic invasion. 

Notably, its main cellular elements include: macrophages, dendritic cells, natural killer cells, 

as well as epithelial cells [66]. These all display specific membrane-bound and cytosolic 

receptors, termed pattern recognition receptors (PRRs), which allow them to sense pathogen 

associated molecular patterns (PAMPs) [67] and damage-associated molecular patterns 

(DAMPs), ultimately activating signalling cascades that lead to the onset of adaptive immunity, 

phagocytosis or inflammation [66,68].  

These molecular patterns include infection related stimuli such as bacterial 

lipopolysaccharides (LPS) and viral components [69] as well as factors released in response 

to injury and cell death, including many of the storage substrates and ROS described above. 

At present, four classes of PRR are known: Toll-like receptors (TLRs), C-type lectin receptors, 

Retinoic acid-inducible gene-I-like receptors and nucleotide-binding oligomerization domain-

like receptor (NLRs) [65]. 

 

1.3.1 TLR signalling  
 

Currently 10 human and 12 mouse TLRs have been identified and classified into two groups 

based on their subcellular location:  either in the plasma membrane (e.g. TLR4, which 

responds to LPS) or within acidified endolysosomal compartments (e.g. TLR3, which responds 

to viral dsRNA) [70]. TLRs have a tripartite structure which includes: a leucine-rich repeats 

(LRRs)-enriched ligand-binding motif, a transmembrane domain and a cytoplasmic Toll/IL-1 

(TIR) receptor signalling domain [70]. Generally, the immunostimulants bind to the LRRs-

enriched ligand-binding motif, thus triggering TLR activation, which eventually culminates in 

the TIR receptor signalling domains-mediated recruitment of the adaptor molecules myeloid 

differentiation primary response gene 88 (MyD88) or TIR domainïcontaining adapter-inducing 

interferon-ɓ (TRIF) [66].  
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While MyD88 contributes to the activation of mitogen-activated protein kinases (MAPK) , c-

Jun N-terminal kinase (JNK) and NF-əB [71], eventually leading to cytokine and chemokine 

production, the TRIF-dependent pathway culminates in the activation of the interferon (IFN) 

response transcription factor IFN regulatory factor-3 and a number of IFN-ɓ-dependent genes 

[72] (Additional Figure 3). Interestingly, extracellular matrix components are thought to be 

recognised as damage-associated molecular patterns, which also bind to TLRs [73]. It has 

long been known that the glycosaminoglycan hyaluronan can induce TLR4-dependent 

inflammation [74]. In response to tissue injury, hyaluronan is degraded into small fragments 

which have the ability to activate innate immune cells via a TLR4 dependent mechanism in 

vitro and in vivo.  

Progressive accumulation or fragmentation of glycosaminoglycans in response to disease or 

injury could possibly elicit an innate immune response. There are several findings supporting 

the hypothesis that inflammation in mucopolysaccharidoses might be triggered through the 

activation of TLR4 signalling. Synovial fibroblasts obtained from MPS VI cats and rats, and 

MPS VII dogs showed increased expression of inflammatory molecules, including TLR4 and 

LPS binding protein (LBP)[75]. Moreover, TLR4 elevated expression coincided with a 

significant increase in NF-əB associated cytokines [75]. The same group enhanced their 

research by focusing on the TLR4 involvement in the pathogenesis of MPS bone and joint 

disease. Notably, when TLR4 was globally knocked out in MPS VII mice, restored facial and 

skeletal abnormalities were observed compared to normal diseased mice, as well as 

decreased expression of TNF-Ŭ in the serum [8]. With regard to Sanfilippo syndromes, 

incubation with MPS IIIB patient-derived HS oligosaccharides induced TNFŬ release in normal 

mouse microglia cultures, and higher mRNA levels of IL1ß and MIP1Ŭ. Interestingly, 

decreased microgliosis was observed in TLR4/MyD88 KO mice, thus suggesting HS 

stimulation of TLR4 and subsequent TLR4-dependent microglial priming.  
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Additional Figure 3: TLR4 signalling in response to danger  

PAMPs and DAMPs are recognised by TLR4; TLR4/MyD88 pathway starts on the plasma membrane, 

whilst TLR4/TRIF transduction begins after complex internalization into endosomes. TLR4 activation 

results in MyD88 adaptor protein recruitment, which is followed by the IRAK4/IRAK1/IRAK2/TRAF6 

complex assembly. The IRAK1/TRAF6 complex binds a secondary complex, TAK1/TAB2/TAB3, which 

activates an IKK complex, which culminates in the activation and nuclear translocation of NF-əB 

transcription factor. Simultaneously, TAK1 induces the mitogen-activated protein kinases (MAPKs) 

ERK1/2, p38 and JNK, thereby mediating AP-1 activation. Endocytosed TLR4 can signal via TRIF. The 

association with TRAF3 leads to TBK1 mediated activation of IRF3 and IRF7 and the production of type 

I IFNs. (Figure adapted [73]). PAMPs: pathogen associated molecular patterns; DAMPs: damage-

associated molecular patterns; TLR4: toll-like receptor 4; MyD88: myeloid differentiation primary 

response 88; MAL: myelin and lymphocyte protein; TRIF: TIR domainïcontaining adapter-inducing 

interferon-ɓ; IRAK: interleukin-1 receptor-associated kinase; TRAF: tumor necrosis factor receptorï

associated factor; TRAM: translocating chain-associated membrane protein; TAK: mitogen-activated 

protein kinase kinase kinase 7; TAB: TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 2; IKK: 

inhibitor of nuclear factor-əB (IəB) kinase; MAPK: mitogen-activated protein kinases; JNK: c-Jun N-

terminal kinase; ERK: extracellular signal-regulated kinase 1/2; TBK1: TANK-binding kinase 1; NF-Kb: 

nuclear factor kappa B; AP-1: activator protein 1; IRF: interferon-regulatory factor; IFN: interferon.  

Created with BioRender.com. 
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These experiments were then repeated in MPS IIIB mouse microglial cells; while higher 

amounts of IL1ß and MIP1Ŭ were produced in the diseased cells compared to wild-type, MPS 

IIIB TLR4/MyD88 KO mice showed suppression of microgliosis, with consequent reduced 

inflammation between 10 days and 3 months of age, with no change in the other disease 

markers, although inflammation re-emerged at 3 months of age [18,76]. Finally, our own 

research proved that TLR4 is also involved in MPS IIIA pathology. MPS IIIA mouse brains 

displayed increased expression of TLR4 and CD14 genes. Moreover, the treatment of WT 

mixed glial cultures with GAGs derived from MPS IIIA mice elicited an inflammatory response 

which was completely abrogated by inhibition of TLR4. However, this response was only 

partially reduced following neutralisation of CD14 and TLR4/MD2 [9]. 

 

There is an array of other endogenous factors which are able to interact with TLR4 and induce 

innate immune responses. DNA-binding protein high-mobility group box 1 (HMGB1) is 

released as a result of cell damage or death into the extracellular environment and has the 

capability of stimulating TLR4 in many neurological disorders with an inflammatory 

component. The levels of cytoplasmic HMGB1 are upregulated in reactive glia and spinal cord 

neurons in amyotrophic lateral sclerosis (ALS) patients [77] and similar expression of HMGB1 

was observed in post-surgery hippocampal specimens from patients with drug-resistant 

temporal lobe epilepsy [78]. HMGB1 and TLR4 expression are significantly higher in serum 

from Parkinsonôs disease patients, when compared to healthy volunteers; expression levels 

which correlated with disease severity and poor drug treatment outcomes [79]. Little evidence 

is available with regards to the expression patterns and role of HMGB1 in MPS. Whole 

transcriptome analysis of the MPS II murine midbrain was performed via RNA-seq. Pathway 

analysis of the autophagy and coordinated lysosomal expression and regulation (CLEAR) 

network showed upregulation of HMGB1, however there was an element of poor dysregulation 

when HMGB1 expression was analysed in other brain areas, e.g. cerebral cortex [51]. This 

may suggest that HMGB1 upregulation is the result of bystander effects and is likely not a 

main driver of inflammation in MPS.  
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The role of TLR4 has been well documented in many neurodegenerative diseases. TLRs 

contribute to Alzheimerôs disease (AD) pathophysiology by increasing the recognition of 

fibrillar amyloid-beta (Ab) and stimulating downstream signalling, as well as being implicated 

in the internalisation of Ab species. As previously mentioned, deposition and accumulation of 

Ab is not only observed in AD, but is also evident in both MPS patients and murine models of 

MPS [9,44,60,61,63,80ï83]. Whole transcriptome analysis through RNA-seq revealed 

upregulation of Apbb1 in MPS II murine brains, this gene encodes a protein which interacts 

with amyloid precursor protein (APP) and involved in AD pathogenesis.   

This correlates well with what other research groups have evidenced; Ginsberg et al., found 

that Ab (1-40) peptide was localised diffusely through the brains of MPS I and MPS III patients 

[80]. Others have also observed increased reactivity for APP, Ab peptides and 

hyperphosphorylated tau in MPS models within hippocampal and cortical regions important in 

learning and memory [9,60,61]. Another neurodegenerative disease, Parkinsonôs disease 

(PD) was recently linked to mutations in NAGLU (the enzyme deficient in MPSIIIB) [84]. The 

authors suggested that allelic changes in NAGLU increased patient susceptibility to 

developing Parkinsonôs disease, likely due to endo-lysosomal dysfunction. In a similar fashion 

whole transcriptome analysis of brains from MPS II mice showed upregulation of Scna, a gene 

involved in the production of a-synuclein [51]. Swollen interneurons within the brains of 

MPSIIIB patients were also positive for phosphorylated a-synuclein [81]. Beraud et al., showed 

that a-synuclein can directly activate microglia, inducing pro-inflammatory cytokine release 

and altering the expression of TLRs [85]. It is likely that accumulation of a-synuclein in MPS 

may not only play a role in inflammation, neurotoxicity and disease progression, but early in 

disease may affect TLR expression.  
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1.3.2 Inflammatory cytokines  

 

The signaling cascades triggered by the binding of TLR to an immuno-stimulant results in the 

activation of the macrophage itself, ultimately leading to the release of pro-inflammatory 

cytokines [68,86]. These are small soluble factors with pleiotropic functions, which are crucial 

in the up-regulation of the inflammatory response [87]. At the top of the signaling cascade two 

cytokines stand out: IL1 and TNF- Ŭ. While the former is involved in downstream activation of 

a number of other cytokines including IL-2 and IL-6 production [88], the latter is often a primary 

effector in bone and joint disease [89,90]. These cytokines are abundantly produced by 

activated peripheral leukocytes and resident CNS cells [91], and were also proved to be 

involved in the process of pathological pain [92]. Several groups have reported enhanced 

production of both peripheral and CNS pro-inflammatory cytokines in MPS diseases.  

As such, in MPS II and MPS IVA patients, high levels of TNF-Ŭ, IL-1ɓ, IL-6 and/or MIP-1Ŭ 

were detected in both plasma and serum [93].  

Moreover, increased production in liver and plasma MIP-1Ŭ, IL-1Ŭ, MCP-1, KC and RANTES 

were observed in MPS IIIB mice [13,36]. With regard to the CNS, the brains of untreated MPS 

II animals were marked by an increase in ILȤ1Ŭ protein, RANTES (CCL5), and monocyte 

chemoattractant protein (MCPȤ1/CCL2) [36]. Furthermore, cytometric bead array-mediated 

quantification of inflammatory cytokines in 9 month-old MPS I and III mouse brain showed 

increased levels of IL-1Ŭ, monocyte chemoattractant protein (CCL2) and MIP-1Ŭ [18], as well 

as both IFN-ɔ and its receptor [94]. Moreover, the inflammatory response obtained by 

stimulating murine glia with MPS III GAGs was characterised by upregulation of both TNF-Ŭ 

and IL-1ɓ [9,76], which is also detected in the mouse models.  Strikingly, when TLR4 was 

inhibited, the production of both TNF-Ŭ and IL-1ɓ was significantly decreased, thus ultimately 

suggesting a potential TLR4ïmediated inflammatory response in the MPS IIIA disease.  
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1.3.3 The role of cascade initiating cytokines TNFŬ and IL-1 

IL-1 is known to be implicated in a variety of functions which include: IL-2 and IL-6 production, 

enhancement of inflammatory reactions and development of neurodegenerative disorders[88]. 

Notably, both IL1Ŭ and IL1ɓ can bind to the IL1 receptor (IL1R) family, which include: IL1R1, 

IL1R2 and IL1R3 [95]. While the binding of IL1R1 leads to the activation of the NF-kB, MAPK, 

p38 and JNK signalling pathways [88], IL1R2 acts as a decoy receptor, eventually inhibiting 

the activity of its ligands [96]. Conversely, IL1R3 has been proved to act as a coreceptor, by 

forming a trimeric complex with IL1 and IL1R1 [95]. IL1 activity is modulated by the IL-1 

receptor antagonist (IL1-Ra), which competes for the IL1R1 binding site, eventually blocking 

IL-1-mediated cellular changes [92]. The balance between IL1 and IL1Ra has been proved to 

be crucial to maintain normal physiological conditions. In this regard, upon injection of LPS 

into healthy individuals, a first IL-1 peak was observed after 2 hours, followed by an IL1-Ra 

peak between 3 to 6 hours marked by 80-fold levels over IL-1 [97]. In fact, because of the 

spare receptor effect, very high levels of IL1Ra are required to achieve complete inhibition of 

IL-1 activity. Both IL1 and IL1RA are elevated in MPSIIIA (patients and mouse models) as well 

as several other MPS diseases and chronic inflammation appears to negatively impair the 

negative feedback loop (Figure 4).  
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Figure 4: IL-1 feedback 

Under normal conditions, TLR signaling leads to IL-1ɓ production. The cytokine binds to IL-1R1 which 

associates with the coreceptor IL1RAcP to form the high affinity interleukin-1 receptor complex. IL1 

activity is modulated by the IL1-Ra, which competes for the IL1R1 binding site, preventing association 

with IL1RAP to form a signaling complex. Due to the spare receptor effect, higher levels of IL1-Ra are 

required to fully inhibit IL-1. In MPS IIIA, GAG-induced TLR4 signaling results in increased production 

of both cytokines. However, with disease progression, the exacerbated production of IL-1 cannot be 

antagonized by adequately high levels of IL-1Ra, thus determining an imbalance in the negative-

feedback loop.  

 

A lentiviral-mediated haematopoietic stem cell (HSC) gene therapy approach was recently 

devised to target the IL-1 immune response and to investigate the effects of its abrogation on 

MPS IIIA neuroinflammation. Notably, MPS IIIA mouse HSCs were transfected with two 

different doses of lentiviral vectors expressing IL-1 receptor antagonist (IL-1Ra). Interestingly, 

lower expression of IL-1Ra (but still above physiological levels) resulted in the attenuation of 

IL-1 immune response, which in turn led to reduced microgliosis and astrogliosis in the CNS, 

as well as complete behavioural correction [9]. At the same time, the generation of MPSIIIA x 

IL-1R1-/- mice, to further investigate IL-1 signalling, also resulted in reduced brain glial 

activation, reversal of working memory deficits and normalisation of hyperactivity. Overall, 

while IL-1 seems to be the main effector of innate immunity in MPS IIIA disease, cognitive 

functioning relies on the correct balance between IL-1 and its antagonist. 
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While all the previous data conveys the idea that IL1 mostly drives inflammation in the CNS, 

TNFȤŬ seems to be primarily involved in the periphery. By binding to the TNFR1 receptor, 

TNFȤŬ mediates both pro-inflammatory and programmed cell death pathways [98]. In 

particular, TNFȤŬ is known to induce neutrophil recruitment, endothelial permeability and the 

production of prostaglandin E2, hence determining inflammatory pain. In this respect, 

increased levels of TNFȤŬ are associated with severe physical pain and impaired physical 

function in MPS I, II and VI patients [99]. Additionally, analysis of synovial fibroblasts and fluid 

from MPS VI rats, cats and dogs showed a 50-fold increase in TNFȤŬ [75]. Based on these 

findings, some anti-TNFȤŬ approaches have been used to treat the musculoskeletal symptoms 

in MPS VI rats [8,100]. Notably, not only the apoptosis of articular chondrocytes was reduced, 

but overall bone morphology and motor activity was ameliorated. Overall, these findings 

suggest the implication of the TLR4/TNFȤŬ signalling pathway in MPS bone and joint disease, 

and the TLR4/IL-1 in neurodegeneration.  

 

1.3.4 The NLRP3 Inflammasome and IL-1 
 

Full activation of innate immune responses requires both a priming response and a boost in 

which disease-specific substrates such as HS are essential for priming an IL-1ɓ response via 

TLR complexes, but other receptors/immune complexes, such as the inflammasome, must 

play a role in boosting the inflammatory response by triggering IL-1ɓ maturation and secretion. 

MPS IIIA GAG on its own does not seem sufficient to elicit IL-1ɓ secretion in vitro, as only a 

TLR4-dependent intracellular production of IL1ɓ is observed in response to the priming 

stimulus, and a second stimulus is required to elicit IL-1 ɓ secretion [9]. Consistent with this, 

increased levels of IL-1ɓ and IL-1Ra are detected in MPS III patient plasma and CSF, and 

murine plasma and organs, indicating that IL-1 is released from immune cells into its 

extracellular environment [9]. Inflammasomes are known to activate inflammatory caspases, 

which ultimately promote the maturation of both IL-1ɓ and IL-18 [101].  
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They are cytosolic protein complexes which were first described as signaling platforms 

containing a NLR [102]. Disturbed homeostasis derived from cellular damage or microbial 

infection can be sensed by inflammasomes, which respond by activating pro-inflammatory 

cytokines to engage both the innate and adaptive immune response [103]. In response to 

several pathogen-derived danger signals, canonical inflammasomes such as NLRP1, NLRP3, 

NLRC4, proteins absent in melanoma 2 (AIMS) and pyrin are assembled by the protein pyrin 

or by members of the NLR and HIN domain-containing (PYHIN) protein families and culminate 

in the activation of caspase-1. Non-canonical inflammasomes are activated by LPS and trigger 

the activation of caspases 4, 5 and 11 [101].  

 

To date, NLRP3 has been the most widely-characterised inflammasome [104], although the 

mechanisms regulating its activation still remain elusive [103] but include lysosomal disruption, 

hence its importance in lysosomal disease.  

The NLRP3 inflammasome has a tripartite structure formed by: a carboxy-terminal LRR 

(sensor molecule), a nucleotide-binding-and-oligomerization domain, and an amino-terminal 

pyrin domain (PYD) [103,104]. Following activation, NLRP3 monomers undergo 

oligomerisation and interact with the adaptor apoptosis-associated speck-like protein 

containing a C-terminal caspase recruitment domain (ASC) via PYDV [102]. Subsequently, 

ASC self-associates and recruits pro-caspase-1, which is eventually activated through 

proximity-induced autocatalytic activation [104], leading to IL-1ɓ and IL-18 maturation and 

pyroptosis [103]. Several studies have showed that NLRP3 activation requires at least two 

steps, termed as priming and assembly [105]. Generally, priming involves the engagement of 

PRRs (such as TLRs), which culminates in NF-kB activation, eventually leading to NLRP3 

transcription [106]. Furthermore, it seems that PRR signaling also triggers some specific post-

translational modifications in NLRP3 complex.  

Mainly, JNK1-mediated NLRP3 S194 phosphorylation has been proved to be pivotal for 

subsequent inflammasome K48-linked deubiquitination, which allows NLRP3 homo-

oligomerisation. Secondary stimulatory signals then lead to cellular events such as 
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ROS generation, potassium efflux, lysosome rupture or mitochondrial dysfunction, which 

eventually trigger inflammasome assembly, as extensively reviewed by Kelley et al [107]. 

While the role of these events still remains controversial, K+ efflux has proved to be a central 

NLRP3 activator [103]. In fact, not only it has been proved that decrease in cytosolic K+ 

concentration is sufficient to activate NLRP3 [108], but most of the activation models which 

have been proposed, converge on the potassium step. For instance, NLRP3 is known to be 

activated by plasma membrane channels or ionophores which all proved to render the 

membrane permeable to potassium [103]. Moreover, a recent study suggests that damaged 

lysosomal compartments lead to accumulation of multiple cytosolic cathepsins, which induce 

specific changes in plasma membrane potassium and calcium fluxes, hence leading to 

NLRP3-mediated inflammation [109]. In this respect, cathepsins have been proved to activate 

the NLRP3 inflammasome in Alzheimerôs disease microglia [110].  

Conversely, an association between disrupted autophagy and NLRP3 activation has been 

observed in Gaucher disease macrophages [111]. This seems to be due to the incapability of 

the damaged lysosomes to correctly fuse with phagosomes, engulf ubiquitinated 

inflammasomes and terminate their activity. Altogether, not only could this happen in MPS 

diseases, but there is a chance that TLR4-signaling itself might mediate NLRP3 priming, with 

the secondary stimulatory signals determining its full activation. In MPS IIIA brain tissue, 

increased expression of subunits, activators and downstream mediators of the NLRP3 

inflammasome were detected when compared to WT [9]. Interestingly, stimulation of WT-

mixed glia with secondary storage substrates such as ATP, cholesterol or amyloid-ɓ led to 

production of intracellular IL-1-ɓ (a priming response only), but only elicited significant IL-1-ɓ 

release (inflammasome activation), when cells were initially primed with MPS IIIA GAG, thus 

suggesting that both primary and secondary storage substrates are essential for 

inflammasome activation and IL-1ɓ secretion in MPS diseases.  

In addition, when repeating these experiments in Nlrp3 ī/ī mixed glial cultures, lacking this 

major inflammasome component, no secretion of IL-1ɓ was detected, hence confirming the 

involvement of NLRP3 inflammasome activation in this process. Overall, these findings 
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suggest HS/TLR4/IL1-signaling-depedent priming, and secondary storage material-mediated 

amplification of neuroinflammation via the NLRP3 inflammasome.  

The HS/TLR4/IL1-signaling-depedent priming had been proved also in MPS IIIB, where the 

GAGȤdependent immune responses were dramatically reduced in TLR4 and MyD88 knockout 

cells [76]. Nevertheless, although initial lack of microglial priming was observed in TLR4 and 

MyD88Ȥdeficient MPS IIIB mice, the onset of disease markers expression returned after 3 

months of age and similar levels of neurodegeneration were detected. This could be explained 

by the fact that HS and secondary storage substrates accumulation and autophagic 

dysfunction may still trigger other inflammatory pathways independent of TLR4, including 

other TLRs and the inflammasomes, eventually culminating in the prime-boost model which 

was just described.  

Finally, the bone and joint disease correction and lack of secondary storage-mediated 

amplification following TLR4 knock-out in MPS VII mice further proves the pivotal role of TNF-

Ŭ in the periphery, as opposed to IL-1ɓ [8].  

 

1.3.5 Cell death  
 

As previously mentioned, the NLRP3 inflammasome-mediated maturation of IL-1ɓ and IL-18 

leads to pyroptosis [103], namely the inflammatory process of caspase 1-dependent 

programmed cell death. This process is marked by increase of the cellular size, DNA cleavage 

and pore formation in the plasma membrane, thus leading to rupture of the latter and 

subsequent release of the pro-inflammatory cellular constituents into the interstitial tissue 

[112]. In Alzheimerôs disease (AD) microglia, it was observed that oxidative stress is crucial in 

the activation of cathepsin B, a cysteine protease which is believed to play a role in both 

NLRP3 inflammasome activation and neuronal death [110].  

In this respect, a recent study revealed elevated levels of cathepsins B in MPS IIIA mice [47]. 

Additionally, both in vitro and in vivo studies on microglial-secreted cathepsin B [18,113] 

highlighted the potential implication of the molecule in the loss of neurons and nervous system 



 48 

atrophy observed in MPS III. Conversely, although increased expression of both cathepsins B 

and D was detected in MPS I mouse hippocampus, no major neuronal loss is generally 

observed in MPS I mice [18,114]. In this regard, it could be possible that the proteolytic nature 

of these proteins may contribute instead to neuronal dysfunction and altered synaptic plasticity 

[114]. Furthermore, increased cathepsin B activity and leakage into the cytoplasm was also 

detected in MPS II neurons, along with increased IL-1ɓ and caspase-1 activity [115]. Although 

both caspase-mediated, pyroptosis differs quite substantially from apoptosis. In fact, the latter 

is characterised by cell shrinkage, chromatin condensation and disintegration of the nucleus, 

which eventually leads to plasma membrane blebbing and fragmentation into membrane-

bound apoptotic bodies. As these are quickly phagocytosed by macrophages, no inflammatory 

response is triggered [116]. In MPSs, reactive microglial release of TNF-Ŭ and MIP was proved 

to drive mitochondrial damage in MPS IIIC mice, which in turns mediates neuronal death [63]. 

In fact, TNF-Ŭ is known to induce two differential caspase-8 activation pathways that are 

modulated by different anti-apoptotic proteins [117]. In this respect, in MPS VI rats and cats, 

the higher presence of nitric oxide and TNF-Ŭ in the joints was associated to enhanced 

apoptosis of articular chondrocytes [118]. Microglial ROS release might also be associated 

with apoptosis. In fact, ROS seem to be responsible for the progressive loss of Purkinje cells, 

which is experienced in IDUA-knockout mouse models at 19 weeks of age [52]. Notably, 

periodic acid-Schiff staining unveiled accumulating material in the Purkinje cells of MPS I mice 

cerebellum, which is likely to cause lysosomal instability and oxidative damage in these cells 

[52]. 

 In MPS II NSCs, oxidative damage with metabolic dysfunction was proved to trigger astroglial 

degeneration, eventually leading to reduced synaptic density and apoptosis of neurons. This 

model was further confirmed when low oxygen conditions and vitamin E treatment reversed 

the astrocytes phenotype [48]. It was observed that severe hypoxic conditions can also induce 

necrosis, namely cell death caused by physiochemical insults [119].  

In particular, following hypoxic condition-induced necrosis, IL-1Ŭ was proved to be released 

into the extracellular space, eventually attracting monocytes through other chemokines [95]. 
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While necrosis was initially believed to be accidental, today it is thought to be a regulated 

process (necroptosis), characterised by cellular leakage, cytoplasmic granulation and 

organelle and/or cellular swelling [120]. Notably, this process is initiated through the TNFŬ 

signalling pathway and is dependent on the activity of receptor-interacting protein kinase 1 

(RIPK1) and RIPK3 [121]. Interestingly, recent studies demonstrated the key role of RIPK3 as 

activator of necrotic cell death in Gaucherôs disease (GD) neurons [122]. Notably, GD RIPK3 

deficient mice showed reduced neuronal and hepatic injury, as well as enhanced survival and 

motor coordination. However, RIPK3 also seems to drive inflammation through several 

necroptosis-independent functions; as such, absence of RIPK3 was discovered to suppress 

the TLR4-induced IL1ɓ production [123]. Thus, a potential interaction between the kinase and 

the NLRP3 inflammasome is hypothesised. 

 

1.3.6 Innate immunity in Mucopolysaccharide diseases 
 

Overall, we are now able to propose a two-step model for innate immune system activation 

that is probably similar across at least the MPS diseases, with MPSIIIA providing the bulk of 

evidence, but possibly more widely across other lysosomal diseases. In a first step, 

accumulation of GAG leads to priming via TLR4. Pathogenic GAG is highly sulphated, which 

seems to lower the priming threshold of TLR4. It is worth noting that multiple products could 

induce priming ï including TNFŬ, but the continued presence of GAG makes it a likely 

candidate for the continued priming of the innate system. As disease progresses, a number of 

factors occur including lysosomal enlargement, secondary storage, defective autophagy, 

mitochondrial dysfunction and reactive oxygen species production, defective calcium 

homeostasis, lysosomal leakage and release of cathepsin B.  

Several of these factors are able to directly induce the second step of NLRP3 inflammasome 

activation, whilst yet others (GM gangliosides, and even adventitious infection) may result in 

activation of other TLR pathways, thus providing further priming and/or activation.  The net 

result is production (Priming step) and release via caspase 1 cleavage (Activation step) of 
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mature IL1ɓ. This interacts with IL1R1 ï present on neurons and microglia, and precipitates 

multiple downstream events, including pyroptosis (caspase 3 mediated cell death) (Figure 5).  

 

Figure 5: Two-step model for innate immune system activation in MPS diseases 

The lack of lysosomal enzyme activity associated with MPS leads to the accumulation of highly 

sulphated GAG that could either be exocytosed and bind to TLR4 or released intracellularly due to 

lysosomal disruption. Secondary storage substrates may also activate TLR4 ï GM2 ganglioside for 

example. TLR4 signaling culminates in the activation of the NF-Kb pathway, which promotes pro-IL-1ɓ 

and NLRP3 transcription (Priming step), as well as transcriptional induction of other pro-inflammatory 

cytokines. Many of the pathological events associated with disease progression, such as defective 

autophagy, lysosomal leakage and cathepsin release, mitochondrial dysfunction, reactive oxygen 

species, and changes in potassium permeability, can further boost inflammation by triggering the 

NLRP3 inflammasome assembly and activation (Activation step). This eventually leads to secretion of 

mature IL-1ɓ via caspase-1 cleavage which, together with the other pro-inflammatory cytokines, causes 

multiple downstream events, such as microglia and astrocyte activation and neuronal degeneration, 

including pyroptosis.   
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1.4 Anti-inflammatory Therapies in MPS diseases  

 

1.4.1 CNS-targeting therapies 
 

Current approved therapies for MPS diseases bring very little benefit to neurocognitive deficits, 

and the abrogation of neuroinflammation still remains a challenge. In this regard, substrate 

reduction therapy, which aims at reducing GAGs synthesis, appears to be a promising option 

[124]. In fact, administration of Genistein, an isoflavone found in soy products, not only led to 

reduced levels of HS in MPS IIIB mice, but also noticeable reduction in astrogliosis and 

microgliosis within the cerebral cortex [125]. Furthermore, a one-year pilot study proved that 

oral administration of this molecule results in improved cognitive function in MPS IIIA and IIIB 

patients [126]. Sadly, the phase III trial in 20 MPSIII patients proved that genistein was 

ineffectual at reducing GAG content in the brain, and despite modest peripheral reduction in 

GAG, no neurocognitive benefit was observed [127]. Alternatives that are effective at reducing 

GAG or GAG sulphation would be of interest. 

Following identification of over-expressed inflammation-related and oxidative stress-related 

genes in the MPS IIIA mouse CNS, an aspirin treatment was carried out, and the genes were 

used as markers of neuroinflammation [47]. The treatment resulted in normalisation of 

inflammatory mRNA levels in MPS IIIA mouse brains, and reduction of oxidative stress also 

in the peripheral organs. Conversely, the corticosteroid Prednisolone was tested in MPS IIIB 

mice [128]. A striking decrease in astrogliosis, as well as improved long-term memory was 

observed in three- to five-week-old MPS IIIB mice, following daily administration of 

prednisolone for six months. A recent study showed no reduction in neuropathology following 

prednisolone treatment in 6 weeks to 8-month old MPS IIIB mice, yet correction of hyperactive 

behaviour and reduction of peripheral cytokines was achieved [13]. Overall, these findings 

suggest that reduction in peripheral inflammation with steroid treatment might be sufficient to 

alleviate the behavioural abnormalities in MPS mice.  
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As cytokines are known to be able to cross the BBB, but their major site of production is in the 

periphery, it might be surmised that reduction of the peripheral cytokine burden, could impact 

on the central burden in the brain. Prednisolone or other corticosteroids are not however a 

great option for patients, due to their long-term side effects. 

At present, targeting IL-1ɓ with IL-1ɓ antibodies or recombinant IL-1ɓ receptor antagonist 

represents the main therapeutic approach for NLRP3-related diseases; however, it is 

important to state that this strategy does not guarantee full inhibition of the immune response, 

as this can be further amplified by other cytokines, such as IL-18. As previously mentioned, 

Parker et al targeted IL-1ɓ by transfecting MPS IIIA mouse HSCs with lentiviral vectors 

expressing the IL-1ɓ receptor antagonist, IL-1Ra and also by generating an MPSIIIA x IL-1R1-

/- mouse model to knock out the IL1 receptor [9]. In both cases, blockage of IL-1ɓ action led 

to complete behavioural correction, although only a partial reduction was observed in 

microgliosis, astrogliosis and no changes in lysosomal swelling were observed, suggesting 

that the burden of disease was still present, but the link to pathology had been broken. This is 

probably due to the fact that this therapeutic approach did not address the primary GAG 

storage and secondary substrate accumulation, which has the potential to trigger several other 

inflammatory pathways, if left unresolved. Following these findings, a phase II/III clinical trial 

was recently developed for MPS III patients, based on Anakinra (interleukin-1 receptor 

antagonist) injections [129]. While this treatment aims at improving behaviour, sleep and 

seizure frequency, one of its downsides resides in the discontinuous delivery of the drug. In 

fact, by being an immunosuppressive medicine, it could be detrimental if administered to 

patients with ongoing infections, which are known to be recurrent in MPS III [130] and these 

factors should be carefully weighed against possible benefits, ideally in a randomized 

controlled trial.  Targeting IL-1ɓ has also a potential for untargeted immunosuppression, as 

this cytokine can be produced by other inflammasomes, as well as other inflammatory 

pathways [131].  

In fact, by being a potent stimulator of haematopoiesis and an accessory signal for lymphocyte 

activation, inhibition of this cytokine might have detrimental effect on both innate and adaptive 
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immune responses, hence leaving the patient with a dysfunctional defence line against 

infection or injury [132]. For these reasons, pharmacological inhibitors of NLRP3 

inflammasome might determine a more specific and robust abolition of neuroinflammation in 

MPS diseases. As such, MCC950, a small-molecule inhibitor of NLRP3 inflammasome proved 

to efficiently block both canonical and noncanonical NLRP3 activation in human and mouse 

macrophages [133]. In particular, the molecule induces reduction of IL1ɓ by preventing 

NLRP3-induced ASC oligomerisation, but it does not interfere with the activation of other 

inflammasomes, such as NLRP1 or NLRC4. Another possible candidate could be the anti-

allergic drug Tranilast, which was discovered to inhibit NLRP3-NLRP3 interaction and ASC 

oligomerisation by binding to the NACHT domain of NLRP3 [134]. Hence, the drug acts via an 

ATPase independent manner and does not intervene in the upstream signalling pathway of 

the inflammasome. Moreover, Tranilast was further tested in several mouse models of NLRP3-

related diseases and proved to have beneficial effects on the clinical phenotype [131]. 

 

1.4.2 Periphery-targeting therapies  
 

Another potential therapeutic target is the TLR4-TNFŬ pathway. As previously mentioned, 

Simonaro and their group proved that anti-TNFŬ drugs can improve musculoskeletal 

manifestations in MPS diseases [8]. In addition, combining ERT with Infliximab-based therapy 

induced ameliorated motor function in MPS VI rats [100]. Based on these findings, clinical 

trials are being conducted in MPS patients, mostly addressing the treatment of joint and bone 

symptoms [135]. Both infliximab and adalimumab, targeting TNFŬ, are potential candidates 

for bone and joint disease. A similar approach was performed by administering pentosan 

polysulfate (PPS), which is a TNFŬ antagonist and HS mimic [73]. This anti-inflammatory drug 

not only led to improved clinical outcome in MPS VI rats after 8-month treatment [136], but 

also reduction of GAG storage in urine. In addition, decreased pro-inflammatory cytokines 

levels were found in the cerebrospinal fluid of MPS I dogs, following subcutaneous 

administration [137].  
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Notably, clinical trials in MPS I patients resulted in drug toleration and improved bone and joint 

symptoms [138].  

All in all, PPS might be a potential drug for the treatment of neural inflammation in MPS I and 

MPS IIIA diseases; in this regards, future studies should analyse the clinical outcomes related 

to the CNS injection of the drug or enhance its BBB permeable properties; in fact, the size of 

the molecule might limit its passage across the BBB. Nevertheless, a central effect might be 

obtained if significant reduction of inflammation is achieved in the periphery.  

 

1.5 Conclusions 
 

We propose that the progressive accumulation of abnormal GAGs triggers an inflammatory 

response in MPSs, which is initiated by TLR4 activation (Figure 5). Altered highly sulphated 

GAG fragments are recognized as DAMPs, eventually triggering several signalling cascades 

which result in the activation of macrophages and microglia. The latter, in turn, releases a 

number of pro-inflammatory cytokines, such as TNF-Ŭ and IL-1, which induce progression 

through chronic neuroinflammation. While TNF-Ŭ is mostly associated with bone and joint 

disease in MPSs, IL-1 seems to be more involved in CNS inflammation. In this regard, our 

extensive review of disease pathology seems to suggest TLR4/IL1-signaling-dependent 

priming, and secondary storage material-mediated amplification of neuroinflammation. In fact, 

the priming results in the activation of the NF-Kɓ pathway, which could also subsequently 

prime the NLRP3 inflammasome assembly. Simultaneously, the progressive accumulation of 

primary and secondary substrates within the lysosome could eventually hamper a multitude 

of key functions, ultimately contributing to the full activation of the inflammasome (Figure 5). 

Once activated, the latter induces IL-1ɓ and IL-18 maturation and pyroptosis. Despite the 

presence of anti-inflammatory factors, such as IL10, IL1Ra, seen in many chronic conditions, 

we hypothesise that the negative feedback loop of IL1beta/IL1Ra is compromised by 

continuous production of proinflammatory cytokines. In all, not only is there significant 

evidence suggesting the involvement of the NLRP3 inflammasome in the chronic 

neuroinflammation observed in MPS diseases, but we propose IL-1 as a main effector of the 
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pathological effects of innate immunity in the neuropathological MPSs, including manifestation 

of altered behaviours. 

 

1.6 Additional section: Current therapeutic approaches for MPS 

diseases 

 

1.6.1 Enzyme replacement therapy  

 

Enzyme replacement therapy (ERT) consists of weekly or biweekly intravenous infusions of 

the recombinant enzyme to restore the metabolic defect. By exploiting the systemic circulation, 

the enzyme reaches multiple tissues, where it is taken up by cells through the mannose-6-

phosphate (M6P) receptor and delivered to the lysosomes through the endocytic pathway 

[139]. This process, also termed cross-correction, allows lysosomal function restoration in 

enzyme defective cells. While ERT has proved to be efficacious in treating urinary GAGs and 

peripheral organs, such as liver and spleen, cartilaginous organs such as bronchi, bones and 

eyes are poorly targeted by ERT, likely due to limited penetration in the specific tissue 

[139,140]. Additionally, ERT is not a suitable option to treat CNS pathology, due to the 

recombinant enzyme incapability to cross the BBB [140]; as such, ERT is not a treatment 

option for neuropathic MPS types, such as MPS IH and IIIA [141], while it is currently licensed 

for use in several other LSDs including MPS I, II IV, VI and VII. Furthermore, ERT also 

presents other therapeutic limitations, such as the incapability to provide the recipient with a 

continuous source of enzyme, as well as the potential to elicit an anti-drug antibody (ADA) 

response, which can ultimately hamper its efficacy or lead to hypersensitivity reactions [139]. 

In order to facilitate transport of the recombinant enzyme across the BBB, several strategies 

based on receptor-mediated transcytosis have been devised, particularly focusing on the 

transferrin receptor (TfR), insulin growth factor receptor (IGFR) and the low-density lipoprotein 

receptor (LDLR). 
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One such example is AGT-181, an enzyme replacement therapy to treat neuropathology in 

Hurler syndrome. Notably, the IDUA enzyme was re-engineered as an immunoglobulin G 

(IgG) fusion protein targeting the human insulin receptor located on the surface of the BBB. A 

phase II proof of concept clinical trial resulted in stabilised somatic symptoms and 

neurocognitive development in paediatric MPS I patients [142,143]. 

1.6.2 Pharmacological chaperones  

Over the past decade, pharmacological chaperone (PC) therapy has been proposed as a 

potential treatment for many genetic diseases that result from misfolded and/or unstable 

proteins, including LSDs [144]. PCs are small molecules that can selectively bind and stabilize 

mutant enzymes that retain their catalytic activity by facilitating proper folding and intracellular 

trafficking. This ultimately helps shielding the misfolded proteins from recognition by the 

endoplasmic reticulum quality control systems-mediated degradation, thus increasing their 

lysosomal levels and activity [144,145]. Notably, PC therapy can overcome some of the 

limitations associated with ERT. In this respect, PCs display good oral bioavailability, ability to 

diffuse across membranes and better distribution to several tissues, including the brain [146]. 

Furthermore, PC therapy can also provide a more stable source of enzyme, without inducing 

any immunogenicity. However, a major limitation of this therapy resides in the fact that it is 

only effective in patients with responsive mutations [146]. Several molecules have been 

developed for MPS diseases, but despite showing promising preliminary results, further 

studies should focus in the development of disease-specific in vitro and in vivo models that 

allow proper evaluation of PCs [147].  

 

1.6.3 Haematopoietic stem cell transplantation 

Initially, allogenic haematopoietic stem cell transplantation (HSCT) was the only available 

treatment for LSDs [139]. It was implemented as a therapy for Hurler syndrome over 30 years 

ago and it has since become the standard medical care for these patients [141]. It consists of 

intravenous infusions of healthy donor bone marrow-, umbilical cord blood- or peripheral 

blood-derived haematopoietic stem cells, following myeloablative conditioning of the 
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patient[148]. Donor-derived myeloid cells are then capable of migrating to the recipientôs 

organs, including the brain where they engraft as microglia and correct the neighbouring 

unmodified cells through cross-correction (Additional Figure 6) [149].  The extent to which the 

treatment is effective depends on the age of the patient and the disease stage at the time of 

the procedure, thus indicating limited therapeutic efficacy against pre-existing 

neurodegeneration [141].  

Furthermore, the effectiveness of transplantation is also highly dependent on the amount of 

endogenous enzyme provided to the brain; this is the case of MPS IIIA, where HSCT does not 

provide any benefit to the patients, likely due to a higher enzyme concentration threshold 

required to rescue the existing damage. Besides, allogeneic transplants also present some 

additional limitations, such as the requirement for a donor-recipient matching, the possible 

development of the graft-versus-host response or graft versus leukaemia effect [148].  

 

 

Additional Figure 6: Cross-correction through haematopoietic stem cell transplantation  

Following HSCT, donor-derived cells recapitulate the blood-system and secrete the missing enzyme 

into the circulation, where it is taken up by deficient host cells through cross-correction. In addition, 

donor-derived macrophages can cross the BBB and engraft in the brain, where they can also secrete 

the missing enzyme. Created with BioRender.com 
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1.6.4 Ex vivo gene therapy 

 

The HSCT limitations mentioned above were overcome with the use of ex vivo HSC gene 

therapy (HSCGT). Notably, ex vivo HSCGT consists of the isolation of patient target HSCs, 

subsequent in-vitro genetic manipulation to over-express the deficient enzyme and final re-

infusion into the subject after a chemotherapy regimen [141] (Additional figure 7). The genetic 

manipulation is achieved via delivery of viral vectors, which can gain access into the cell and 

provide a functional copy of the mutated gene [141]. For this approach, lentiviral vectors (LVs) 

seem to be the most suitable candidates, due to their ability to transduce non-dividing cells 

and their low risk of insertional mutations [141]. This strategy has recently been used in the 

clinic, with success, in the related condition metachromatic leukodystrophy (MLD) [150], where 

suspension of disease progression was achieved. 

 

 

Additional Figure 7: Ex-vivo haematopoietic stem cell gene therapy approach 

Ex vivo gene therapy is based on the isolation of HSCs form patient bone marrow or peripheral blood, 

transduction of these cells with a lentiviral vector expressing the therapeutic gene, and the re-infusion 

of the genetically altered cells back into the patient. Created with BioRender.com 
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A LV-mediated HSCGT approach was also developed for MPS IH disease. It consisted in the 

transduction of murine MPS IH HSCs with a LV expressing IDUA gene under a ubiquitous 

promoter and subsequent reimplantation into the mouse model [151]. Visigalli et al. reported 

supra-physiological levels of IDUA activity in several tissues, including the brain [151], along 

with complete reduction of storage material and amelioration of musculoskeletal defects. 

Strikingly, degeneration of the Purkinje cells was greatly reduced following this strategy, with 

subsequent cognitive improvements. Following a biodistribution study in NSG mice showing 

little toxicity and tumorigenic potential [152], a phase I/II clinical trial was conducted in Milan 

(NCT03488394). 2 years post-treatment, increased IDUA expression in the blood, reduction 

of both urinary and CNS GAGs, as well as improved motor skills were reported in patients. 

HSCGT represents a promising therapy also for MPS III patients. In this regard, a LV 

expressing the codon-optimised SGSH enzyme under a myeloid-specific promoter (LV-

CD11b-coSGSH) was used to transduce murine MPS IIIA HSCs, which were then 

transplanted back into 2-month old busulfan-conditioned MPS IIIA mice [153]. At 6 months 

post-treatment, the mice displayed 11% of wild-type SGSH activity in the brain, which led to 

normalisation of HS, secondary storage, neuroinflammation and behaviour. Following a recent 

proof-of-concept in human CD34+ stem cells [154], a phase I/II clinical trial was developed 

and is currently ongoing.  

 

1.6.5 In vivo gene therapy 

In-vivo gene therapy is also a therapeutic option for neuropathic LSDs. It relies on the direct 

delivery of viral vectors in order to provide a functional copy of the mutated gene [141] 

(Additional Figure 8). In this case, adeno-associated virus (AAV) vectors are the most 

implemented vector type, due to their broad viral tropism for different tissue types, as well as 

their long transgene expression and relatively low immunogenicity [141]. AAV-mediated gene 

therapy has led to CNS improvement in both MPS IH and MPS III animals. In a recent study, 

both MPS IH dogs and newborn rhesus monkeys underwent liver-directed AAV9-mediated 

gene therapy prior to intrathecal AAV delivery [155].  



 60 

It was observed that systemic administration during early immunological development induced 

tolerance to the transgene product, which allowed high expression of the missing enzyme in 

the CNS and subsequent correction of cognitive symptoms following intrathecal administration 

[155]. With regards to MPS IIIA disease, the intracerebroventricular administration of AAV2/5 

expressing SGSH and SUMF1 (an enzyme involved in the post-translational modification of 

SGSH - AAV2/5.CMV.SGSH.IRES.SUMFI) into 5-week old MPS IIIA mice led to amelioration 

of lysosomal storage, inflammation and cognition [156]. As a result, a phase I/II clinical trial 

(NCT01474343) lycensed by Lysogene, Inc. was conducted in four patients, but although 

some improvements were initially observed, patients experienced decline in fine motor 

movements, together with increased brain atrophy [157]. Another group focused on the 

intravenous administration of a self-complementary AAV vector expressing SGSH (scAAV9-

U1a-hSGSH) in MPS IIIA mice at 1, 2, 3, 6, and 9 months of age. This treatment strategy led 

to improved learning ability and normalised lifespan in the mice treated up to 3 months of age, 

and stabilisation of behavioural abnormalities in the mice that were treated up to 6 months of 

age[158]. Subsequently, a phase I/II clinical trial based on scAAV9.U1a.hSGSH gene therapy 

(NCT02716246), delivering the missing SGSH transgene was initiated and resulted in 

improvement or stabilisation of cognitive decline only in MPSIIIA patients treated prior to 30 

months of age, as reviewed by [159]. Overall, these outomes provide evidence for the need 

of early intervention in MPS IIIA disease.   
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Additional Figure 8: In vivo gene therapy 

Routes of AAV administration to target the CNS include: direct intracranial delivery, intrathecal injection 

and intravenous delivery. Created with BioRender.com 

 

 

Overall, we have extensively reviewed the current treatment strategies for MPSs. However, a 

regenerative medicine approach might also be beneficial for these diseases and such 

strategies will be thoroughly discussed in the next section.   
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1.7 Lysosomal storage diseases 

Lysosomal storage diseases (LSDs) are a family of about 70 disorders, with an overall 

incidence of 1:7000 live births. They are caused by dysfunctional lysosomal hydrolases, 

eventually leading to the accumulation of undegraded substrate into the lysosome [160]. This 

results in a wide array of symptoms, which may include: the presence of dysmorphic features, 

cardio-respiratory disease, bone and joint disease, organomegaly, developmental delay and 

neurocognitive decline. The majority of these diseases have a neurological component and in 

the absence of treatment, death often occurs in the first decades of life, with the neurological 

complications drastically undermining the patientôs quality of life, as well as their families [161]. 

1.8 Current treatment options for LSDs 

At present, the treatment of neuropathic LSDs is still a challenging area, due to the presence 

of the blood-brain barrier, which serves as a tight regulator of brain homeostasis. In this regard, 

enzyme replacement therapy, which consists of weekly or biweekly intravenous infusions of 

the recombinant enzyme, is only able to alleviate the somatic symptoms associated with LSDs 

[139,140]. Treatment efficacy relies on a process termed cross-correction, namely the ability 

of the defective cells to take up the circulating enzyme via mannose-6-phosphate receptor-

mediated endocytosis and restore lysosomal function. Hematopoietic stem cell transplantation 

also acts through the same cross-correction process, yet it provides a continuous source of 

the enzyme to the patient due to the ability of the monocytes derived from healthy transplanted 

hematopoietic stem cells (HSCs) to migrate, engraft into the recipientôs brain and secrete the 

enzyme [149]. Currently, hematopoietic stem cell transplantation is the standard medical care 

for severe mucopolysaccharidosis (MPS) type IH patients [141] and it has proved to provide 

benefits to the central nervous system (CNS) impairment observed in MPSIH, and to a lesser 

extent, MPSII, and VII. Providing supraphysiological levels of the deficient enzyme by 

modifying the donor HSCs via HSC gene therapy (ex vivo HSCGT), broadens the applicability 

of this approach.  
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Currently, metachromatic leukodystrophy is one of the best examples of HSCGT application 

for treating LSDs. A phase I/II clinical trial was conducted in metachromatic leukodystrophy 

children, who received autologous HSCs transduced with a lentiviral vector encoding the 

human arylsulfatase A (ARSA) cDNA, at pre-symptomatic or very early symptomatic stages 

[150]. Not only was ARSA activity restored both peripherally and in the cerebrospinal fluid, but 

most of the patients showed suspension of disease progression, a remarkable outcome in this 

disease. At the end of 2020, Libmeldy received EU marketing authorization for the treatment 

of metachromatic leukodystrophy. However, one patient who became symptomatic between 

apheresis and transplant was a poor responder on the trial, suggesting that treatment needs 

to occur in presymptomatic patients.  

 

1.9 Cell death in LSDs is not addressed by current therapies 

Overall, the current treatment options have the sole aim of providing the deficient enzyme, 

hence neglecting the need to replace any cells which are already extensively damaged. In 

Batten disease there is evidence of compromised neurons and both inflammatory astrocytes 

and microglia seem to have a further detrimental effect on the surrounding cells, eventually 

leading to neuronal cell death. This is also the case in Niemann-Pick disease type C, where 

loss of cerebellar Purkinje cells, as well as reduction of glia in the corpus callosum has been 

detected in the mouse model [162,163]. In the case of Krabbe disease, the accumulation of 

psychosine, a highly cytotoxic sphingolipid, leads to oligodendrocyte death, demyelination, 

and multiple cellular dysfunctions [164]. Since the progressive deterioration leads to a fatal 

outcome by 3 years of age, early intervention is imperative, but can only be truly effective if 

CNS regeneration is involved. This also concerns MPS diseases, where the appearance of 

abnormal neurological behaviors normally precedes obvious neuronal cell loss in animal 

models, thus suggesting neurological dysfunction at disease onset and subsequent 

progression of neurodegeneration [49].  
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In this regard, evidence for the need of early intervention has been provided by an intravenous 

AAV9 gene therapy clinical trial (NCT02716246), delivering the missing SGSH transgene, 

where improvement or stabilization of cognitive decline was reported to be achieved only in 

MPSIIIA patients treated prior to 30 months of age, as reviewed by Wood and Bigger [159]. 

 

1.10 Developing novel regenerative therapeutic approaches  

These studies are not alone in suggesting that earlier intervention in neurological diseases, 

especially those with primarily cognitive loss, might be critical for a positive clinical outcome 

in patients. Whilst lysosomal storage and dysfunction in cells can potentially be reversed by 

enzyme delivery, significant neuronal loss, as seen in MRI observation in patients with 

neuropathic lysosomal diseases, will not be solved purely by enzyme replacement. If we 

pursue a regenerative solution, to replace cells that have been lost, the primary challenges 

are to identify the important cells to replace, and in the case of neurons, to integrate these 

cells into existing networks. Whilst some of the lysosomal diseases ï notably the 

leukodystrophies, may benefit from replacement of oligodendrocytes producing myelin sheath 

material, almost all of the others would primarily benefit from neuronal replacement, which is 

what we focus on here. In 2007, Yamanaka and his group derived induced pluripotent stem 

cells (iPSCs), namely pluripotent stem cells generated from somatic cells, which can self-

renew and differentiate into all cell types [165]. Generally, delivery of iPSC-derived neural 

progenitor cells (NPCs) via intracranial injection seems to be an optimal choice to treat 

neuropathic LSDs, as once engrafted, these cells can differentiate into neurons, as well as 

potentially oligodendrocytes and astrocytes. Furthermore, CNS disease correction can be 

further enhanced by genetic modification of the NPCs to over-express the missing enzyme, 

prior to delivery. Indeed, in the lysosomal diseases, overexpression of missing enzyme 

appears to be critical for success, probably because only a subset of cells in the body are ever 

targeted. What is interesting is how few neural stem cell therapies there are in the clinic, and 

this is for a number of reasons, including increased regulatory challenges if an advanced 

therapy medicinal product is classed as a tissue engineered product rather than a cellular 
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product. Another reason is that many groups are providing preclinical proof of concept, but 

often without addressing the International Society for Stem Cell Research (ISSCR) guidelines 

on stem cell research and clinical translation [166]. In order to successfully translate this 

approach to the clinics, to improve regulatory confidence and to avoid undesirable therapeutic 

outcomes (Figure 9), we believe that these guidelines should be followed thoroughly. Firstly, 

the cells should be extensively characterised to assess potential toxicities through in vitro and 

in vivo studies. In particular, risks for tumorigenicity must be rigorously assessed for any stem 

cell-based product, especially when derived from a pluripotent source. This is usually achieved 

by long-term studies assessing the human stem cells in xenogeneic models, for which 

immunocompromised rodents are often the preferable choice. Nevertheless, in vitro studies 

involving proliferation rate analysis and evaluation of oncogene or loss of tumour suppressor 

gene activity are also valuable. Furthermore, biodistribution studies should also be performed, 

to assess cell distribution throughout the body, expansion and differentiation. These should 

include delivery of the cell product using the intended clinical route and site of delivery and 

ideally should be performed in a good laboratory practice-certified animal facility. In this piece 

we aimed to cover LSD research in clinical application of iPSC-derivates and how they fit with 

ISSCR guidelines, but additional information can be found on the ISSCR official website. 
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Figure 9: Desirable and undesirable outcomes for cell delivery in LSDs 

Typical outcomes of successful cell delivery (A). Following intracranial injection, the gene-modified 

NPCs engraft into the CNS and migrate from the injection site. They then differentiate into different cell 

types, which over-express the enzyme and are able to cross-correct the neighboring cells, eventually 

reversing neuropathology. Typical outcomes of unsuccessful cell delivery (B). Following intracranial 

injection, partially differentiated NPCs can display abnormal proliferation, leading to tumor formation 

and metastasis (I). Alternatively, non-gene modified NPCs can migrate and differentiate, but their poor 

enzyme secretion cannot cross-correct the damaged cells, which eventually undergo apoptosis (II). 

Lastly, the NPCs can be rejected upon engraftment by activation of the adaptive immune system, 

following antigen-presenting cells activation. T-cells migrate into the graft where they activate 

macrophages and granulocytes that have infiltrated in response to inflammatory stimuli; these cells, in 

turn, also help boost the adaptive immune response through the release of pro-inflammatory cytokines 

and chemokines (III). APC: antigen presenting cell; NPC: neural progenitor cell. Created with 

BioRender.com. 

 

 

 

 



 68 

A recent preclinical long-term study on Parkinsonôs disease (PD) represents the gold standard 

for stem cell therapy [167], since all of the ISSCR guidelines were followed. Briefly, human 

iPSC derived dopaminergic progenitors were characterised for all of the above aspects both 

in vitro and in vivo via transplant into the putamen of a primate model of PD. Following 

treatment, not only was no tumorigenicity observed for at least two years, but the injected 

neurons attenuated the disease from a histological and behavioural point of view.  

 

1.11 iPSC-derived NPCs to treat neuropathic LSDs 
 

1.11.1 Non-human animal models 

To date, iPSCs have been used to correct neuropathology in several mouse models of LSDs. 

Proof-of-principle for the iPSCs potential to treat LSDs was established by transplanting 

murine iPSC-derived NPCs into the cerebral ventricles of neonatal MPSVII mice; following 

engraftment in the brain, the healthy donor cells led to widespread correction of lysosomal 

storage in both neurons and glia [168]. Regardless of these positive outcomes, the enzymatic 

expression provided by a healthy donor is not sufficient to reverse the advanced 

neuropathology observed in LSDs, for which supraphysiological levels of the deficient enzyme 

are usually required. In this regard, a step forward in the field was achieved by the combination 

of iPSCs with ex vivo gene therapy. In a Niemann-Pick disease study, murine NPCs derived 

from adult mouse brain were genetically modified to express human ASM and were injected 

into several brain regions of the ASM knock-out mouse model of type A Niemann-Pick 

disease. Transplanted NPCs engrafted and migrated towards several regions of the brain, 

leading to reversed lysosomal pathology, as well as regional clearance of storage material 

[169].  
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1.11.2 Human stem cells in xenogeneic models 

Despite being an initial proof of concept, murine iPSC-NPC studies are not thorough for 

evaluating treatment efficacy. This is not only due to potential differences in differentiation 

protocols and outcomes, but also to the fact that non-human animal models may not replicate 

the full range of human toxicities associated with stem cell-based interventions. In this regard, 

human NSCs were genetically modified to express supraphysiological levels of ɓ-

galactocerebrosidase (GALC) and subsequently injected into the cerebral ventricles of 

neonatal Twitcher mice, a mouse model of Krabbe disease [170]. The transduced human 

NSCs were able to engraft and secrete GALC protein, leading to partial restoration of enzyme 

activity in the telencephalon and spinal cord. Nonetheless, as previously mentioned, to 

investigate the feasibility and safety of treatment at a pre-clinical level, immune-deficient 

rodents are required. In a more recent study on Sly disease, human MPSVII NSCs were 

genetically corrected through a transposon vector and then transplanted into adult NOD/SCID 

MPSVII mice. Following intraventricular transplantation, the NSCs engrafted into the CNS, yet 

correction of neuropathology was mainly restricted to the areas surrounding the injection tract 

[171]. Overall, there is supporting evidence of hampered migration of cells following 

intracranial injection in MPS diseases. One potential reason behind this poor migration might 

rely on the relentless accumulation and highly sulphation (N-, 6-O-, and 2-O) of heparan 

sulphate (HS) oligosaccharides in MPS diseases; in fact, it was proven that excess 2-O 

sulphated HS is able to bind and sequester CXCL12, eventually hampering haematopoietic 

migration in MPSI disease [21]. Others have showed that fibroblast growth factor (FGF)-

mediated signal transduction depends on the presence of at least one 6-O sulphate group on 

HS, thus indicating the generation of a 6-O-sulphation-mediated FGF2/HS/FGF-receptor 

ternary complex [26]. Since FGF-2 stimulates neural progenitor cell proliferation and regulates 

neural cell differentiation, abnormalities in HS may result in FGF-2 dysfunction and possibly 

to impaired neurogenesis. In this regard, a study on MPSIIIA showed that disease iPSC-

derived NPCs displayed reduced proliferation, along with defective neuronal formation, and 
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suggested the binding of excess soluble HS to FGF2 as a potential causative mechanism 

[172].  

Another possible reason behind the restricted migration of cells could lie in the use of 

NOD/SCID mice or other partly immunodeficient mouse models as recipient of human NPCs. 

In fact, the engraftment and survival of xenogeneic cells is threatened by the host immune 

response, which can recognize the xenograft as non-self and destroy it. In this respect, the 

use of a highly immunodeficient mouse model of disease, such as the NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ (NSG) mice, might increase the chances of cell survival and migration through 

the brain. These mice combine the lack of T-cell and B-cell activity of the SCID mice and the 

reduced macrophage activity of the NOD mice with the absence of IL2Rɔ, which blocks NK 

cell differentiation [173], and thereby removes a major obstacle for the engraftment of primary 

human cells, allowing patient derived xenografts, as well as adult stem cells and tissues. 

Recently, a new MPSI mouse model based on an NSG background was generated. This 

model proved to live longer than 1 year, to be tumor-free and to be suitable for human cells 

engraftment [174]. Although NPCs could be used as an enzyme factory in the brain, integration 

of some sort is the ideal scenario. Recently integration of human neurons in rats, providing 

functional support has been shown [175]. There are of course challenges with potential 

behavioural changes induced by integration of neurons, but these may be significantly less 

problematic that the course of some of these diseases like Sanfilippo (MPSIII), with severe 

behavioural and cognitive disturbance from the age of 2 onwards [176]. 
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1.12 Conclusions 

In all, we propose that an iPSC-based gene therapy approach should be developed to treat 

those neuropathic LSDs patients with a late diagnosis or for which no treatment is currently 

available. Firstly, human healthy donor iPSC should be thoroughly characterized and 

differentiated into NPCs through a robust protocol. Once having assessed lack of off-target 

cells, the NPCs should be genetically modified to express supraphysiological levels of the 

deficient enzyme. Subsequently, any potential toxicity, tumorigenicity and biodistribution of 

cells must be rigorously assessed through in vitro and in vivo studies. In particular, the latter 

should involve the use of NSG mouse models of disease, and the long-term effects should be 

evaluated. Finally, a pre-clinical evaluation should be conducted in larger animals, before 

developing phase I clinical trials in human patients (Additional Figure 10). One final problem 

remains, and that is the choice of using autologous cells from a patient that are corrected and 

reintroduced or using a well-characterized allogeneic cell line from a healthy individual. In 

either case gene modification to overexpress a missing enzyme would be beneficial in 

lysosomal diseases. The autologous approach is time-consuming and potentially too costly to 

be a realistic treatment for patients, whilst the allogeneic approach, although perhaps the most 

realistic and scalable approach across multiple diseases, especially where regulatory 

requirements for identity and purity may preclude the timely application of the former 

approach, will require immunosuppression to allow suitable persistence and integration of 

cells. Regenerative therapies of this kind could be conducted in the context of combination 

therapies, especially targeted anti-inflammatories or enzyme-based approaches that target 

the brain to slow neuronal loss.  
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Additional Figure 10: Clinical translation of iPSC-based neural gene therapy 

Clinical translation of the iPSC-based neural gene therapy can be achieved by following the ISSCR 

guidelines, which are summarised and combined into four main steps. Created with BioRender.com. 
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1.13 Aims and objectives 

Although numerous clinical trials are underway, there is currently no approved treatment to 

reverse neurodegeneration in MPS IIIA patients. Strikingly, these patients have also been 

anecdotally reported to deteriorate much more rapidly after recovery from a viral infection with 

regards to cognitive function, hence suggesting inflammation as a key driver of 

neuropathology. In this regard, the first aim of this thesis was to shed a light onto the effects 

of systemic viral infections on MPS IIIA patientsô cognitive function (Chapter 3).  

To fulfil the first aim, we proposed to:  

1. Assess the effects of acute and repeated administration of the TLR3 viral mimetic 

poly(I:C) in a mouse model of MPS IIIA with regards to sickness behaviour, 

neuroinflammation and cognition.  

2. Determine whether systemic infections exacerbate the disease via an IL-1 dependent 

immune response.  

Current enzyme replacement therapies rely on the ability to rescue neuropathology before 

significant cell death occurs. However, some patients deteriorate beyond the point where they 

can benefit from these treatments. In this respect, the second aim of this thesis was to develop 

a clinically meaningful neural stem cell therapy that provides high levels of the deficient 

enzyme, whilst regenerating the extensive damage observed in MPS IIIA patients (Chapter 

4).  

To fulfil the second aim, we proposed to:  

1. Generate and characterise human iPSC-derived NPCs expressing supraphysiological 

levels of the SGSH enzyme.  

2. Generate and characterise an MPS IIIA/NSG mouse model. 

3. Test the long-term therapeutic efficacy of iPSC-derived NPCs in the MPS IIIA/NSG 

mouse model.  
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2.1 Materials  

All tissue culture plasticware was purchased from ThermoFisher Scientific, Altrincham, UK or 

Corning, Appleton Woods, Birmingham, UK. Pipette tips were obtained from StarLab UK Ltd, 

Milton Keynes, UK. All other chemicals were ordered from Sigma-Aldrich Ltd, Gillingham, UK 

or ThermoFisher Scientific. Tissue culture media was purchased from Lonza, Basel, 

Switzerland, with other tissue culture reagents being ordered from Sigma-Aldrich. All the 

reagents used for culturing pluripotent stem cells were purchased from Sigma-Aldrich, Gibco, 

Life Technologies and R&D Systems (ThermoFisher Scientific). Antibodies were purchased 

from Abcam, Cambridge, UK, or R&D Systems. Taqman mastermix and all gene expression 

assays were purchased from ThermoFisher Scientific.  

 

2.2 Lentiviral vector production  

 

2.2.1  pCCL.PGK.SGSH plasmid starter culture 

Luria-Bertani (LB) broth was prepared to a concentration of 20g/L using Millerôs formulation 

LB powder (Sigma- Aldrich) in Milli-Q H2O and autoclaved. Cooled LB broth was stored at 

4°C. pCCL.PGK.SGSH (PGK.SGSH) plasmid starter cultures, which had been previously 

generated in our lab [153], were grown from plasmid glycerol stocks kept at -80°C in falcon 

tubes containing 5 ml LB broth containing 100 mg/ml ampicillin. Starter cultures were grown 

at 37°C for 8 hours at 225 rpm. The starter cultures were transferred to 500 ml LB broth in 

conical flasks containing ampicillin and incubated overnight at 37°C, 225 rpm to obtain large 

amounts of plasmid DNA using the EndoFree QIAGEN Plasmid Mega kit (Qiagen, Venlo, The 

Netherlands). 
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2.2.2 pCCL.PGK.SGSH plasmid purification: EndoFree QIAGEN Plasmid Megaprep 

Bacteria were pelleted by centrifugation at 6,000 x g for 15 minutes at 4°C from 500 ml plasmid 

culture and re-suspended in 50 ml re-suspension buffer with RNAase A (100 ɛg/ml) and 

LyseBlue reagents (Buffer P1). DNA was extracted by a modified alkaline lysis procedure and 

precipitated according to manufacturerôs instructions. Bacteria were lysed by adding 50 ml of 

Buffer P2 and incubating at room temperature for 5 minutes. The lysis reaction was neutralised 

by adding 50 ml of chilled buffer N3, pouring the lysate into a QIAfilter Mega cartridge and 

incubating for 10 minutes. The lysate was pulled through a QIAfilter Cartridge using a vacuum 

to remove bacterial cell remains and genomic DNA. The remaining plasmid DNA was eluted 

by addition of 50 ml of Buffer FWB2. Endotoxins were eliminated at this point by addition of 

12.5 ml Buffer ER (Qiagen formulation), thoroughly mixed and incubated on ice for 30 minutes. 

Plasmid DNA was added to an anion-exchange column and allowed to bind under low salt 

and pH conditions. A QIAGEN-tip 2500 was equilibrated by applying 35 ml of Buffer QBT, 

which was allowed to flow through freely by gravity flow. The filtered lysate was applied to the 

equilibrated column and allowed to enter the resin by gravity flow. The QIAGEN-tip 2500 was 

washed by adding 200 ml of Buffer QC. After the column was washed with medium salt buffer, 

DNA was eluted in a high salt buffer (35 ml of Buffer QN) and precipitated with 24.5 ml 

isopropanol, followed by a 1-hour centrifugation at 15,000 x g for 30 minutes at 4°C. The DNA 

pellet was washed with 7 ml 70% ethanol, centrifuged for 10 minutes under the same 

conditions to remove any remaining salt, and the pellet air-dried for 10 minutes to remove 

residual ethanol before re-dissolving in 300 ɛl of endotoxin-free TE buffer. The DNA quantity 

and quality was assessed on nanodrop spectrophotometer, as per section 2.4.1, while the 

identity of the plasmid was confirmed by sequencing, as per section 2.4.6.   
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2.2.3 Plasmids used for lentivirus production 

Third generation packing plasmids pRSV-Rev and pMDLg/p.RRE and envelope plasmid 

pMD2 containing VSVg were provided by Didier Trono, Switzerland [177]. After amplification, 

expression plasmid pCCL.PGK.SGSH [153] was prepared using the Endofree Plasmid Mega 

kit (Qiagen) from 1 litre of bacterial culture as described in section 2.2.2. The plasmids were 

used at a 2:1:2:1 ratio (pCCL.PGK.SGSH: pMD2: pRSV-Rev: pMDLg/p.RRE) and diluted in 3 

ml 150 mM NaCl (0.22 ɛm filter sterilised) at room temperature before transfection. 

2.2.4 Production of high-titre PGK.SGSH lentiviral vector using 40kDa PEI 

Early passage HEK 293 T cells were grown to 70-80% confluency in 22 x 15 cm tissue culture 

dishes in complete medium without antibiotic. 40 kDa high potency linear ñMaxò PEI 

(Polysciences, Warrington, USA) was prepared and used as previously described [178]. 7.5 

mM PEI stock (0.15 g PEI in 250 ml endonuclease-free water, pH 7.4, 0.22 ɛm filter sterilised) 

and 150 mM NaCl (0.22 ɛm filter sterilised) were used to prepare PEI at N/P15. N/P is the 

ratio of PEI nitrogen and DNA phosphorous. The following formula was used to calculate the 

amount of PEI to be added: 

PEI (ɛl) = 3 Ĭ P Ĭ R/S 

in which R =  7.53 × weight ratio of PEI/DNA  

Where P is the total amount of DNA used (ɛg), R is N/P ratio, and S is concentration of stock 

PEI (mM). PEI and NaCl mixes were made up to 1 ml/plate, incubated for 10 minutes at room 

temperature. PEI was added to diluted DNA (10.5 ɛg in 1 ml/plate) in a dropwise manner and 

incubated for a further 10 minutes at room temperature. The mixture (2 ml/plate) was added 

to the cells in a drop-wise manner around the plate to ensure equal distribution. The media 

was changed at 24- and 48-hours post-transfection. Viral particles were collected and 

concentrated by collecting media, removing cell debris by low-speed centrifugation (1,000 x 

g, 10 minutes). The supernatant was filtered through a 0.45 ɛm cellulose acetate low protein 

binding sterile filter unit (430770, Corning) into sterile containers using a vacuum pump. 

Filtered supernatant was centrifuged at 13,500 rpm for 2.5 hours at 4 °C.  
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Viral pellets were re-suspended in 100 ɛl formulation buffer (50 ml tissue culture grade PBS, 

40 mg/ml lactose, 1 mg/ml human serum albumin, 5 ɛg/ml protamine sulphate, pH 7.2, 0.22 

ɛm filter-sterilised), divided into 5, 10, 20 and 50 ɛl aliquots and stored at -80 °C. 

2.2.5 Titration of lentivirus  

Both pCCLsin.hPGK.GFP.ȹWPRE (LV.PGK.GFP) (previously made in our lab) and 

pCCLsin.hPGK.coSGSH.ȹWPRE (LV.PGK.SGSH) were titer-determined using HCT116 

cells. Briefly, 2 x 105 cells were seeded per well of a 12-well plate in 1 ml McCoyôs medium 

without penicillin/streptomycin (P/S). A couple spare wells were seeded for cell counting. The 

next day, the cells in the spare wells were counted and the remaining wells were transduced 

with different dilutions of LV (1:100, 1:1000, 1:10000). After 16 hours, the spent medium was 

replaced with fresh medium, following a wash in PBS. After 72 hours post-transduction, the 

cells were collected for gDNA extraction as per section 2.4.1 and the number of viral 

integrations into genomic DNA (gDNA) was determined using qPCR as per section 2.4.9, 

using the reagents listed in Table 2. 

 

Table 2: qPCR reagents used for lentivirus titration  

Reagents Volume per sample 

TaqMan MM  10 ɛl  

HIV forward primer (5ô-TCTCGACGCAGGACTCG-3ô)  0.18 ɛl  

HIV reverse primer (5ô-TACTGACGCTCTCGCACC-3ô)  0.18 ɛl  

Probe HIV (5ô-ATCTCTCTCCTTCTAGCCTC-3ô FAM/TAMRA) 0.05 ɛl  

SDC4 forward primer (5ô-CAGGGTCTGGGAGCCAAGT-3ô)  0.18 ɛl  

SDC4 reverse primer (5ô-GCACAGTGCTGGACATTGACA-3ô)  0.18 ɛl  

Probe SDC4 (5ô-CCCACCGAACCCAAGAAACTAGAGGAGAAT-3ô 
VIC/TAMRA)  

0.05 ɛl  

Molecular grade Water  7.18 ɛl  

Standards / samples  2.0 ɛl  
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To determine the titre of lentivirus, CT values for syndecan-4 (SDC4) and human deficiency 

virus (HIV) were plotted against Log genomes (calculated by the molar weight of gDNA in a 

diploid cell) to produce standard curves with lines of best fit against HCT116 cell line standards 

containing 4 integrated lentiviral genome copies per diploid genome. Standard curves were 

assessed for similar efficiency of amplification (similar gradient). The relative copies of HIV 

and SDC4 in lentiviral transduced DNA samples were determined from the standard curves 

using the formula:  

Lentiviral gene copies = 10(ὅὝīὭὲὸὩὶὧὩὴὸ)/ὫὶὥὨὭὩὲὸ 

The copies of HIV were normalised against copies of SDC4 to produce copy number of HIV 

(in other words the lentiviral transgene) per haploid genome. From this the integrated vector 

copy number of HIV per diploid (VCN) was calculated, and the viral titre was calculated using 

the formula: 

Titre (TU/ml) = VCN x number of cells/volume of lentiviral vector added/ml 

This methodology was described in more detail by Siapiati et al [179].  
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2.3 Cell culture  

 

2.3.1 Maintenance of cell lines 

MPS type IIIA A289 human fibroblast samples were obtained from St Mary's Hospital 

(Manchester, UK). Normal human dermal fibroblasts (NHDF) (C0045C, ThermoFisher 

Scientific), human embryonic kidney (HEK) 293T cells, HCT116 cells, EL4 cells (ATCC, 

Manassas, Virginia, U.S) and mouse embryonic fibroblasts (MEF) feeder cells (CBA-310, 

Cambridge Bioscience, Cambridge, UK) were purchased. Each vial of the frozen cell line was 

taken out from the liquid nitrogen tank and placed into a 37°C water bath for up to 3 minutes. 

When the cell solution was totally thawed, cells were transferred into 15 ml falcon tubes 

containing 10 ml 37°C Dulbeccoôs modified eagle medium (DMEM) (03819010, Corning) 

supplemented with 10% fetal bovine serum (FBS) (BCBQ8499V, Sigma-Aldrich), 1% L-

glutamine/100U/ml, 1% penicillin 100µg/ml streptomycin (P/S), or in McCoyôs 5A medium with 

L-glut (10-050-CV, Corning) supplemented with 10% FBS for the HCT116 cells. Cells were 

then centrifuged at 200 x g for 5 minutes; the cell pellet obtained from the fibroblast lines was 

re-suspended in 6 ml fresh medium and plated into a T25 flask.  

 

The cells were then left to develop for two days, washed in phosphate buffered saline (PBS) 

(0000708833, Lonza), passaged with 0.05%trypsin-EDTA (25300-054, Gibco) and eventually 

replated into a T75 flask. HEK 293T and HCT116 cell pellet was re-suspended in 12 ml fresh 

medium and plated into a T75, the cells left to develop for a couple of days, passaged with 

trypsin and replated into a T175 flask. All the cell lines were passaged when 90% confluence 

was reached. The EL4 cell line, a suspension cell line derived from mouse lymphoma T 

lymphocytes, was maintained by replacement of fresh medium (RPMI 1640 + 10% FBS + 2 

mM L-glutamine) every 3 days. Cells were grown in flasks at 37ęC, 90% humidity and 5% CO2.  
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2.3.2 Ethics Approval  

All work involving patient cell lines was performed under NHS research ethics committee 

approval (Rec 08H1010/63) with informed consent, where appropriate. 

2.3.3 Generation, maintenance, and differentiation of iPSCs 

 
2.3.3.1 Mitotic inactivation of MEFs for iPSC Culture  

Inactivated MEFs (iMEFs) were used to promote growth and maintain pluripotency in iPSCs. 

MEFs were grown as previously described until passage 4. Once they reached 95% 

confluency, cells were washed once with sterile PBS and 10 ug/ml mitomycin C solution 

(M4287, Sigma-Aldrich) was added to the flasks and the latter stored for 2 hours at 37 °C in 

humidified incubator with 5% CO2. The medium was then removed, and the cells washed 3 

times with PBS to remove Mitomycin C. After dissociation with trypsin, the iMEFs were frozen 

down as previously described (Section 2.2.2). 1.8 x 106 cells/ml was aliquoted into each 

cryovial. The iMEFs layer was obtained by pre-coating the plate with 1 ml 0.1% gelatin (G1890, 

Sigma-Aldrich) for 30 minutes. Upon gelatin removal, 3 x 105 iMEFs were plated per well of a 

6-well plate and left to sit after being kept in an incubator at 37ęC, 90% humidity and 5% CO2. 

2.3.3.2 Generation of Induced Pluripotent Stem cells from Human Fibroblasts 

Human iPSC completely free of vector and transgene sequences were derived from NHDF 

and MPS IIIA patient fibroblasts by a single transfection with oriP/EBNA-based episomal 

vectors, expressing the key pluripotency genes. By anchoring to the host chromatin, the 

plasmids replicate in synchrony with the host genome and are gradually lost from proliferating 

cells at up to 5% per cell division cycle. On day 0, one confluent T75 flask from MPS IIIA 

fibroblasts and NHDF was washed with PBS, the cells detached by adding 1 ml trypLE 

Express (12605028, Gibco) and resuspended in 5 mL complete DMEM. 10 ɛl of the cell 

suspension were used for the counting in the haemocytometer.  



 82 

The exact volume corresponding to 4.5 x 105 ï 5 x 105 cells was placed in a 15 mL falcon tube, 

which was then spun at 200 x g for 5 minutes at 21°C. All medium was aspirated from pellet 

and the latter resuspended in nucleofection/DNA mastermix. The mastermix was prepared 

using the human dermal fibroblast nucleofectorTM Kit (VPD-1001, Lonza) and 4 plasmids 

containing different pluripotency genes (Table 3). Namely, pCXLE ï hSK (27078, Addgene, 

Watertown, USA) containing SOX2 and KLF4, pCXLE ï hul (27080, Addgene) containing 

LIN28 and C-MYC, pCXLE ï Hoct3/4 ï shp53 (27077, Addgene) containing OCT3/4 and 

SHP53 and pCXWB ï EBNA1 (37624, Addgene).   

  

Table 3: Nucleofection reagents 

 

Nucleofection reagents Volume/Concentration Genes expressed in 

each plasmid 

Nucleofection solution  90 ɛl  

Supplement 1  20 ɛl  

pCXLE ï hSK plasmid 2 ɛg SOX2, KLF4 

pCXLE ï hul plasmid 2 ɛg LIN28, C-MYC 

pCXLE ï Hoct3/4 ï shp53 2 ɛg OCT3/4, SHP53 

pCXWB ï EBNA1 2 ɛg  

 

The mix was transferred into an electroporation cuvette and the content was electroporated 

using programme P-022 on the Amaxa nucleofector system (Lonza). Using a fine tip Pasteur 

pipette, the nucleofected solution was transferred into one well of a 6-well plate containing 2 

ml complete DMEM.  After 24 hours, the medium was changed and the cells split into T75 

flasks the following day. The cells were fed with complete DMEM every two days for 6 days. 

Subsequently, 3 x 104 cells were replated into one well of a 6-well plate, which had been 

previously coated with iMEFs, as already described (section 2.3.3.1).  
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Once the nucleofected cells had sat in the iMEFs layer, the medium was switched to human 

embryonic stem cell (hESC) culture knockout medium, which was prepared according to the 

following recipe (Table 4).   

 

Table 4: hESC culture knockout medium recipe 

 

Component Catalogue number Volume  

DMEM/F12  (31331093, Gibco) 400 mL 

KnockOut Serum Replacement 

(KSR) (20%)  

 

(10828-028, Gibco) 

 

100 mL 

Non Essential Amino Acid 

(NEAA)  

(1140050, ThermoFisher Scientific) 5 mL 

ȸ-Mercaptoethanol (BME) (31350-010, , ThermoFisher Scientific) 1 mL 

Penicillin/Streptomycin (P/S) (P0781, Sigma-Aldrich) 5 mL 

Plasmocin (26-318-MP, InvivoGen, Toulouse, 

France) 

500 ɛL 

 
DMEM/F12 is the standard basal media used in hPSC culture. KnockOut Serum Replacement (KSR) 

is an FBS-free medium supplement that supports the growth of PSCs cultured on fibroblast feeder cells. 

Non Essential Amino Acid (NEAA) are used to enhance cell growth. b-Mercaptoethanol (BME) is often 

added in media to prevent toxicity from oxygen radical. P/S is used to prevent bacterial contamination. 

Plasmocin is a broad-spectrum anti-mycoplasma and related cell wall-less bacteria reagent.  

 

50 ml hESC aliquot was taken each time and 5 ɛL FGF2 (233-FB-025, R&D Systems) added 

to it. FGF2 promotes hPSC self-renewal and proliferation in the undifferentiated state. The 

medium was changed every other day for two weeks, and the cells observed regularly to spot 

the onset of early iPSC colonies. Colonies can be observed as little as two weeks and are fully 

formed after 25 days.  
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2.3.3.3 Maintenance of Induced Pluripotent Stem cells - iMEFs 

iMEFs were plated on nunclon delta plates pre-coated with gelatin, as previously described. 

The following day, iPSC colonies were quickly washed in PBS and fresh medium was added. 

The colonies were gently picked by scraping the edges with a p200/p1000 sterile pipette, 

plated onto iMEFs and cultured in hESC + FGF2. The medium was replaced every day. This 

procedure was repeated each time iPSC reached 90% confluency. Cells were incubated at 

37°C 90% humidity and 5% CO2. If the cells had been stored in the liquid nitrogen, each vial 

of frozen MPSIIIA and NHDF iPSCs was taken out from the liquid nitrogen tank and placed 

into a 37°C water bath until only a small ice crystal remains. The thawed cells were gently 

pipetted up and down to create a cell suspension and transferred to a 15-mL conical tube. The 

cell suspension was diluted with 3 mL of pre-warmed hESC culture knockout medium (Table 

4), adding it dropwise while gently rocking the tube back and forth to avoid osmotic shock to 

the cells. The cell suspension was centrifuged at 200 × g for 4 minutes, the medium aspirated, 

and the pellet resuspended in growth medium supplemented with RevitaCellÊ supplement at 

a 1X final concentration. The cell suspension was then plated onto the iMEFs coated plates 

and incubated at 37°C 90% humidity and 5% CO2.  The following day, the growth medium 

supplemented with the RevitaCellÊ supplement was replaced with unsupplemented growth 

medium. The latter was replaced with fresh medium every day.  

2.3.3.4  Maintenance of Induced Pluripotent Stem cells ï Geltrex 

iPSCs were also cultured on GeltrexÊ LDEV-Free, hESC-Qualified, Reduced Growth Factor 

Basement Membrane Matrix (Geltrex) (A1413302, ThermoFisher) in Essential 8 medium (E8) 

(15190617, Gibco), composed of E8 medium and E8 medium 50x supplement. Geltrex was 

first thawed overnight at 4ęC and then diluted 1:30 with pre-chilled Advanced DMEM/F12 

medium. A layer of Geltrex was obtained by adding sufficient diluted Geltrex matrix solution to 

cover the entire growth surface area. The coated plates were then incubated for 60 minutes 

at 37ęC, 90% humidity and 5% CO2. Following incubation, the plates were left at room 

temperature for 30 minutes, for the matrix to equilibrate.  
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Colonies were enzymatically disrupted with ethylenediaminetetraacetic acid (EDTA) 0.02% 

solution (E8008, Sigma-Aldrich). Briefly, culture medium was removed, and the cells washed 

once with EDTA. Subsequentially, the cells were incubated with EDTA solution for 4 minutes 

at 37ęC. After the incubation, EDTA was gently removed and the colonies disrupted by adding 

fresh E8 medium, ultimately obtaining cell clumps. The latter were then plated onto new 

Geltrex coated plates, and 10 uM rock inhibitor (RI) (Y0503-1mg, Sigma-Aldrich) was added. 

Following 24- hour incubation with RI, the medium was replaced with fresh E8. 

2.3.3.5 Cryopreserving cells  

Freezing medium consisted of 90% FBS and 10% dimethyl sulfoxide (DMSO) for human 

fibroblasts, HEK 293T and HCT116 cells. For iPSCs, the PSC cryopreservation kit (15481004, 

Gibco) was used. Cells were trypsinized, counted and centrifuged at 200 x g for 5 minutes. 

The desired amount of cells was resuspended in 1 ml freezing per cryovial. The cryovials were 

then stored in Mr. FrostyÊ freezing container which was subsequently placed at ï 80°C 

overnight and then re-located to liquid nitrogen tanks.  

2.3.3.6 Trilineage Differentiation  

iPSC pluripotency was confirmed by differentiation to all three germ layers. iPSC colonies 

were grown on Geltrex until 70% confluency was reached. The colonies were then harvested 

using trypLE, resuspended in 1 ml hESC culture knockout medium and centrifuged at 150 x g 

for 8 minutes. The cell pellet was resuspended in 2 ml hESC medium + 10 µM RI and the cells 

plated in suspension onto Costar® not-treated 6-well plates with no charge (3736, Corning). 

After four days of hESC media, the cells were cultured in 20% FBS complete DMEM (cDMEM) 

for six more days. The obtained embryoid bodies were plated onto nunclon delta positively 

charged plates and fed with 20% FBS cDMEM for ten days. Cells from each of the three germ 

layers were formed and immunostaining was used to assess differentiation. ɓ-III TUBULIN 

was used as ectodermal marker, Ŭ-SMA as a marker of mesoderm and SOX17 as a marker 

of endoderm (see section 2.7.3). 
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2.3.3.7 Karyotyping iPSCs 

In order to check the integrity of chromosomes, iPSCs were grown on Geltrex in a T25 flask. 

The cells were plated in a way that they would reach 70-90% confluency prior to 

karyotyping. The samples were sent to Cell Guidance Systems, Cambridge, UK, for the 

karyotyping by G-banded metaphase analysis, which involves production of a visible 

karyotype by staining condensed chromosome with Giemsa stain.  

2.3.3.8 Directed Differentiation of iPSCs to Neural progenitor cells (NPCs) 

About 2.0 x 10
5 feeder free hiPSCs were plated into each well of a 6-well plate, in the presence 

of 10 ɛM Y-27632 RI, then incubated at 37°C, 90% humidity and 5% CO2. 24 hours later, the 

culture medium was replaced with fresh medium. Once the cells had reached 15-25% 

confluency, the old medium was aspirated, and the cells were briefly washed with 1 mL pre-

warmed complete iPSC neural induction medium (NIM) (A1647801, Thermo Fisher Scientific). 

The NIM was prepared in advance according to the following recipe (Table 5). After washing, 

2 mL of pre-warmed complete PSC NIM was added to each well. After 48 hours, the old 

medium was replaced with 2 mL fresh NIM. Two days later, the unwanted colonies were 

removed with a Pasteur glass pipette, the old medium aspirated and 4 mL fresh NIM were 

added per well. 48 hours later, the previous step was repeated. On day 7 since the start of the 

procedure, P0 NPCs were fully formed and ready to be expanded.  

 

Table 5: NIM recipe 

 

Component Volume Catalogue number 

Neurobasal Medium 49 mL ThermoFisher A1647801 

Neural Induction Supplement 1 mL ThermoFisher A1647801 

Penicillin-Streptomycin 500 ɛL Sigma P0781 
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2.3.3.9 Maintenance of NPCs  

The old NIM was aspirated and the NPCs gently washed with PBS. 1 ml pre-warmed StemPro 

accutase cell dissociation reagent (A11105-01, ThermoFisher Scientific) was then added to 

each well and left to incubate for 4-8 minutes at 37°C until complete detachment. After 

incubation, 1 mL pre-warmed neural expansion medium (NEM) was added. The NEM was 

prepared in advance according to the following recipe (Table 6). The cell suspension was 

transferred to a 15 mL falcon tube and the latter was centrifuged at 300 x g for 4 min. The 

supernatant was removed, and the cells were resuspended with 1 mL pre-warmed NEM and 

counted using a hemocytometer. 0.7 x 10
6 cells were plated in each well of Geltrex matrix 

coated 6-well plates, already containing 2 ml NEM and 5 ɛM Y-27632. The plates were then 

incubated at 37°C, 90% humidity and 5% CO2. 24 hours later, the culture medium was 

replaced with 3 mL fresh medium without Y-27632. After that, the medium was replaced every 

other day.  The cells were cryopreserved since P1 with NEM + 20% DMSO at a density of 2 

× 106 cells per ml.  

 

Table 6: NEM recipe 

 

Component  Volume Catalogue number 

Neurobasal Medium 24.5 mL ThermoFisher A1647801 

Advanced DMEM/F12 24.5 mL ThermoFisher 12634-010 

Neural induction supplement 1 mL ThermoFisher A1647801 

20w/v% AlbuMAX I, lipid reach 

BSA 

625 ɛL  ThermoFisher 11020013 

Penicillin-Streptomycin 500 ɛL Sigma P0781 

 

20w/v% AlbuMAX I, lipid reach BSA was prepared by aseptically mixing 5 g AlbuMAX I, Lipid-Rich BSA 

with 25 ml Neurobasal medium.  
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If heterogeneous cell morphology with the contamination of non-neural cells during NSC 

expansion was observed, the spent medium was aspirated. The cells were washed once with 

PBS and the appropriate amount of pre-warmed StemPro® Accutase was added into each 

culture vessel and left to incubate at room temperature for 3-4 minutes. Following this, non-

neural cells with flat morphology usually detach from the culture vessel, while densely packed 

neural cells remain attached. The Accutase reagent was gently aspirated and the appropriate 

amount of PBS was added toward the wall of the culture vessel to rinse off detached cells. 

The PBS was then aspirated and an appropriate amount of pre-warmed Accutase was added 

and incubated at 37°C for 3ï4 minutes. Subsequentially 1 ml NEM was added and the cells 

treated as previously described.  

2.3.3.10 Neuronal differentiation of NPCs   

On day 0, 2.5 ï 5 × 104 NPCs/cm2 were plated on geltrex matrix coated 24-well plates 

containing 1.5 ml complete NEM. On day 2, the spent medium was aspirated, the cells were 

washed once with PBS, and 500 ul pre-warmed neural differentiation medium (NDM) were 

added per well. NDM was prepared in advance according to the following recipe (Table 7). 

The spent medium was changed every 3 days and the cells were kept in culture for up to 30 

days. The cells were split at 1:2 ratio, if 90% confluency was reached prior the 10th day of 

neuronal differentiation.  

 

Table 7: NDM recipe 

 

Component  Volume Catalogue number 

Neurobasal Medium 48.5 mL ThermoFisher A1647801 

B-27 Serum-Free supplement 1 mL Gibco, 17504044 

GlutaMAX-I supplement 0.5 mL Gibco, 35050061 
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2.3.4 LV-mediated transduction of cells  

Research grade LV.PGK.GFP and LV.PGK.SGSH were produced and titer determined as 

previously described. pCCLsin.hCMV.LUC.ȹWPRE (LV.CMV.LUC) was kindly donated by Dr. 

Jessica Taylor and used according to her previous titer[180]. To identify the best transduction 

conditions, the NPCs were first transduced with the LV.PGK.GFP. Briefly, 3 x 105 cells were 

seeded per well of a 12-well plate. The following day the cells were either transduced with 

LV.PGK.GFP at a multiplicity of infection (MOI) of 5, 12.5, 25 and 50 or left untransduced. 

Each condition had three replicates. The medium was changed 24 hours after transduction 

and the cells collected as a pellet 48 hours later. Once MOI 10 was chosen as best 

transduction condition, the NPCs were transduced with both LV.PGK.SGSH and 

LV.CMV.LUC, following the same protocol as described above. Finally, the cells were either 

expanded in culture, used to assess luciferase activity or collected for SGSH activity analysis. 

2.3.5 Cross-correction  

 

In order to check the ability of the transduced NPC lines to secrete active SGSH enzyme in 

the media, 0.7 x 106 NPCs were plated on Geltrex matrix-coated 6-well plates. Spent media 

was changed after 24 hours and the cells were let to reach confluency for 2 days, without any 

further media change. Following this, the media was collected, spun down to remove dead 

cells and either used for cross-correction, or frozen down and used for the SGSH enzyme 

activity assay. The ability of the NPC lines to cross-correct neighboring cells lacking SGSH 

enzyme was also tested. In order to do so, 5 x 105 MPSIIIA fibroblasts were plated per well of 

a 6-well plate. Once confluent, the spent media was removed, the cells washed in 1X PBS 

and the media collected from the NPC lines was applied to the MPSIIIA fibroblasts. After 6 

hours, the latter were washed, collected, lysed and the intracellular SGSH expression 

analysed by enzyme activity assay. 
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2.4 DNA & RNA methods  

 

2.4.1 DNA extraction 

 

Cell were trypsinised, collected with fresh medium in a 15 ml falcon tube and centrifuged at 

200 x g for 5 minutes. The pellets were resuspended in 1 mL PBS and the contents transferred 

into a 1.5 mL eppendorf tube. The tubes were then centrifuged at 200 x g, for 5 minutes at 

4°C. After discarding PBS, the samples were frozen in -80°C for future use.  DNA was 

extracted by using GenElute mammalian gDNA miniprep kit (Sigma-Aldrich). Briefly, the cell 

pellets were resuspended in 200 ɛL of resuspension solution and incubated in 20 ɛL RNase 

A solution for 2 minutes at room temperature. 20 ɛL proteinase k solution was added to the 

sample, followed by 200 ɛL of lysis solution C. After vortexing, the samples were incubated at 

70 °C for 10 minutes. As for mouse tissues, snap-frozen samples were left to thaw for a couple 

minutes at room temperature, the required amount of tissue was cut with a sharp blade and 

transferred to a new labelled Eppendorf. 20 ɛL proteinase k solution was added to the sample, 

followed by 180 ɛL of lysis solution T. After vortexing, the samples were incubated at 55 °C 

for 1-2 hours and vortexed every 30 minutes.  The GenEluteÊ spin columns were prepared 

by addition of 500 ɛl column preparation solution and centrifuged at 12,000 x g for 1 minute. 

200 ul absolute ethanol was added to the samples, with 200 ul Lysis solution C added to the 

tissue samples prior to ethanol. The lysate was then loaded onto the column and centrifuged 

at Ó6500 Ĭ g for 1 minute. The column was then washed twice with 500 ɛl wash buffer and 

centrifuged at Ó6500 Ĭ g for 1 minute during the first wash and 12,000 Ĭ g for 3 minutes during 

the second. Finally, 50 ɛl and 200 ul elution solution was applied to the column for cell and 

tissue samples respectively, incubated for 5 minutes at room temperature and centrifuged at 

Ó6500 Ĭ for 1 minute. The resulting DNA was frozen at -20°C.  
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The concentration and purity of the DNA samples was measured using the nanodrop-1000 

(Thermo Scientific), using the optical density of nucleic acids. Briefly, after performing a blank 

measurement, 1.2 ɛl DNA sample was suspended onto the lower pedestal, ensuring no 

bubbles. DNA purity was measured using the 260.280 nm ratio, where ratios of 1.7-2.0 were 

accepted. 

2.4.2 RNA extraction 

To prevent RNase contamination, the lab areas were wiped with RNaseZAP, gloves were 

changed frequently and sterile, disposable plasticware and pipettes dedicated strictly to RNA 

work were used. Moreover, RNAse free-water as well as RNAse free-reagents were used.  

Total RNA was purified from cell pellets and mouse tissue utilising the TRIzol® reagent RNA 

isolation procedure (ThermoFisher Scientific). Following homogenisation with 1 mL - 300 ɛl 

trizol for mouse tissue and cell pellets respectively, the samples were left to sit for 5 minutes 

at room temperature. 200 - 60 ɛl chloroform were then added to tissue and cell samples 

respectively and the samples vortexed at full speed for 10 seconds. Following 2-minute 

incubation at room temperature, the samples were spun at 12,000 x g for 15 minutes at 4°C. 

The upper aqueous phase was isolated and put into a fresh 1.5 ml eppendorf. Subsequently, 

500 ɛl isopropanol were added and the samples mixed well to allow RNA precipitation. 

Following a further 10-minute incubation at room temperature, the samples were spun 12 000 

x g for 10 minutes at 4°C and the supernatant discarded. The RNA pellet was then washed 

with 1 ml ice cold 75% ethanol, the sample vortexed gently and centrifuged at 7500 x g for 5 

minutes at 4°C.  The ethanol was removed and the samples left to dry. Finally, the pellet was 

resuspended in 40-20 ɛl Molecular-grade water (volume based on the pellet size). The RNA 

samples were frozen at -80°C. 
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Additional DNase treatment was performed by using the turbo DNA-free kit (Invitrogen, 

ThermoFisher Scientific). 4-2 ɛl DNase buffer and 1 ɛl DNase were added to the RNA 

samples, which were then incubated at 37°C for 30 minutes. Following the addition of 4-2 ɛl 

DNase inactivation, the samples were incubated at room temperature for 5 minutes and 

eventually centrifuged at 10,000 x g for 1.5 minutes. The supernatant was stored at either -

20°C or -80°C. The concentration and purity of the RNA samples was measured using the 

nanodrop-1000 (ThermoFisher Scientific), using the optical density of nucleic acids. RNA 

purity was measured using the 260/280 nm ratio, where ratios of 1.9-2.0 were accepted for 

purity.  

2.4.3 Gel electrophoresis for RNA integrity  

To ensure RNA integrity, the RNA samples were analysed through gel electrophoresis. Intact 

total RNA run on a denaturing gel will show clear 28S and 18S rRNA bands, with the former 

being twice as intense as the latter. A 1% agarose gel was made in 1xTAE buffer and boiled 

in microwave for approximately 2 minutes. Before pouring the gel onto the gel chamber, 

1:20,000 Safeview nucleic acid stain was added to the beaker. The gel was then left to set for 

approximately 30 minutes and then placed in a buffer-filled (containing 10 ɛl safeview) midi 

horizontal electrophoresis unit (Bio-Rad, Watford, U.K). 9 ɛl 1kb DNA ladder was loaded at 

one end of the gel, followed by 10 ɛl RNA samples (1 ɛl sample in 1.6 ɛl dye and 7.4 ɛl 

MilliqH2O). The samples were run at 100V for 1 hour and the bands were visualized using the 

iBright FL1500 Imaging System and the iBright imaging software (ThermoFisher Scientific).  

2.4.4 Polymerase chain reaction  

Polymerase chain reaction (PCR) was used to amplify the specific regions mutated in the 

MPS IIIA (Arg245His/c1284D11) fibroblast and iPSC line. PCR reactions were set up 

with 200 ng DNA, 1 ɛl forward primer (20 ɛM), 1 ɛl reverse primer 

(20 ɛM), 25 ɛl MyTaqRed DNA polymerase and endonuclease-free water up to 50 ɛl. The 

PCRs were performed according to the following thermocycler steps (Table 8).  
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When checking the presence of the disease mutations, the products where then run on a 1.5% 

agarose gel (1.5% agarose, 1xTAE buffer and Safeview nucleic acid stain) alongside a 1 kB 

DNA ladder (Invitrogen) at 100 V for 70 minutes. PCR products were visualised as previously 

described. 

 
Table 8: PCR conditions required for the amplification of the mutation in the MPS IIIA lines   

  Temperature  Time  Cycles  

Initial denaturation  95°C  3 min  1  

Denaturation  95°C  1 min  30 

Annealing  58°C  15 s  

Extension  72°C  1 min  

Final extension  72°C  7 min  1  

Hold  4°C  Ð  1  
 

 
 

 

2.4.5 PCR clean-up  

 

Prior to DNA sequencing, the amplified DNA was purified by using the Nucleospin gel and 

PCR clean-up (740609.50, Macherey-Nagel). Briefly, 1 volume of sample was mixed with 2 

volumes of Buffer NTI. The sample was then loaded into a nucleospin gel and PCR clean-up 

column which had been previously placed into a 2 mL collection tube. The sample was 

centrifuged for 30 seconds at 11,000 x g. The flow-through was discarded and the column 

was placed back into the collection tube. 700 ɛL Buffer NT3 (containing 96ï100 % ethanol) 

were added to the clean-up column and the sample was centrifuged again for 30 seconds at 

11,000 x g. The flow-through was then discarded and the column placed back into the 

collection tube. Following this, the column was again spun for 1 minute at 11,000 x g to remove 

buffer NT3 completely. Finally, the clean-up column was placed into a new 1.5 mL 

microcentrifuge tube. 15ï30 ɛL Buffer NE was added and, after 1-minute incubation at room 

temperature, the sample was eluted by centrifuging for 1 min at 11,000 x g. The concentration 

of the purified samples was analysed by nanodrop-1000 (ThermoFisher Scientific), as 

previously described.  
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2.4.6 DNA Sequencing   

 
The specific mutation of the MPS IIIA fibroblast and derived iPSC lines, as well as the 

PGK.SGSH plasmid identity was confirmed by sequencing. DNA sequencing reactions 

contained 10 ng of the amplicon, 4ɛM sequencing primer and endonuclease-free water up to 

a final volume of 10ɛl. Sequencing analysis was performed at the DNA sequencing facility at 

the University of Manchester, School of Medicine. Sequencing primers for the MPSIIIA lines 

were synthesized by Thermo Fisher Scientific (Table 9), while the sequencing primers used 

to check plasmid identity were designed by Dr.Ana Sergijenko using DNASTAR Lasergene 

software and synthesized by Invitrogen (Table 10). To enhance the sequencing performance, 

the DNA obtained from cells lines underwent PCR amplification for the mutation of interest, 

prior to the sequencing.  

 

Table 9: Sequencing primers designed to check specific mutations in MPS IIIA lines 

 

Primer Forward 5ô->3ô Primer Reverse 5ô->3ô Targeted mutation 

GGCTAACCCATTTGCAGGAGGCCC CTCACCCACATTATGCCGTGACCT Arg245His 

CTTCCGCCTCGTGCACAACCTCAAC TCCCACTGCCACTTG GCCAGCTG C1284del11 

 

 
Table 10: Sequencing primers designed to check identity of PGK.SGSH plasmid 

 

Primer Forward 5ô->3ô Homology 

GGATCTTCGCCGCTACCCTTGTGG PGK promoter 

CATCGCCACCCCGCACCTG SGSH gene 

GAGAGCGGCATGGGTCGTAT SGSH gene 

CCTCTGGGCCACCGTCTT SGSH gene 

TGCCAGCCCCTCCACAATG SGSH gene 

GAGTCTTGTTTTCTGGCTTGGTTT SGSH gene 

CCGTCCTCTGGCTTGGGCTAAT SGSH gene 
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2.4.7 cDNA synthesis  

The High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific) was used to 

convert 2 µg total RNA extracted from samples into complementary DNA (cDNA). 2 µg RNA 

was suspended into a 0.2 ml PCR tube to a total of 10 µl using Nuclease-free HyClone 

Molecular Biology-Grade Water (GE Healthcare ï HyClone, South Logan, U.S). The cDNA 

master mix was prepared relative to the number of samples required (Table 11).  

 
Table 11: cDNA master mix components and volume per reaction  
 

Component Volume/Reaction (µl) 

10 X RT Buffer 2.0 

25 X dNTP Mix (100 Nm) 0.8 

10 X RT random primers 2.0 

Multiscribe Reverse Transcriptase 1.0 

RNAse Inhibitor 1.0 

Nuclease-free H2O 3.2 

Total per reaction 10.0 

 

10 µl master mix was added per sample, making a total volume of 20 µl per PCR tube. The 

samples were placed in a Veriti 96 well thermal cycler (ThermoFisher Scientific) and run under 

the following conditions (Table 12). The samples were either stored at 4°C or at -20°C.  

 

Table 12: Thermocycler reaction parameters 

 

 
 

Step Cycle Duration Cycle Temperature 

Annealing 10 min 25°C 

DNA Polymerisation 60 min 37°C 

Extension 60 min 37°C 

Enzyme deactivation 5 min 85°C 

Hold Ð 4°C 



 96 

2.4.8 Quantitative polymerase chain reaction  

Quantitative polymerase chain reactions (qPCR) were performed with TaqMan Universal PCR 

Master mix (MM), using TaqMan gene expression assays for stem cell markers and pro-

inflammatory genes, for cell pellets and mouse tissue samples respectively (Table 14, Table 

15), on a StepOnePlus qPCR system (both Thermo Fisher Scientific). cDNA samples were 

diluted 1:20 in molecular-grade nuclease-free H2O. Samples were run in duplicate 20 µl 

reactions (16 µl of reagents and 4 µl of standards/ diluted samples) (Table 13) in a MicroAmp 

Fast 96-well Reaction Plate (ThermoFisher Scientific) using the cycling parameters 50 °C for 

2 minutes, 95 °C for 10 minutes, then 40 cycles of 95 °C for 15 seconds and 60 °C for 1 

minute. Fold changes in gene expression were calculated as the ratio of molecules of the 

target gene against the house keeping gene GAPDH, via ȹȹCT analysis. 

 

Table 13: qPCR reagents 
 

Component Volume/Reaction (µl) 

20 X Taqman Gene Expression Assay 1.0 

2 X Taqman Gene Expression Master Mix 10.0 

Nuclease-free H2 5.0 

 
 
 
Table 14: Gene expression assays used to assess the pluripotency and differentiation status of 

cells 

 

Gene Assay ID 

GAPDH Hs99999905_m1 

POU5F1 Hs00999632_g1 

NANOG Hs02387400_g1 

SOX2 Hs01053049_s1 

PAX6 Hs01088114_m1 

NESTIN Hs00707120_s1 
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Table 15: Gene expression assays used to assess the expression of pro-inflammatory genes in 

mouse tissue samples 

 

Gene Assay ID 

Gapdh Mm99999915 g1 

Il1b Mm00434228_m1 

Ccl2 Mm00441242_m1 

Tlr3 Mm01207404_m1 

Nlrp3 Mm00840904_m1 

Tnfa Mm00442358_m1 

Pycard Mm00445747_g1 

Ccl3 Mm00441259_g1 

Il1ra Mm00446186_m1 

 
 

2.4.9 Vector copy number determination 

 

2.4.9.1 DNA extraction   

DNA was extracted by using GenElute Mammalian gDNA Miniprep Kit (Sigma) and following 

the protocol provided by the supplier, as per section 2.4.1          

2.4.9.2 qPCR  

qPCR was performed with TaqMan Universal PCR Master mix (MM), using TaqMan gene 

expression assays for GAPDH and HIV on a StepOnePlus qPCR system (both Thermo 

Fisher Scientific). Samples were run in duplicate 20 µl reactions (18 µl of reagents and 2 µl of 

standards/samples) (Table 16) in a MicroAmp Fast 96-well Reaction Plate (ThermoFisher 

Scientific) using the cycling parameters 50 °C for 2 minutes, 95 °C for 10 minutes, then 40 

cycles of 95 °C for 15 seconds and 60 °C for 1 minute.   
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Table 16: Working concentration of qPCR reagents  
 

Reagents Volume per sample 

TaqMan MM  10 ɛl  

HIV forward primer (5ô-TCTCGACGCAGGACTCG-3ô)  0.18 ɛl  

HIV reverse primer (5ô-TACTGACGCTCTCGCACC-3ô)  0.18 ɛl  

Probe HIV (5ô-ATCTCTCTCCTTCTAGCCTC-3ô FAM/TAMRA) 0.05 ɛl  

GAPDH forward primer (Sequence not released by ThermoFisher Scientific - 
10300115)  

0.18 ɛl  

GAPDH reverse primer (Sequence not released by ThermoFisher Scientific - 
10300115)  

0.18 ɛl  

Probe GAPDH (Sequence not released by ThermoFisher Scientific -
VIC/TAMRA 10300115)  

0.05 ɛl  

Molecular grade Water  7.18 ɛl  

Standards / samples  2.0 ɛl  

 

 

The copy number was determined using a standard curve generated by 1:5 serial dilutions of 

gDNA from EL4 cells (250-300 ng/ul) containing two integrated HIV copies per GAPDH. The 

samples were diluted 1:10. A non-template control was also run in duplicate. Data were 

analysed using standard curve analysis method. 

 

2.4.10 Droplet digital (dd) PCR 

In order to compare and distinguish the number of vector copies attributed to LV.PGK.SGSH 

and LV.CMV.LUC, two mastermixes were prepared according to the following concentrations 

(Table 17, Table 18). Following this, gDNA isolated from unaffected and MPS IIIA NPCs was 

diluted to 20 ng/ul and 2.20 ul diluted gDNA were added to 41.8 ul of mastermix (1.10 µl gDNA 

then 20.9 µl mastermix for each replicate) contained in a 0.2 ml tube. Following a brief spin on 

a benchtop microcentrifuge, samples were kept on ice and carried to the Genomic Technology 

Core Facility (GTCF), where droplet generation was performed. DG8 cartridges were placed 

in DG8 cartridge holders and 20 ul of appropriate sample were added per well in the middle 

row of DG8 cartridges, carefully avoiding any production of bubbles. 70 ul droplet generation 

oil for probes were loaded per well in the bottom row of cartridges.  
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A DG8 Gasket was attached across the top of the cartridge, which was then placed in QX200 

Droplet Generator for partitioning of samples. Once the partitioning was successful, droplets 

were transferred from the top wells of the cartridge to a 96-well plate using an 8-channel 

pipette. A pierceable foil seal was placed over the top of the plate and sealed at 180 °C for 10 

seconds. Subsequently, the sealed plate was transferred to C1000 touch Thermal Cycler and 

cycled as described in Table 19. The plate layout was set up on Quantasoft during PCR 

amplification. Once amplification was complete, the plate was transferred to the QX200 

Droplet Reader for droplet reading. When analysing, thresholds were set just above the 

negative droplet line (Figure 11). Quantasoft calculated the VCN automatically, which was 

found under the ócopy numberô tab, by standardising against SDC4 gene (2 copies per cell). 

LV.PGK.SGSH and LV.CMV.LUC contained the same HIV sequence, which was targeted to 

obtain the VCN indicative of the sum of the two vectors (overall VCN). The SGSH sequence 

present only in the LV.PGK.SGSH was also targeted and compared to the overall VCN value 

to be able to distinguish each LV contribution.  

 

 

Figure 11: Analysis of ddPCR run 

Two distinct populations of droplets were seen on the plot. The dark population (low amplitude) 

represents droplets where no fluorescence was detected, the green population (high amplitude) 

represents droplets that had detectable fluorescence. The threshold (above which droplets are deemed 

to be positive) was shown by the pink line. Based on previous experiments, we set 50 droplets as the 

minimum threshold of positive droplets.  
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Table 17: ddPCR mastermix used to quantify the contribution of both vectors to the overall VCN 

 

LV.PGK.SGSH and LV.CMV.LUC contained the same HIV sequence, which was targeted to obtain the 

VCN indicative of the sum of the two vectors. The value was standardised against SDC4 gene (2 copies 

per cell), by Quantasoft. 

 

 

 

 

 

 

 

 

 

 

 

Reagent Stock 
concentration 

Final 
concentration 

Amount 
per well (ul) 

HIV Forward Primer 
5ô-TCTCGACGCAGGACTCG-3ô 

 

100 µM 900 nM 0.198 

HIV Reverse Primer 
5ô-TACTGACGCTCTCGCACC-3ô 

 

100 µM 900 nM 0.198 

SDC4 Forward Primer 
5ô-CAGGGTCTGGGAGCCAAGT-3ô 

 

100 µM 900 nM 0.198 

SDC4 Reverse Primer 
5ô-GCACAGTGCTGGACATTGACA-3ô 

 

100 µM 900 nM 0.198 

HIV Probe 
5ô-FAM-ATCTCTCTCCTTCTAGCCTC-

ZEN/Iowa 
Black FQ-3ô 

 

100 µM 250 nM 0.055 

SDC4 Probe 
5ô-FAM- 

CCCACCGAACCCAAGAAACTAGAGGAGAAT- 
ZEN/Iowa Black FQ-3ô 

 

100 µM 250 nM 0.055 

DDPCR Supermix for Probes (no dUTP) 2x 1x 11.00 

Molecular Biology Grade Water N/A N/A 8.998 

Total    20.9 
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Table 18: ddPCR mastermix used to quantify the contribution of LV.PGK.SGSH to the overall 

VCN 

 

 

The SGSH sequence present in the LV.PGK.SGSH was targeted to obtain the vector contribution to 

the overall VCN. The value was standardised against SDC4 gene (2 copies per cell), by Quantasoft. 

 

 

Table 19: ddPCR parameters 

 

Initial Denaturation                   X39 Final Extension Hold 

95°C 94°C 56°C 98°C 12°C 

30 s 30 s 60 s 10 min Ð 

 

 

Reagent Stock 
concentration 

Final 
concentration 

Amount 
per well 

(ul) 

SGSH Forward Primer 
5ô-ACGTGCACCACTTCAACA-3ô 

 

100 µM 900 nM 0.198 

SGSH Reverse Primer 
5ô-GCCGTTCTCTTCGGTGTAG-3ô 

 

100 µM 900 nM 0.198 

SDC4 Forward Primer 
5ô-CAGGGTCTGGGAGCCAAGT-3ô 

 

100 µM 900 nM 0.198 

SDC4 Reverse Primer 
5ô-GCACAGTGCTGGACATTGACA-3ô 

 

100 µM 900 nM 0.198 

SGSH Probe 
5ô-FAM-CTTCGACAA/ZEN/AGTGCGG 

AGCCTG/3IABkFQ/ô-3ô 
 

100 µM 250 nM 0.055 

SDC4 Probe 
5ô-FAM- 

CCCACCGAACCCAAGAAACTAGAGGAGAAT- 
ZEN/Iowa Black FQ-3ô 

 

100 µM 250 nM 0.055 

DDPCR Supermix for Probes (no dUTP) 2x 1x 11.00 

Molecular Biology Grade Water N/A N/A 8.998 

Total    20.9 
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2.5 SGSH Enzyme activity assay  

Cells were trypsinised, collected with fresh medium in a 15 ml falcon tube and centrifuged at 

200 x g for 5 minutes. The pellets were resuspended in 1 mL PBS and the content was 

transferred into 1.5 mL eppendorf tube. The tubes were then centrifuged at 200 x g, for 5 

minutes at 4°C. After discarding PBS, the samples were frozen in -80°C for future use.  Both 

cell and tissue samples were resuspended in 100 µl homogenisation buffer (0.5M NaCl/0.02M 

Tris pH 7-7.5) and sonicated 3 x 5 second at 5µm amplitude on ice with a 10s break between 

sonication steps. The lysate was then centrifuged at 2045 x g for 15 minutes at 4°C and the 

supernatant stored at -80°C. Starting material was standardized by using Pierce BCA 

colorimetric assay (ThermoFisher Scientific) according to the manufacturerôs instructions 

using a standard curve (2000-0 µg/mL BSA). 2-10 µl protein were used. OD562 was read by 

using BioTek Gen5 data analysis software after samples were incubated at 37°C for 30 

minutes. Fluorimetric SGSH activity assays were performed in duplicates in a black 96 well 

plate, according to a published protocol [181]. The samples were diluted to relevant 

concentration up to 10 µl in homogenisation buffer (10 µg for non-transduced cell pellets, 1-2 

µg for SGSH LV transduced cell pellets, 40 ug for tissue samples, blank control was 0.2% 

BSA). Protein samples were then incubated with 10 ɛl substrate (4-Methylumbelliferyl 2-

deoxy-2-sulfamino-a-D-glucopyranoside sodium salt, Carbosynth, EM06602) and 10 ɛl 

pefabloc SC (Sigma, 11585916001) in substrate buffer (50 mM ADA pH 6.5, 1.171/100ml 

H2O). The plate was then incubated for 17 hours at 47 ºC, at 125 rpm. Following this, the 

reaction was stopped with 6 ɛl of double concentrated McIlvainôs Pi/Ci buffer (0.4 M Na2HPO4, 

0.2 M citric acid + 20% Na-azide, pH 6.7). After further addition of 10 ɛL Ŭ-glucosidase from 

bacillus stearothermophilus (10U/ml 0.2% BSA, Sigma G 3651), the plate was re-sealed, 

protected from light and incubated for 24 hours at 37 ºC, at 125 rpm. The reaction was 

terminated by adding 154 ɛL stop buffer (0.5 M NaHCO3, 0.5 M Na2CO3, pH 10.6 + 0.025% 

Triton-X-100).  
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Finally, 200 ɛL 4-methylumbelliferyl standards were added per well in duplicates (as per Table 

20) and the fluorescence was immediately read on the plate reader (Biotek, excitation 360 

nm/emission 450 nm). The enzyme activity was reported as ɛM 4-MU/hours/mg protein.  

 

Table 20: Information on 4-methylumbelliferyl standards used for the SGSH enzyme activity 

assay 

 

Concentration 
4-MU 

µl Stock 4-MU 
(66.67 µM) 

µl of stop 
 buffer 

10.66 µM 67.2 352.8 

5.33 µM 33.6 386.4 

2.66 µM 16.8 403.2 

1.33 µM 8.4 411.6 

0.66 µM 4.2 415.8 

0.33 µM 2.1 417.9 

0.17 µM 1.05 418.95 

0 µM 0 420 

 

2.6 Luciferase Activity Assay  

Steady-Glo® Luciferase Assay System (E2510, Promega UK Ltd, Southampton, UK) was 

used to detect luciferase signal to confirm successful transduction of cells with the 

LV.CMV.LUC. Steady-Glo reagent was prepared according to the manufacturerôs instructions. 

On day 0, 1.5 x 105 cells were seeded per well of a 96-well white clear bottom plate. Once full 

confluency was reached, the plates were left to equilibrate at room temperature for a few 

minutes. Subsequently, 100 ul of Steady-Glo® reagent was added to each well containing 100 

ul of growth medium, and the total volume was mixed. The plate was left to incubate at room 

temperature in the dark for 1 hour. The luminescence signal was detected on a Synergy HT 

Multi-Detection Microplate Reader (Agilent, Santa Clara, USA). The average luminescence 

from wells containing treated cells was normalized against that of control wells to remove 

background signal.  
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2.7 Immunohistochemistry (IHC) 

2.7.1 IHC analysis of cells  

2.7.1.1 AP staining  

Alkaline phosphatase (AP) live stain was used to screen colonies during early stages of the 

reprogramming workflow, once fully formed colonies could be observed. One tablet of 

SIGMAFast BCIP/NBT (B5655, Sigma-Aldrich) was dissolved in 10 mL PBS. 2 ml of the 

resulting solution was added per well of a 6-well plate and the latter was left in the dark at 

room temperature for 15 minutes. The dye consists of a cell-permeable substrate for AP, which 

is a class of enzymes expressed in iPSCs. The product of the enzymatic reaction is a blue 

stain, which marks iPSC colonies. 

2.7.1.2 Immunofluorescent staining of iPSC and derivates 

The culture medium was removed, the wells washed three times with PBS and the cells fixed 

in 4% paraformaldehyde (PFA) (28908, ThermoFisher Scientific) in PBS for 10 mins. Following 

three more washes in PBS, the cells were permeabilised by adding 0.1% Triton X-100 (Sigma-

Aldrich) in PBS and leaving for 5 minutes at room temperature. The cells were washed again 

three times in PBS and incubated with the appropriate dilution of primary antibody (Table 21) 

in PBS, for 1-2 hours, at room temperature and in the dark. Three washings in PBS were 

performed before incubation with Alexa Fluor® (Invitrogen) secondary antibodies (1:800 

dilution in PBS, for 1 hour at room temperature, in the dark). Finally, the cells were washed 

three times in PBS and incubated with 300 ul DAPI solution for 4 minutes at room temperature. 

The cells were finally washed three times with PBS and the staining visualized under the 

EVOS FL Cell imaging system (ThermoFisher Scientific). 
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Table 21: Information regarding primary antibodies for staining of iPSC and derivates 

 

Primary Antibody Dilution Species Supplier Catalogue Number 

OCT4 1:200 Goat R&D Systems AF1759 

SOX2 1:100 Goat R&D Systems AF2018 

NANOG 1:100 Goat R&D Systems AF1997 

TRA-1-60 1:200 Mouse Abcam ab16288 

ȷ-SMA 1:100 Mouse Abcam ab5694 

SOX17 1:200 Goat R&D Systems AF1924 

ȸ-III TUBULIN  1:200 Mouse 
Rabbit 

R&D Systems 
Abcam 

MAB1195 
ab52623 

NESTIN 1:200 Mouse ThermoFisher MA1-110 

PAX6 1:100 Sheep R&D systems AF8150-SP 

 

2.7.2 IHC analysis of mouse tissues 

2.7.2.1 Cutting Tissue Sections on Microtome  

Mouse brains following perfusion were fixed for 24 hours in 4 % PFA, then transferred to 30% 

sucrose/-2 mM MgCl2 for 24 h. The brains were then stored in aluminium pouches at -80 °C. 

Brain tissue sections (30 µm) were cut on a freezing microtome in optimal cutting temperature 

compound (KP-CryoCompound, 1620C, Klinipath, Duiven, Netherlands), after removing 

cerebellum and olfactory bulb, and stored at 4 °C in anti-freeze TRIS buffered saline (TBS-

AF)  (TBS-A: TBS + 0.05% NaN3; TBS-AF: 350 mL TBS-A, 75 g sucrose, 150 mL ethylene 

glycol) in round-bottomed 96 well plates.  

2.7.1.2 DAB Isolectin B4 Immunohistochemistry on Free-Floating Brain Sections 

Following a brief wash in TBS/Mg2+/Ca2+ buffer, brain sections were incubated in 1% H2O2 in 

TBS without Mg2+/Ca2+ (TBS) for 30 minutes. The sections were then rinsed in TBS/Mg2+/Ca2+ 

buffer three times for 5 minutes and eventually incubated overnight at 4 °C with gentle agitation 

with Isolectin B4 (ILB4) (ILB4, 5µg/ml, L5391, Sigma-Aldrich) diluted (1:200) in TBS/Mg2+/Ca2+ 

buffer The following day, the sections were washed three times for 5 minutes in TBS/Mg2+/Ca2+ 

buffer, incubated with 400 ɛl DAB substrate (Vector Labs, Peterborough, UK) for 45 seconds 

and washed with ice cold TBS twice.  
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The brain sections were then mounted onto coated slides and left to dry overnight. If a 

counterstain was required, the slides were incubated in Gillôs hematoxylin for 5 minutes and 

rinsed in PBS pH 8 for 10 minutes. The sections were rehydrated in TBS for 5 minutes, rinsed 

in water for 3 minutes, then dehydrated through an industrial methylated spirits (IMS) series 

for 3 minutes each (30% IMS, 50% IMS, 70% IMS and 100 IMS) and incubated in xylene for 

30 minutes. Coverslips were then mounted over sections using DPX mounting medium 

(ThermoFisher Scientific).  

2.7.2.3 Haematoxylin & Eosin Staining on Free-Floating Brain Sections 

Brain sections were mounted onto coated slides and left to dry overnight. The staining was 

performed by the Histology Core Facility. Sections were rehydrated in water for 5 minutes, 

incubated with Harris haematoxylin for 2 minutes and rinsed in water for 3 more minutes. The 

sections were then differentiated in 5% acetic acid for 30 seconds and rinsed again in water 

for 1 minute. Nuclear staining was achieved by incubating sections in Scottôs Tap Water 

substitute concentrate (S5134, Sigma-Aldrich) for 30 seconds and rinsing in water for another 

minute. Counterstaining was obtained by a further incubation in 1% eosin for 1.5 minutes, 

dehydration in 95% and 100% ethanol for 1.5 minutes each and a final incubation in 97% 

xylene for 4 minutes. Coverslips were then mounted over sections using DPX mounting 

medium (Fisher Scientific).  

2.7.2.4 Cytokeratin AE1/3 Immunohistochemistry on Mounted Brain Sections 

Brain sections were mounted onto coated slides and left to dry overnight. The sections were 

stained by BOND fully automated IHC staining system (Leica Biosystems, Milton Keynes, UK), 

by the Histology Core Facility. Firstly, antigen retrieval was achieved by incubating the 

sections at 90 °C for 15 minutes. Endogenous peroxide activity was blocked by incubating the 

sections with 3-4% hydrogen peroxide for 5 minutes. Following a quick wash in deionized H2O, 

the sections were incubated with primary antibody (mouse anti-pan Cytokeratin [AE1+AE3] 

ab961, Abcam) for 8 minutes.  
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Three 2-minute washes were performed in deionized H2O, after which incubation in secondary 

antibody (rabbit anti-mouse IgG, Proclin TM 950) was performed for 8 minutes. Following three 

2-minute washes in deionized H2O, polymer (anti-rabbit poly-HRP-IgG, Proclin TM 9500) was 

added for 8 minutes, and the sections washed again three times with deionized water. 

Subsequently, the sections were incubated with mixed DAB refine (Leica Biosystems) for 10 

minutes, washed three times with deionized H2O and eventually stained with haematoxylin. 

Following a final wash in deionized H2O, the sections were incubated with xylene for 4 minutes. 

Coverslips were then mounted over sections using DPX mounting medium (ThermoFisher 

Scientific). 

2.7.2.5 Immunofluorescent staining on free-floating brain sections.  

Following a brief wash in TBS, brain sections were incubated in 5% normal goat serum/0.1% 

saponin/TBS for 30 minutes to block non-specific protein binding. Subsequently, the sections 

were incubated overnight at 4 °C with gentle agitation with the appropriate dilution of primary 

antibody (Table 22) in in 5% normal goat serum/0.1% saponin/TBS. Three 5-minute washes 

were then performed using TBS and 400 ɛl goat anti-rabbit Alexa Fluor® 488, goat anti-rat 

Alexa Fluor® 594 and goat anti-mouse Alexa Fluor® 488 (Life Technologies, 1:1000) 

secondary antibodies, made in 5% normal goat serum/0.1% saponin/TBS, were added per 

well. After 2-hour incubation at room temperature, the sections were washed twice in TBS for 

5 minutes and 500 ɛl DAPI (300 nM) were added per well and left rocking for 10 minutes. 

Following three 5-minute washes in TBS, the brain sections were eventually mounted and left 

to dry. Finally, a quick wash in milli-q water was performed and, once dry, the coverslips were 

mounted using Prolong gold antifade (Life Technologies) containing DAPI. Images were 

acquired on the Olympus BX60 fluorescence microscope. 
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Table 22: Information regarding primary antibodies for immunofluorescent staining on free-

floating brain sections 

 

Primary Antibody Dilution Species Supplier Catalogue Number 

GFAP 1:1500 Rabbit DAKO Z0334 

LAMP2 1:500 Rat Abcam ab13524 

NeuN 1:1000 Mouse Abcam ab104224 

Anti-Nuclei, clone 
235-1 

1:100 Mouse Sigma-Aldrich MAB1281 

 

2.7.2.6 Image acquisition and software analysis 

Images were acquired on a 3D-Histech Pannoramic-250 microscope slide-scanner using a 

40x/0.30 Plan Achromat objective (Carl Zeiss) and the DAPI, FITC and TRITC filter sets. 

Snapshots of the slide-scans were taken using the SlideViewer software (3D-Histech, 

Budapest, Hungary), and cell counts, cell size and fluorescent quantification assessed in either 

ImageJ or CellProfiler softwares. Glial fibrillary acidic protein (GFAP)+ and ILB4+ cells were 

quantified in cortex, striatum, amygdala and hippocampus at 40x magnification (n=10/group) 

by ImageJ software. NeuN+ cells were quantified in the cortex at 20x magnification by 

CellProfiler software (n=10/group). Locations for cell quantification are shown in Figure 12. 

Fluorescent quantification of lysosomal associated membrane protein-2 (LAMP2) (in cortex, 

striatum, amygdala and hippocampus) and NeuN (in the hippocampus) positive staining was 

performed in ImageJ. Fluorescent images were converted to 8-bit and a consistent threshold 

applied. An area of interest was selected and the following measurements taken; area, 

integrated density and mean gray value. Multiple background measurements were taken in 

regions with no fluorescence. 
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The corrected cell fluorescence was calculated: 

ὅέὶὶὩὧὸὩὨ Ὕέὸὥὰ ὊὰόέὶὩίὧὩὲὧὩ (ὃ. Ὗ. ) 

= ὍὲὸὩὫὶὥὸὩὨ ὈὩὲίὭὸώ ī (ὃὶὩὥ ὼ ὓὩὥὲ ὄὥὧὯὫὶέόὲὨ ὊὰόέὶὩίὧὩὲὧὩ) 

 

 

Figure 12: Brain coronal section identification and fields of view for quantification 

Four sections of brain from Bregma +0.74 mm to -2.70 mm were stained concurrently. Three fields of 

view of cerebral cortex (boxed areas c, d, f - layers IV/V/VI corresponding to the primary motor and 

primary somatosensory areas), two fields of view of striatum (boxed areas a,b), one field of view of 

hippocampus (boxed area e) and one field of view of amygdala (boxed area g) were quantified using 

either Image J or Cellprofiler softwares. 

 

 

2.7.3 Electrophoretic tissue clearing with the X-Clarity 

Following fixation in 4% PFA for 24 hours and further incubation in 30% sucrose/MgCl2/PBS 

solution for at least 48 hours, each brain was placed in a stainless steel brain matrix (51387, 

Stoelting, Illinois, USA) and 1 mm sagittal sections were obtained by inserting FisherbrandÊ 

Razor Blades into each division (Figure 13a,b). Brain slices were divided into two groups (1-5 

and 1-10) to keep the two hemispheres separated and stored at -80°C until needed. Clear 

lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization-

compatible tissue hydrogel (Clarity) is a well-known tissue clearing method, which is based on 

the extraction of lipids through electrophoresis by placing the tissue in an ionic detergent 

solution under an electric current.  
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Following lipid rupture, a transparent tissue-hydrogel hybrid is obtained. The first step of X-

CLARITY (Logos Biosystems, Villeneuve dôAscq, France) involves infusion of the sample with 

hydrogel monomers. In order to achieve so, brain slices were incubated in hydrogel-initiator 

solution at 4°C for 24 hours. The hydrogel-initiator solution was obtained by adding one part 

25% (w/v) X-CLARITY polymerization initiator to 100 parts X-CLARITY hydrogel solution. The 

next day, radical polymerization was initiated by inserting the samples in the X-CLARITY 

polymerization system, which was run at 37°C for 3 hours at -90 kPa (Figure 13c). After 

polymerization, the samples were gently shaken for 1 minute. Following a quick rinse in 1X 

PBS, the samples were cleared from lipids by placing them in the X-CLARITY tissue clearing 

system, which was run at 37°C, 1.2 A, 100 rpm for 4 hours (Figure 13d,e). Cleared samples 

were then washed several times in 1X PBS and finally incubated in X-CLARITY mounting 

solution (SKU: C13100, Labtech, Heathfield, UK), after which were ready to be imaged. 

 

 

Figure 13: Schematic of brain sectioning and tissue clearance  
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Images were collected on a Leica TCS SP8 AOBS upright confocal using a [20x / 0.50 Plan 

Fluotar] objective [and 0.75x confocal zoom]. The confocal settings were as follows, pinhole 

[1 airy unit], scan speed [1000Hz unidirectional], format [1024 x 1024]. Images were collected 

using [hybrid] detectors with the following detection mirror settings; [FITC 494-530nm] using 

the [white light laser with 488nm (20%)] laser line. When acquiring 3D optical stacks the 

confocal software was used to determine the optimal number of Z sections. Only the maximum 

intensity projections of these 3D stacks are shown in the results. 

 

2.8 Experimental work on mice  
 

2.8.1 Study approval  

All animal work was performed with local ethical approval and in accordance with Home Office 

regulations. All Schedule 1 procedures were performed in accordance with the Animals 

(Scientific Procedures) Act, 1986 (UK), under project licence PPL P0C3AEEB0 and approved 

by the University of Manchester Ethical Review Process Committee. 

2.8.2 Maintenance of mouse colonies 

  

Mice were maintained in the Biological Services Facility (BSF) in Manchester University 

according to Home Office Regulations. Mice were housed in groups of 2-5 in individually 

ventilated cages, with a regular 12/12-hour light/dark cycle, under controlled temperature and 

light. They were provided with ad libitum access to food and water.  

2.8.3 Mouse strains  

B6.Cg-Sgshmps3a/6J (MPSIIIA) mice were originally obtained as a naturally occurring SGSH 

mutant (D31N) which retains 3-4% residual SGSH activity. These mice were backcrossed for 

over 20 generations to a C57Bl/6 background. Mice were maintained by heterozygote 

breeding. Wild-types were littermate controls obtained from the heterozygote breeding.  
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NOD.Cg-PrkdcScid Il2rgtm1Wjl/SzJ Sgshmps3a/6J (MPS IIIA x NSG) mice were generated by 

crossing MPS IIIA (B6.Cg-Sgshmps3a/6J) mutant males with NOD.Cg-PrkdcScid Il2rgtm1Wjl/SzJ 

(NSG) females. NSG mice are one of the most immunodeficient mice described to date, as 

they lack mature T cells, B cells, and natural killer (NK) cells [182]; hence the aim was to 

obtain a fully immunodeficient mouse model of MPS IIIA disease.  The heterozygous offspring 

obtained from the first cross were backcrossed to NSG mice, and this breeding strategy was 

repeated until the fourth generation (Figure 14).  

The final offspring were intercrossed to obtain fifth generation homozygous recessive and 

wildtype MPSIIIA (aa and AA, respectively) offspring, also mutant for both PRKDC (scid) and 

IL2RG (Common Gamma C chain) (ss and gg, respectively).   

 

 

Figure 14: Generation of the MPSIIIA x NSG mouse model  

A B6 MPSIIIA male was crossed to an NSG female for 4 generations. B stands for B6 strain, while N 

stands for NOD strain. S/s denotes the PRKDC gene, G/g denotes the IL2RG gene, and A/a denotes 

the SGSH gene. The genes symbolized as upper case are dominant while those designated by lower 

case are recessive. Since the IL2RG gene is X-linked, the males obtained in generation 1 were all 

mutant for this gene (denoted as *). The blue boxes show the genotype that was selected to cross the 

next MPSIIIA male with an NSG female.  
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2.8.4 Mouse genotyping  

Both the MPS IIIA, the NSG mice and the offspring obtained during the MPSIIIA x NSG 

breeding were genotyped by Transnetyx.  

 

2.8.5 Preparation and treatment delivery  

2.8.5.1 Poly(I:C) preparation 

Mice were intravenously challenged with HMW poly(I:C) (polyinosinicïpolycytidylic acid 

sodium salt Invitrogen, tIrl-pic). Briefly, 10 ml sterile endotoxin-free physiological H2O (NaCl 

0.9%) were added to 10 mg poly(I:C) to obtain a solution of 1 mg/ml. The solution was then 

mixed up and down. Following this, the mixture was heated for 10 minutes at 70°C to ensure 

complete solubilisation and then allowed to cool naturally at room temperature for 1 hour to 

ensure proper annealing of double-stranded RNA. The solution was aliquoted and stored at -

20°C.  

2.8.5.2 Poly(I:C) delivery  

Poly(I:C) was prepared as per section 2.8.5.1. 2- to 4-month-old WT and MPSIIIA mice were 

administered a single dose of 6 mg/kg poly(I:C) or saline intravenously. WT mice were also 

treated with 2.5 mg/kg poly(I:C), to assess the efficacy of lower Poly(I:C) doses. After 3, 6 and 

24 hours the body weight was measured. The burrowing behaviour was assessed between 5- 

and 7-hours post-stimulation. Animals were sacrificed by intra-cardiac perfusion at 24 hours 

post-intravenous challenge and blood, spleen and brain were harvested (5 groups, n=3 per 

group; Figure 15).  

 

 



 114 

 
 
Figure 15: Schematic of acute single poly(I:C) challenge 

2- to 4-month old WT and MPSIIIA mice were administered an intravenous challenge of saline or 6 

mg/kg poly(I:C). WT mice were also administrated a lower dose of poly(I:C) (2.5 mg/kg) (n=3 per group). 

The burrowing behaviour was assessed between 5- and 7-hours post-stimulation. At 24 h post 

administration the mice were sacrificed, and the tissues were harvested.  

 

2-month-old WT and MPS IIIA mice were treated with either saline or increasing doses of 

poly(I:C) (2.5, 4 and 6 mg/kg). 3, 6 and 24 hours post IV injection, the body weight was 

measured, while the burrowing behaviour was assessed between 1- and 3-hours post-

stimulation. In addition, 24 hours post challenge, 100 ul blood was withdrawn from the tail and 

the plasma analysed for the expression of MCP1 cytokine. After 4 months, cognitive behaviour 

was assessed via the Y-maze spontaneous alternations test as per section 2.8.6.2. Animals 

were sacrificed by intra-cardiac perfusion at 6 months of age (4 groups, n=11 per group; Figure 

16).  
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Figure 16: Schematic of repeated poly(I:C) challenge 

2-month-old WT and MPSIIIA mice were administered an intravenous challenge of saline or 2.5, 4 and 

6 mg/kg poly(I:C) (n=11 in each group). At 24 h post each administration, 100 ul blood sample was 

collected to check the efficacy of the injection. At week 16th the spatial working memory was assessed 

through the Y-maze test. At week 17th the mice were sacrificed, and the organs harvested for 

histochemical analyses. 

 

2.8.5.3 Preparation of NPCs 

On the injection day, both LV transduced NPC lines were gently washed with PBS, after 

removal of their spent medium. 1 ml pre-warmed StemPro accutase cell dissociation reagent 

was then added to each well and left to incubate for 4-8 minutes at 37°C until complete 

detachment. After incubation, 1 mL NEM was added. The cell suspension was transferred to 

a 15 mL falcon tube and the latter was centrifuged at 300 x g for 4 min. The supernatant was 

removed, and the cells were resuspended with 1 mL pre-warmed NEM and counted using a 

hemocytometer. The volume corresponding to 7 x 105 cells was placed in an Eppendorf and 

spun down again at 300 x g for 4 min. Following this, the supernatant was discarded, and the 

cell pellet was resuspended in 35 ul 80% Geltrex, 20% NEM solution and kept on ice until the 

mice were ready for injection. 
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2.8.5.4 NPCs delivery via intracranial injection  

Prior to surgery, buprenorphine was prepared according to Table 23. A 1 in 10 dilution of the 

drug was prepared fresh on the day, using saline. The mouse body weight was recorded 

before commencing the procedure. The entire surgical procedure was carried out using 

aseptic techniques. NSG mice were anaesthetized by inhalation (induction at 4% isoflurane in 

4L/min O2, then maintained on 2% in 2L/min), then moved to the surgical area, placed on the 

heated pad and fixed to the stereotactic apparatus, with head made immobile using ear bars. 

Toe pinch reflex was performed to assess whether the animal was adequately anaesthetized 

before making any incision and physiological parameters, such as breathing and response to 

surgical stimulation were closely monitored. The head of the mice was cleaned by wiping with 

Videne and then ethanol. A longitudinal incision was made along the midline to visualise 

bregma, and sterile cotton buds were used to remove the dura mater. Bregma was identified 

using sterile forceps, marked with a pen and the co-ordinates were measured using the 

Vernier scale. A hole was drilled 2 mm lateral to bregma, over the right striatum, using a #9 

burr with the dental drill. A sterile glass Hamilton syringe (Hamilton, Reno, USA) bearing a 

26G unbeveled needle was fixed onto the stereotactic apparatus, and 7 ul of pre-mixed cell 

suspension or saline drawn up.  The syringe was placed into the z-axis of the stereotactic 

apparatus and the co-ordinates of the brain surface were recorded using the Vernier scale. 

The needle was inserted vertically into the striatum to a depth of 4mm from the cerebral 

surface, then withdrawn 1mm. The 5 µl volume of cells/saline was then introduced gradually 

over 5 minutes. 1X PBS (100µl) and buprenorphine (100µl) were administered subcutaneously 

during surgery. The needle was then retracted slowly using the stereotactic apparatus and 

moved 4 mm lateral, to drill a hole in the other hemisphere. A second injection of cells was 

performed as just described.  
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Table 23: Buprenorphine dose  

 
 

 

 

The skin was closed over the burr holes using simple interrupted stitching with absorbable 

sutures (Vicryl 6-0). The animal was then moved to a recovery cage and placed in the recovery 

chamber, with mash, recovery gel and water. The animals were watched closely until they 

were fully awake and moving around. They were moved from the recovery chamber after 

approximately 1 hour and monitored daily.  

 

The experimental design of the NPCs delivery to NSG mice is displayed in Figure 17. Briefly, 

2-month-old WT/NSG and MPS IIIA/NSG mice underwent stereotaxic injection with either 

saline, LV-transduced unaffected NPCs or LV-transduced MPSIIIA NPCs, as described above 

(4 groups, n=10 per group; Figure 17a). In vivo imaging was performed at 2, 4 and 12 weeks 

post intracranial injection, to assess cell engraftment and proliferation. At 4 and 5 months of 

age, cognitive behavior and hyperactivity were assessed via the Y-maze spontaneous 

alternations test and open-field test, respectively as per section 2.8.6. Animals were sacrificed 

by intra- cardiac perfusion between 5 and 6 months of age (Figure 17b).  

 

 

Drug Stock 

Concentration 

Dose 

rate 

Typical dose per 

animal 

Administration 

route 

Buprenorphine 0.3mg/ml 0.1mg/kg 

 

Mouse(30g) 0.01ml SC or (IM) 
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Figure 17: Schematic of LV-transduced NPCs delivery to NSG mice 

2-month-old WT/NSG and MPSIIIA/NSG mice underwent a stereotaxic injection of saline, LV-

transduced unaffected NPCs, or LV-transduced MPS IIIA NPCs (1 x 105 cells per hemisphere) (n=10 

in each group).  At 2, 4 and 12 weeks post intracranial injection luciferase live imaging was performed. 

At 4 and 5 months of age, behavioural assessment was performed. Between 5 and 6 months of age 

the mice were sacrificed, and the organs harvested for histochemical analyses. 

 

 

2.8.6 Behavioural analyses  

2.8.6.1 Burrowing behaviour test 

The burrowing test is based on the typical behaviour of mice to spontaneously move items 

from a burrow, and it analyses sickness behaviour after treatments that mimic pathogenic 

infections. 150 g of normal diet food pellets were placed in grey plastic cylinders (20 cm long, 

6.8 cm diameter, sealed at one end), which were in turns located in individual mouse cages 

(Figure 18).  
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Figure 18: Schematic representation of the burrowing test  

The burrowing test is used as a parameter to monitor sickness behaviour after treatments that mimic 

viral or bacterial infections. Created with BioRender.com 

 

1-3 hour and 5-7 hours post infection, mice were tested for a total of 2 hours. After this period, 

the food remaining in the cylinders was weighed and the amount displaced was calculated. 

2.8.6.2 Y-maze test 

Y-maze tests were performed at 4, 5 and 6 months of age, as previously described [9]. The 

spontaneous alternation test was used to assess spatial working memory in both control and 

treatment group. In general, mice that preserve their cognitive ability will investigate a new 

arm of the Y-maze as opposed to returning to the one previously explored. Mice were placed 

in the middle of a Y-shaped maze with three identical arms and allowed to move freely for 10 

minutes (Figure 19). The number of arm entries and the number of triplets was recorded. Arm 

entry was considered successful when all four paws were within the arm. The test evaluates 

the tendency of the mouse to correctly alternate between the three arms. The effect was 

calculated as percent alternation = [no. of alternations / (total number of arm entries ï 2)] x 

100. The total number of arm entries was subtracted by 2 because the last two arm entries 

cannot form a whole triplet and are therefore disregarded. Total entries were recorded as an 

indication of ambulatory activity and mice that performed fewer than 10 entries in 10 minutes 

were excluded from the analysis.  
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Figure 19: Schematic representation of the Y-maze  

Created with BioRender.com 

 

2.8.6.3 Open-field test 

The open-field test was carried out as a measure of anxiety-related behavior and hyperactivity, 

as previously described [183]. The mice were placed in the center of a white plastic box (45 

cm x 45 cm x 50 cm F.R. Warren Plastics, Bristol, UK) (Figure 20) and left to move freely, 

while being recorded for 1 hour, using Top Scan software (Clever Sys. Inc., USA) and a Sony 

digital camera. The test was performed 1.5 hours after the beginning of the 12-hour light cycle, 

as this time coincides with the circadian peak of activity of the animals. Researchers were 

absent during the hour of recording, with the arena being isolated from the rest of the room by 

a curtain.  The footage was analysed by using Ethovision XT11.5 behavioural software 

(Noldus, Wageningen, the Netherlands); in particular, the inner zone frequency, the distance 

travelled, the velocity, mobility and zone alternations were the parameters chosen for analysis.   
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Figure 20: Schematic representation of the open-field test  

Created with BioRender.com 

 

 

2.8.7 Bioluminescent Imaging 

 

D-Luciferin potassium salt, chemiluminescent luciferase substrate (ab143655, Abcam) was 

reconstituted at 30 mg/ml in sterile PBS. Bioluminescence is recorded in photons per second 

per square millimetre (P/sec/mm/sq) with emissions at or below 4000 considered background. 

Imaging was performed on the Xtreme Imaging System (Bruker, USA). In vivo imaging was 

performed at 2, 4 and 12 weeks post intracranial injection, to assess cell engraftment and 

proliferation, as previously described[180]. Mice were injected intraperitoneally with 100 ul D-

Luciferin salt solution (150 mg/kg). Six min post-injection, mice were anaesthetized using 

isoflurane as previously described (section 2.8.5.4). After initial induction of anaesthetic, mice 

were transferred to the Bruker Xtreme Imager and maintained on isoflurane via a nosecone 

whilst being imaged in a supine position.  
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2.8.8 Collection of peripheral blood via tail vein 

Mice were warmed in a mini-thermacage for 10 minutes at 37°C, until tail veins were clearly 

visible. Mice were restrained and a 500 ul insulin syringe used to pierce the lateral tail vein. 

Between 100-200 ɛl blood was collected using a P200 pipette, immediately transferred to an 

eppendorf containing 50 ɛl citrate solution and placed on ice at 4ÁC. Compression was applied 

to the wound with sterile cotton wool, and the mice monitored for 30 minutes post-procedure. 

2.8.9 Enzyme-linked immunosorbent assays (ELISAs) 

Mouse IL-1ɓ, KC, MCP1 and MIP1a were analysed from plasma samples using commercial 

DuoSet® enzyme-linked immunosorbent assays (ELISAs) according to the manufacturerôs 

protocols (R&D Systems). 96-well EIA/RIA plates were coated with coating antibody (cAb) 

diluted in PBS to the required concentration (3). 50 µl of coating antibody (Table 24) was 

added per well and left on a rocking platform at room temperature overnight. Following cAb 

incubation, plates were washed 4 times with wash buffer (0.05% Tween 20Ê in 1x PBS, 

pH7.2-7.4), and excess liquid removed after each wash. 

 

Table 24: Working concentrations for coating antibodies 

 

 

To prevent non-specific binding via hydrophobic interactions, 200 µl reagent diluent (1% BSA 

in 1x PBS, pH 7.2-7.4) was added per well. The plates were incubated on a rocking platform 

at room temperature for 1 hour. Following blocking with reagent diluent, the plates were 

washed 3 times with wash buffer.  

Cytokine cAB stock solution Working concentration 

Mouse IL1b 480 ug 4 ug/ml 

Mouse KC 120 ug 2 ug/ml 

Mouse MCP1 50 ug 200 ng/ml 
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The addition of Tween 20Ê to the wash buffer, a non-ionic detergent will also aid in reducing 

non-specific binding. Samples and protein standards were added to the plates in duplicates; 

50 µl per well. Samples were diluted 1:2. A 7-point standard curve was prepared from 

recombinant mouse protein using 2-fold serial dilutions for all ELISAs (Table 25). Negative 

controls were also added dependent on the diluent for samples and standards, to give an 

average background reading. 

 

Table 25: Standard curves were generated using recombinant proteins 

 

 

After all standards and samples had been added to ELISA plates, the plates were incubated 

on a rocking platform for 2 hours at room temperature out of sunlight. The plates were 

subsequently washed 4 times with wash buffer. Detection antibody (dAb) was prepared at the 

required concentration (Table 26) in reagent diluent, and 50 µl of dAb added per well. The 

plates were incubated on a rocking platform for 2 hours at room temperature out of sunlight.  

 

Table 26: Working concentrations for detection antibodies 

 

Cytokine dAB stock solution dAB working concentration 

Mouse IL1b 15 ug/ml 250 ng/ml 

Mouse KC 3 ug 50 ng/ml 

Mouse MCP1 3 ug 50 ng/ml 

 

 

Cytokine Standard stock solution High Standard 

Mouse IL1b 130 ng/ml 1000 pg/ml 

Mouse KC 95 ng/ml 1000 pg/ml 

Mouse MCP1 45 ng/ml 250 pg/ml 
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The plates were washed 4 times with wash buffer. Streptavidin-horseradish peroxidase (S-

HRP) was prepared to the working concentration specified on the vial (1:40) in reagent diluent. 

50 ɛl was added per well, and the plates incubated on rocking platform at room temperature 

for 30 minutes. Again, plates were washed 4 times with wash buffer. To visualise bound 

horseradish peroxidase, 3,3´,5,5´-tetramethylbenzidine (TMB), a chromogenic substrate for 

HRP was added to the plates. Once oxidized by the enzyme, TMB yields a blue product that 

absorbs at 370 nm and 652 nm. To prepare TMB substrate, TMB solution (0.4 g/L) was added 

to peroxide solution (0.02% hydrogen peroxide in citric acid buffer) in a ratio of 1:1, 

immediately prior to use. Fifty ɛl of TMB substrate was added per well and left to develop in 

the dark at room temperature for 20 minutes. To stop the enzymatic-TMB reaction, 50 ɛl 2N 

H2SO4 was added per well, this converts the blue product to a yellow product. The absorbance 

was read at 450 nm, with correction at 570 nm on a Biotek Synergy HT plate reader. The 

absorbance reading at 570 nm was subtracted from 450 nm values to allow for correction of 

optical imperfections in the plate. The concentration of cytokine was interpolated from the 

recombinant protein standard curve.  

2.8.10 Intra-cardiac perfusion 

Mice were perfused under terminal anaesthesia to avoid any plasma contamination when 

collecting organs. Isoflurane was used as a terminal anesthetizer, as previously described. 

After loss of consciousness and decreased rate of breathing, the mouse was placed on the 

surgical board and its toe-pinch reflex was checked. The procedure started only upon lack of 

response to noxious stimuli and absence of reflex. The thorax was swabbed with 70% ethanol 

and a T incision was made in its abdomen, along the central line of the thorax and then 

following the ribs disposition. The diaphragm was separated from the chest wall on both sides 

with scissor cuts and the heart exposed by gently rolling the separated rib cages backwards. 

The sterno-pericardial ligament was severed. If the blood needed to be collected for analyses, 

a pair of straight tipped hemostats was positioned at the apex of the heart.  
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A 1 ml insulin syringe was inserted in the right ventricle (in line with the heart to avoid 

damaging) of the heart and the blood was withdrawn (usually 500 µl blood is obtained). The 

withdrawn blood was then placed in a 1.5 ml Eppendorf, containing 200 ul citrate and kept on 

ice. Subsequently, the heart was retracted downwards using a frog clip placed at the apex of 

the heart. A 23G 0,65 x 20 mm butterfly needle (B Braun) was inserted perpendicularly into 

the left ventricle. The right auricle was immediately cut, and 20 ml of pre-warmed sterile PBS 

was slowly pumped through the vascular system. Perfusion was completed once the fluid 

exiting the right atrium was entirely clear. The mouse was sacrificed by cervical dislocation 

and organs were harvested immediately.   

2.8.11 Tissue Collection and Preparation 

When mice were culled for sacrifice, one brain hemisphere, a lobe of liver, half of one kidney 

and half of the spleen were snap-frozen on dry ice for biochemistry, and stored at -80°C. For 

the NPC delivery study, the brain hemisphere was divided into 5 sections (1 = olfactory bulb, 

5 = cerebellum) before freezing. When needed for analysis, each section was then 

resuspended in 200 ul 1X PBS, and subsequently divided into 3 eppendorfs according to the 

following volumes: 60 ul for VCN analysis, 60 ul for enzyme activity assay and 80 ul for GAG 

analysis. The other brain hemisphere and a portion of all the above organs was also fixed in 

4% PFA for a minimum of 24 hours. All the organs, apart from the brain, were transferred from 

4% PFA to 70% ethanol and kept at 4°C for paraffin mounting and slicing. The brain was 

transferred into 30% sucrose/2 mM MgCl2/1xPBS solution for 48 hours and frozen at -80°C 

in foil.  

When needed for flow cytometry analysis, half spleen was collected in a labelled eppendorf 

containing RPMI 1640 medium (R0883, Sigma-Aldrich) + 2% FBS, instead of being snap-

frozen. The spleen was then transferred in a well of a 12-well plate containing 1 ml digestion 

buffer (500ml HANKS (H9269-500ML, Sigma-Aldrich) + 2.5ml P/S). The organ was finely 

chopped with scissors and kept on ice.  
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1 ml two times concentrated liberase+DNase solution (0.8 U/ml LiberaseTL solution, 

05401020001, Sigma-Aldrich) + 160U/ml DNAse Deoxyribonuclease I, (D5025-150KU, 

Sigma-Aldrich) in digestion buffer was added to the sample and left to incubate for 15 min at 

37 C̄. 100 ml per 1 mL EDTA stop solution (03690-100M, Sigma-Aldrich) was added and 

mixed. Following this step, everything was transferred with a Pasteur pipette to a 15 ml tube 

and topped up to 15 ml with wash buffer (500 ml DMEM+ 2.5 ml P/S) to dilute liberase enzyme 

and EDTA. The digested tissue suspension was poured through a 70 mm cell strainer and 

remaining undigested tissue was pushed through the cell strainer into the 50 ml tube using 

the white end of a 1 ml syringe plunger. Subsequently, the cells were washed through with a 

further 5 ml of wash buffer and then spun at 300 x g for 5 minutes. The pellet was resuspended 

in 3 ml of red blood cell (RBC) lysis buffer (R7757-100ML, Sigma-Aldrich) and incubated for 3 

min at room temperature. The sample was topped up with 5 ml Flow Buffer (PBS + 2% FBS) 

and spun at 300 x g for 5 minutes. The spleen was resuspended in 5 ml Flow Buffer for cell 

count. For flow cytometry analysis, 1 x 107 cells were used.  

The blood was diluted in citrate solution (1:3) and kept on ice until the end of the surgical 

operation. The blood was then spun at 200 g for 10 minutes at 4 °C and the supernatant 

(plasma) transferred to a fresh tube and stored at ï 80°C. White blood cells (WBCs) were re-

suspended in 1 ml RBC lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA (disodium 

salt), pH 7.2-7.4, filter sterilised), incubated on ice for 10 minutes and centrifuged at 200 x g, 

4°C for 10 minutes. 1 ml of supernatant was discarded, ensuring the buffy coat remained 

intact, and the RBC lysis repeated for 10 minutes on ice and centrifuged at 200 x g, 4°C for 

10 minutes. The WBCs were washed with 500 ɛl 1xPBS/2% FBS and centrifuged at 200 x g, 

4°C for 10 minutes. The supernatant was removed and the pellet resuspended in 500 ɛl 

1xPBS/2% FBS for cell count. For flow cytometry analysis, 1 x 105 cells were used.  

Upon collection, the thymus was placed in an Eppendorf containing 200 ul 1X PBS and was 

stored on ice until ready to process for flow cytometry analysis. A 70 µm cell strainer was 

inserted in a 50 ml falcon tube.  
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The thymus was placed onto the strainer and mushed with a plunger from a 5 ml syringe. The 

cells were washed through the strainer with 2 ml cold PBS/2%FCS. Following this, 5-6 

volumes of RBC were added and the samples incubated on ice for 10 minutes. The reaction 

was neutralised by the addition of 2 ml FCS and the samples centrifuged at 230 g for 10 

minutes at 4°C. The supernatant was carefully removed, leaving approximately 1 ml in the 

tube. The pellet was resuspended in the remaining supernatant and transferred to a new 

Eppendorf. The samples were spun down at 230 g for 10 minutes at 4°C, the supernatant was 

discarded and the pellet resuspended in 1ml PBS/2% FCS. Following the last centrifugation 

at 230 g for 10 minutes at 4°C, the pellet was resuspended in RI and split into 2 x 200 µl for 2 

FACS panes and added to FACS 96 well plates. 

 

2.8.12 Flow cytometry analysis  

Once having generated our MPS IIIA/NSG mouse model, we decided to confirm full abrogation 

of the adaptive immune response in our animals by flow cytometry analysis. In order to do so, 

we compared C57BL/6J (WT), NSGs and MPS IIIA/NSG mice for both innate and adaptive 

immune response regulators in the blood, spleen and thymus (Figure 21).  

 

 
 

Figure 21: Analysing the MPSIIIA/NSG mouse model immune system  

C57BL/6J (WT), NSGs and MPS IIIA/NSG mice (n = 3 per group) were sacrificed at 2-4 months of age 

and blood, spleen and thymus were harvested. Both innate and adaptive immune responses were 

analysed through flow cytometry. Flow cytometry was also used to analyse innate immune system 

activation in the spleen following poly(I:C) injection.  
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100 ul of each sample (1x106 cells) was added to a labelled 96 well plate. The remaining 

samples were pooled and aliquoted equally into control wells. The plate was centrifuged at 

500 g for 5 minutes and the supernatant was removed. The cell pellets were re-suspended in 

100 ul PBS and the plate was centrifuged at 500 x g for 2 minutes. The supernatant was 

removed and 10 ul Live/dead blue were added to the cell pellet and left to incubate at room 

temperature for 15 minutes in the dark. Following this, 50 ul FCR block (antiFCR + flow 

bufferĄ1:100) were added and left to incubate at 4 C̄ for 10 minutes in the dark. The plate 

was the centrifuged at 500 x g for 2 minutes and the supernatant removed. The required 

antibodies (Table 27) were combined to create a master mix and made up to a total volume 

of 50 ɛl per sample. The antibodies were added to the plate and left to incubate at 4 C̄ for 30 

minutes in the dark. After the incubation, 50 ul flow buffer were added to each well and the 

plate centrifuged at at 500 x g for 2 minutes. This step was repeated once again. Following 

removal of the supernatant, 50 ul 1% PFA were added and left to incubate at room temperature 

for 10 minutes in the dark. The plate was centrifuged at 500 g for 2 minutes, the supernatant 

removed and the pellet resuspended in 200 ul flow buffer. The plate was wrapped in cling film 

and stored at 4 C̄. The flow cytometry analysis was performed within 3 days. Both samples 

and controls were transferred to a 12x75mm FACS tube ready for flow cytometric analysis. 

Flow cytometry was performed on a BD LSRFortessaÊ Flow Cytometer (BD Biosciences, 

Winnersh, UK), which has the capacity for 7-laser, 18-fluorophore configuration. The analysis 

was performed using BD FACSDivaÊ software (BD Biosciences). Effective compensation 

was achieved, standardised PMT voltages based on CST were applied prior to acquisition. 

Data was analysed with FlowJo v10 (Tree Star, Inc., Ashland, USA). Lymphocytes were 

initially gated on a forward scatter (FSC) /side scatter (SSC) by excluding the cells which 

displayed a size lower than 30k (Figure 22) and were identified based on a linear relationship 

between FSC-H and FSC-A, followed by SSC-H and SSC-A. Leukocytes were defined as 

CD45+, and live leukocytes were selected based on low staining for Live/Dead Zombie UV.  
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Table 27: Information regarding the antibodies used for flow cytometry analysis  

 

Antigen Conjugate Dilution 

CD209b 
 

FITC 1:100 

Tim4 
 

PerCP/eF710 1:100 

CD169 
 

A647 1:100 

Ly6C AF700 1:200 

Lineage 
 

APC/eFluor780 1:200 

CD64 
 

BV421 1:200 

XCR1 
 

BV510 1:400 

CD11c 
 

BV605 1:600 

CD86 
 

BV650 1:200 

CD11b 
 

BV711 1:1000 

CD45 
 

BV785 1:200 

F4/80 
 

PE 1:100 

MHCII 
 

PE/Cy5 1:200 

CD68 
 

PE/Cy7 1:100 

NK1.1 APC/eFluor780 
 

1:200 

CD4 BV421 1:200 

CD8 BV785 1:200 

 

Two gating strategies were then used to isolate innate and adaptive immune cells. In the 

myeloid cell gating strategy (Figure 22a), neutrophils could be identified within the Lineage+ 

fraction using CD11b. The CD11b Lin subset was taken forward and the monocytes identified 

by high expression of Ly6c and low MHCII. The MHCII/low Lyc6 subset was taken forward 

and the adaptive immune cells were removed by gating for Lineage+ and CD11b. Both 

macrophages and dendritic cells (DCs) were identified as CD11c+ MHCII+.  
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The DCs were selected from macrophages based on higher expression of both markers. 

Finally, the two DC subsets were identified based on XCR1 (cDC1) and CD11b (cDC2) 

expression. In the adaptive immunity gating strategy (Figure 22b), T cells were identified within 

the TCRɓ+ fraction using FSC-A, and the CD8+ subtype was subsequently isolated. The 

TCRɓ- fraction was also taken forward and the B cells identified within the CD19+ population. 

Within the CD19- population, NK cells were identified as NK1.1+, while neutrophils were 

identified by high expression of Ly6G+ and CD11b. The remaining cell population was taken 

forward and the monocytes were identified by high expression of Ly6C and low MHCII. The 

population low in Ly6C and expressing MHCII was taken forward and both macrophages and 

DCs were identified as CD11c+/MHCII+. Macrophages were further differentiated into 

F480+/CD11b- (red pulp macrophages) and F480+/CD11b+ (marginal zone macrophages 

and marginal metallophilic macrophages).   
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Figure 22: Gating strategy for immune cells  

Whole tissue digests were prepared following tissue harvest. Cells were stained with CD45, Live/Dead, 

Lineage, CD11b, MHCII, Ly6C, CD11c, XRC1, CD209b, Tim4, CD169, CD64, CD86, F4/80, MHCII, 

CD68, NK1.1, CD4 and CD8. Lymphocytes were initially gated on a forward scatter/side scatter by 

excluding the cells which displayed a size lower than 30k and were identified based on a linear 

relationship between FSC-H and FSC-A, followed by SSC-H and SSC-A. Leukocytes were defined as 

CD45+, and live leukocytes were selected based on low staining for Live/Dead Zombie UV. From this 

innate immune cells were selected as follows: neutrophils CD45+/CD11b+/Lin+, monocytes 

CD45+/CD11b+/Lin+/Ly6C+/MHCII+, macrophages and DCs CD45+/CD11b+/ 

Lin+/Ly6C+/MHCII+/CD11c+ (A). The adaptive immune cells were selected as follows: T cells CD45+, 

TCRɓ+/CD8+, B cells CD45+/TCRɓ-/CD19+, NK cells CD45+/TCRɓ-/CD19+/NK1.1+ (B). For the NSG 

mice immune system characterisation, neutrophils were selected as CD45+/TCRɓ-/CD19-

/Ly6G+/CD11b+. 

 

 

 

 

2.9 Statistics 

Statistical analysis was performed using GraphPad Prism 7 software (La Jolla, CA, USA). 

Two-tailed parametric unpaired t-tests were performed for analysis between two groups. One-

way or two-way analysis of variance (ANOVAs) were performed for multi-group analysis, 

followed by Tukeyôs multiple comparison test. Significance was set at P <0.05 %. Error bars 

are represented by standard deviation or standard error of the mean (SEM) unless otherwise 

stated. 
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3.1 Abstract 

  
Mucopolysaccharidosis type IIIA (MPSIIIA) is a rare paediatric lysosomal storage disorder, 

caused by the progressive accumulation of heparan sulphate within the lysosome. The 

disease is mostly marked by neurocognitive decline, as well as behavioural abnormalities, 

which typically culminates in death within the second decade of life. Anecdotal reports from 

paediatricians working with lysosomal disease patients indicate a more severe cognitive 

decline in MPS IIIA patients, following recovery from infection, which suggests inflammation 

as a potential driver of neuropathology progression. In this regard, several groups have 

documented stepwise declines in cognition, following a systemic infection, in many dementia 

driven diseases. In order to test this hypothesis, we first performed acute studies in which WT 

and MPS IIIA mice were challenged with either a high or a low dose of the TLR3 viral mimetic 

poly(I:C). Challenge with a high single poly(I:C) dose exacerbated systemic and brain cytokine 

expression, including increased IL1ɓ and caspase-1 activity in the brain, indicative of 

inflammasome activation. This dose also induced reduction of GFAP+ astrocytes and 

neuronal loss in the hippocampus of MPS IIIA mice. Conversely, a low single poly(I:C) dose 

modelling a mild infection, led to an exacerbated monocyte-driven immune response in the 

mouse model. When administering repeated poly(I:C) doses, MPS IIIA mice displayed 

exacerbation of existing gliosis in the cortex and amygdala, as well as astrocytic and neuronal 

cell death in the hippocampus. However, aggravation of the behavioural phenotype was dose-

dependent, with only high poly(I:C) doses, mimicking a moderate infection, further worsening 

the existing working memory deficits. Overall, our data suggest that systemic infections in the 

chronic disease setting of MPS IIIA drive increased neuroinflammation, which in turn leads to 

inflammasome driven neuronal death at low doses and cognitive working memory loss at high 

doses. Controlling neuroinflammation, therefore should be an important component of any 

therapy directed at neuronopathic lysosomal diseases. 
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3.2 Introduction 

 
Recurrent viral infections within the upper and lower respiratory tract are common in many 

neurodegenerative diseases, including paediatric neuronopathic lysosomal storage diseases 

(LSD) [184]. Among these, it has been estimated that about 88% of Mucopolysaccharidosis 

(MPS) type IIIA patients suffer from recurrent infections at very early stages in life [185]. MPS 

IIIA is a rare inherited LSD caused by deficiency of the N-Sulphoglucosamine sulphohydrolase 

lysosomal enzyme, which is involved in the degradation of heparan sulfate (HS). Continuous 

accumulation of HS leads to early and progressive neurodegeneration, resulting in rapid 

cognitive decline, impaired motor skills and severe hyperactivity, with relatively mild somatic 

symptoms. Currently, no effective disease-modifying therapy is available for MPS IIIA, with 

many patients unable to enroll in clinical trials, due to the rapid degenerative nature of the 

disease [186].  

A more severe cognitive decline in MPS IIIA patients has been anecdotally reported by several 

paediatricians, following recovery from infection. In this regard, it is believed that chronic 

bacterial and viral infections contribute to the onset and propagation of several other dementia 

driven diseases [187]. In particular, there is evidence linking herpes simplex type 1 (HSV-1) 

infections with increased risk of Alzheimerôs disease (AD)-like pathology development [188], 

as well as chronic Parkinson-like symptoms [189ï191]. Influenza-A virus (IAV), which also 

seems to be linked to Parkinson disease onset, was proved to cause cognitive decline and 

hippocampal morphological changes, when injected into the olfactory bulb of BALB/c mice 

mice [192]. In addition, changes in brain structure have also recently been reported in SARS-

CoV-2 cases [193], where reduction in grey matter thickness and changes in markers of tissue 

damage were observed in regions that are functionally connected to the primary olfactory 

cortex.  

Systemic infections have also been associated with a more progressive cognitive decline in 

AD patients [194]; this seemed to be marked by increased levels of IL-1b in serum, an 
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inflammatory cytokine secreted via caspase-1 cleavage, as a result of the NLRP3 

inflammasome activation [195].  

Interestingly, IL-1b release and inflammasome activation have also been reported in pro-

inflammatory macrophages and in vitro models of immune system disorders, following 

infection with HSV-1 [196]. This is also the case for IAV and SARS-CoV-2 infections, which 

induce a hyperinflammatory state of the lungs through NLRP3-mediated release of IL-1 and 

IL-18 cytokines [197,198], with dysregulation of NLRP3 resulting in excessive and prolonged 

immune responses.   

Increased expression of subunits, activators and downstream mediators of the NLRP3 

inflammasome have been detected in MPS IIIA mouse brains [9]. Furthermore, we have 

reported that both IL-1b and its receptor antagonist IL-1Ra are elevated in MPS IIIA patients 

and mouse models, as well as several other MPS diseases [195]. Our evidence supports a 

two-step model for innate immune system activation in MPS IIIA disease, whereby MPS IIIA 

GAGs drive pro-IL-1b and NLRP3 transcription, with secondary storage materials mediating 

NLRP3 activation and IL-1b secretion, eventually leading to exacerbation of the existing 

inflammatory response [9,195],. Delivery of IL-1 receptor antagonist (IL-1Ra), which competes 

with IL1 for binding to IL1 receptors, and functions as a negative feedback loop, via 

haematopoietic stem cell gene therapyresulted in the attenuation of an IL-1 immune response, 

which in turn led to reduced microgliosis and astrogliosis in the central nervous system (CNS), 

as well as complete behavioural correction. This was corroborated in  MPS IIIA x IL-1R1-/- 

mice, lacking the IL1R1 receptor, which, also resulted in reduced brain glial activation, reversal 

of working memory deficits and normalisation of hyperactivity, ultimately indicating IL-1 as a 

key effector of neuroinflammation in MPS IIIA disease.  

Overall, there seems to be a a generic mechanism linking systemic infection and cognitive 

function, whereby infection can exacerbate cognitive impairment in individuals with prior CNS 

pathology, potentially via IL-1b signaling [199,200].  
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The potential short-term and long-term consequences that viral infections pose on 

neurological function in children suffering a neurological disease are unknown, alongside the 

mechanisms underlying CNS decline [201].  

A number of publications have previously used polyinosinic:polycytidylic acid (poly(I:C)) to 

mimic the acute phase of a viral infection [202ï207].  

Poly (I:C) is a synthetic double-stranded RNA analogue, whose stimulation of airway epithelial 

cells has been proved to resemble the immune responses associated with the acute phase of 

viral infections [208]. Poly(I:C) activates toll-like receptor 3 (TLR3), , signalling via TRIF-

dependent pathways and culminateing in the activation of the interferon (IFN) response 

transcription factor IFN regulatory factor-3 and a number of IFN-ɓ-dependent genes, as well 

as other pro-inflammatory cytokines in the periphery and CNS [72], which are normally 

involved in the acute symptoms of viral infections. Poly(I:C) is known to induce a dose-

responsive sickness behaviour in mice, along with hypothermia, hypoactivity, and weight loss 

[202,204,207,209,210]. Systemic poly(I:C) has also been shown to impair synaptic plasticity 

and long-term potentiation, affect memory consolidation by disrupting hippocampal-dependent 

learning and memory and confer anxiety-like behaviours in neonatal animals [187,211,212].  

Here, we have tested acute and systemic dosing of poly(I:C) at both low doses to mimic mild 

viral infection and high doses to mimic moderate viral infections in the mouse model of MPS 

IIIA and studied the effects on the CNS, inflammation, the inflammasome and behaviour in 

this chronic neuronopathic disease. 
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3.3 Materials and Methods 
 

3.3.1 Maintenance of mouse colonies   
 

All animal work was performed with the University of Manchester Ethical Review Process 

Committee approval and in accordance with Home Office regulations. All procedures were 

performed in accordance with the Animals (Scientific Procedures) Act, 1986 (UK), under 

project licence PPL P0C3AEEB0. Mice were housed in groups of 2-5 in individually ventilated 

cages, with a regular 12/12-hour light/dark cycle, under controlled temperature and light. They 

were provided with ad libitum access to food and water. MPS IIIA mice on a mixed C57BL/6J 

background (B6.Cg-Sgshmps3a/6J, Jackson Laboratories, Bar Harbour, MA) were 

maintained by heterozygote breeding, generating WT and MPS IIIA littermates, genotyping as 

previously described [153,213]. 

3.3.2 Poly(I:C) preparation  

HMW poly(I:C) (polyinosinicïpolycytidylic acid sodium salt, tIrl-pic, InvivoGen, Toulouse, 

France) was prepared for injection by resuspending in sterile NaCl 0.9 at 1 mg/ml. The solution 

was then mixed, heated for 10 minutes at 70°C to ensure complete solubilisation and then 

allowed to cool naturally at room temperature for 1 hour to ensure proper annealing of double-

stranded RNA. 

3.3.3 Higher dose Intraperitoneal challenge  

Four-month-old female WT or MPS IIIA mice (n = 6 per group) were injected intraperitoneally 

with 12 mg/kg of poly(I:C) in 200 ɛl saline [214]. Saline was administered as a control. A 

second cohort of mice were treated three times with increasing doses of poly(I:C); 6mg/kg, 9 

mg/kg and 12 mg/kg over a 5 week period. At 3-, 6- and 24-hours post-challenge, the body 

weight was measured. The burrowing behaviour was assessed between 5- and 7-hours post-

stimulation. At the end of the study, animals were sacrificed by intra-cardiac perfusion with 
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PBS [36]. Blood was collected via cardiac puncture, allowed to clot at room temperature, 

centrifuged at 3000 × g for 10 minutes, and serum stored at -80°C. 

3.3.4 Lower dose Intravenous challenge  

2- to 4-month-old WT and MPS IIIA mice were intravenously injected with a single dose of 6 

mg/kg poly(I:C) or saline. WT mice were also treated with 2.5 mg/kg poly(I:C), to assess the 

efficacy of lower poly(I:C) doses (5 groups, n=3 per group) [215].  A second cohort of mice 

were treated three times with increasing doses of poly(I:C); 2.5 mg/kg, 4 mg/kg and 6 mg/kg 

over a 16 week period (4 groups, n=11 per group). At 3,6- and 24-hours post-challenge the 

body weight was measured. The burrowing behaviour was assessed between 5- and 7-hours 

post-stimulation in the first cohort, and between 1- and 3-hours post stimulation in the second 

cohort. 24 hours post challenge, 100 ul blood was withdrawn from the tail and the plasma 

analysed for cytokine expression. At the end of the study, animals were sacrificed by intra-

cardiac perfusion with PBS.  

 

3.3.5 Sickness behaviour: burrowing test  

The burrowing test was based on sickness behaviour analysis previously described [216]. 150 

g of normal diet food pellets were placed in grey plastic cylinders (20 cm long, 6.8 cm diameter, 

sealed at one end), which were in turns located in individual mouse cages. The open end was 

raised by 3 cm above the floor, preventing non-purposeful displacement of the contents. 1-3 

hour and 5-7 hours post infection, mice were tested for a total of 2 hours. After this period, the 

food remaining in the cylinders was weighed and the amount displaced was calculated. 

 

3.3.6 Y-maze  working memory test 

Y-maze tests were performed after the third poly(I:C) challenge, when mice were 4-6 months 

of age. The spontaneous alternation test was used to assess spatial working memory in both 

control and treatment group. Spontaneous alternation was assessed during one continuous 

10 min session in a Y-maze consisting of three identical arms as previously described [217]. 
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The behaviour was recorded for 10 minutes, using Top Scan software (Clever Sys. Inc., USA) 

and a Sony digital camera using a digital camcorder (Sony). 

3.3.7 Tissue harvesting  

Animals were sacrificed by intra-cardiac perfusion of PBS. One brain hemisphere and half of 

the spleen were snap-frozen on dry ice for biochemistry, and stored at -80°C. The other brain 

hemisphere and a portion of all the above organs was instead fixed in 4% PFA for minimum 

24 hours. All the organs, apart from the brain, were transferred from 4% PFA to 70% ethanol 

and kept at 4°C for paraffin mounting and slicing. The brain was transferred into 30% 

sucrose/2 mM MgCl2/1xPBS solution for 48 hours and frozen at -80°C in foil. When needed 

for flow cytometry analysis, half spleen was collected in RPMI 1640 medium (R0883, Sigma, 

Poole, UK) + 2% FBS and kept on ice.  

3.3.8 ELISA 

The levels of mouse IL-1ɓ, KC, MCP1 and MIP1a were analysed using commercial enzyme-

linked immunosorbent assays (ELISAs) according to the manufacturerôs protocols (R&D 

Systems, Minneapolis, USA).  

 

3.3.9 Immunohistochemistry 

Brain tissue sections (30 µm) were cut on a freezing microtome in optimal cutting temperature 

compound (KP-CryoCompound, 1620C, Klinipath, Duiven, Netherlands), after removing 

cerebellum and olfactory bulb, and stored at 4 °C in TBS-AF buffer (10 x TBS:; TBS-A: 100 ml 

10 x TBS, 900 ml H2O, 0.5 g NaN3; TBS-AF: 700 mL TBS-A, 150 g sucrose, 300 mL ethylene 

glycol) in round-bottomed 96 well plates. Free floating immunohistochemistry was performed 

on sections taken from Bregma 0.02, ī1.58,  and -2.70[18]. Antigen retrieval was performed 

prior to IL-1ɓ staining by boiling sections in 10 mM citrate buffer (pH 6) for 10 minutes prior to 

blocking in 1xPBS/10% goat serum/0.1% Triton X-100. Brain sections were incubated 

overnight at 4°C with primary antibodies (rabbit anti-GFAP (1:1500; DakoCytomation, Ely, 

UK), rabbit anti-IL-1ɓ (1:50; 500-P51, Peprotech, London, UK) and mouse anti-NeuN (1:1000; 
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Abcam, Cambridge, UK) or isolectin B4 (peroxidase conjugated isolectin B4 from Bandeiraea 

simplicifolia 1:200; ILB4, Sigma).  

Sections were washed three times in PBS and and goat anti-rabbit Alexa Fluor® 488 and goat 

anti-mouse Alexa Fluor® 488 (1:1000, ThermoFisher Scientific, Altrincham, UK) secondary 

antibodies added as required. The Vectastain ABC system and DAB substrate (Vector 

Laboratories, Inc., Newark, USA) were used to detect ILB4 and IL-1ɓ antibody binding. All 

sections were mounted onto positively charged slides (SuperFrost PlusTM Fisher Scientific, 

Loughborough, UK) and mounted in DPX medium (Thermofisher Scientific) or ProLongTM 

Gold Antifade mounting medium containing DAPI (Thermofisher Scientific). Images were 

acquired on a 3D-Histech Pannoramic-250 microscope slide-scanner using a 40x/0.30 Plan 

Achromat objective (Carl Zeiss) and the DAPI, FITC and TRITC filter sets. Snapshots of the 

slide-scans were taken using the SlideViewer software (3D-Histech, Budapest, Hungary). 

GFAP+, ILB4+ and IL-1ɓ+ cells were quantified by ImageJ software. NeuN+ cells were 

quantified by CellProfiler software. GFAP and NeuN fluorescence was quantified by 

measuring corrected total cell fluorescence and expressed in arbitrary units.  

 

3.3.10 qRT-PCR 

Total RNA was purified from mouse tissue utilising the TRIzol® reagent RNA isolation 

procedure (Life Technologies) according to the manufacturerôs instructions. Additional DNase 

treatment was performed by using the turbo DNA-free kit (Invitrogen). The High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems) was used to convert 2 µg total RNA 

extracted from samples into cDNA, according to the manufacturerôs instructions. Quantitative 

polymerase chain reactions (qPCR) were performed with 2xTaqMan Universal PCR Master 

mix (MM), using 20x TaqMan gene expression assays for pro-inflammatory genes and 20 ng 

cDNA, according to the manufacturerôs instructions. Fold changes in gene expression were 

calculated as the ratio of molecules of the target gene against the house keeping gene 

GAPDH, via ȹȹCT analysis26.  
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3.3.11 Caspase 1 activity assay 

Caspase 1 activity was measured as per the manufacturerôs protocol (Abcam, UK), using 

recombinant mouse caspase 1 (0.02-2U; Abcam) standards. Plates were incubated at 37°C 

for 2 hours protected from light, and fluorescence measured at Excitation/Emission = 400/505 

nm using a Synergy HT Microplate reader (BioTec, Potton, UK).  

3.3.12 Flow cytometry analysis  

The spleen was finely chopped in 1 ml digestion buffer (500ml H9269-500ML HANKS Sigma, 

+ 2.5ml Pen/Strep). Samples were incubated with 1 ml two times concentrated 

liberase+DNase solution (0.8 U/ml LiberaseTL solution, Sigma 05401020001, + 160U/ml 

DNAse Deoxyribonuclease I, Sigma D5025-150KU, in digestion buffer) for 15 min at 37 C̄. 

100 ml per 1mL EDTA stop solution (03690-100M, Sigma) were added and the mix diluted with 

wash buffer (500ml DMEM+ 2.5ml Pen/Strep). The digested tissue suspension was poured 

through a 70 mm cell strainer, the cells washed through with a further 5 ml of wash buffer and 

spun at 300g for 5 minutes. The pellet was resuspended in 3 ml of red blood cell (RBC) lysis 

buffer (R7757-100ML, Sigma) and incubated for 3 min at room temperature. Samples were 

topped up with 5 ml Flow Buffer (PBS + 2% FBS) and spun at 300g for 5 minutes. The spleen 

was resuspended in 5 ml Flow Buffer for cell count. For flow cytometry analysis, 1 x 107 cells 

were stained with conjugated antibodies (Table 28) for 30 minutes at 4 C̄ in the dark.  Flow 

cytometry was performed on a BD LSRFortessaÊ Flow Cytometer (BD Biosciences), which 

has the capacity for 7-laser, 18-fluorophore configuration. The analysis was performed using 

BD FACSDivaÊ software (BD Biosciences). Effective compensation was achieved, 

standardised PMT voltages based on CST were applied prior to acquisition. Data was 

analysed with FlowJo v10 (Tree Star). The cell population was initially gated by excluding the 

cells which displayed a size lower than 30k (Figure 32) and were identified based on a linear 

relationship between FSC-H and FSC-A, followed by SSC-H and SSC-A. Leukocytes were 
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defined as CD45+, and live leukocytes were selected based on low staining for Live/Dead 

Zombie UV.  

Neutrophils could be identified within the Lineage+ fraction using CD11b. The CD11b Lin 

subset was taken forward and the monocytes identified by high expression of Ly6c and low 

MHCII. The MHCII/low Lyc6 subset was taken forward and the adaptive immune cells were 

removed by gating for Lineage+ and CD11b. Both macrophages and dendritic cells (DCs) 

were identified as CD11c+ MHCII+. The DCs were selected from macrophages based on 

higher expression of both markers. Finally, the two DC subsets were identified based on XCR1 

(cDC1) and CD11b (cDC2) expression (Figure 32).       

 

Table 28: Antibodies used for flow cytometry analysis of spleens 

 

Antigen Conjugate Dilution 

CD209b 
 

FITC 1:100 

Tim4 
 

PerCP/eF710 1:100 

CD169 
 

A647 1:100 

Ly6C AF700 1:200 

Lineage 
 

APC/eFluor780  

CD64 
 

BV421 1:200 

XCR1 
 

BV510 1:400 

CD11c 
 

BV605 1:600 

CD86 
 

BV650 1:200 

CD11b 
 

BV711 1:1000 

CD45 
 

BV785 1:200 

F4/80 
 

PE 1:100 

MHCII 
 

PE/Cy5 1:200 

CD68 
 

PE/Cy7 1:100 

NK1.1 APC/eFluor780 
 

1:200 

CD4 BV421 1:200 

CD8 CD8 
 

1:200 
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3.3.13 Experimental design 

Two to three experimental groups were compared against WT or MPS IIIA control mice. 

Histology, biochemistry and behavioural analyses were carried out on n = 6ï11. N numbers 

were based on previous power calculations [36,153,213]. It was impossible to blind in 

vivo treatment groups, due to the nature of the mouse model, treatments given and experiment 

size. Analyses were carried out in a blinded fashion. 

3.3.14 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7 software (La Jolla, CA, USA). 

Two-way analysis of variance (ANOVAs) were performed for multi-group analysis, followed by 

Tukeyôs multiple comparison test. Significance was set at P <0.05 %. Error bars are 

represented by standard deviation or standard error of the mean (SEM) unless otherwise 

stated. 
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3.4 Results  
 

3.4.1 Acute administration of poly(I:C) induces a sickness behaviour response  

Activation of the immune system by systemic viral infection triggers the so-called ñsickness 

responseò, which is marked by hypothermia and weight loss [209]. In order to assess that the 

mice were responding to poly(I:C) appropriately, 2- to 4-month-old WT and MPS IIIA mice 

were administered either saline or a poly(I:C) dose. In this respect, two doses were compared: 

a high dose (12 mg/kg, administered intraperitoneally), which mimics a moderate infection and 

a low dose (6 mg/kg, administered intravenously) which mimics a mild infection. WT mice were 

also treated with 2.5 mg/kg poly(I:C) to assess the minimum effective poly(I:C) dose. After 3, 

6 and 24 hours the body weight was measured, while the burrowing behaviour was assessed 

between 5- and 7-hours post-stimulation (Figure 23a).  

At 6 hours post-administration, both WT and MPS IIIA groups challenged with 12 mg/kg 

poly(I:C) displayed a sharp weight loss (13.6% and 18.2%, respectively) (Figure 23b), as 

compared to the mice treated with lower poly(I:C) doses, which only displayed a 5-6% body 

weight reduction (Figure 23d). Interestingly, while the saline-treated groups regained almost 

entirely their initial body weight at 24 hours post-administration, the poly(I:C) treated groups 

did not recover fully.  

Poly(I:C) also induced noticeable reductions in burrowing performed 5-7 hours post-challenge. 

Burrowing activity was significantly elevated in saline treated MPS IIIA mice compared to WT 

mice, likely due to the hyperactive phenotype observed in MPS IIIA animals [183]. 12 mg/kg 

poly(I:C) treatment reduced burrowing activity by 39% in WT animals, and 72% in MPS IIIA 

animals (Figure 23c). When WT mice were treated with 2.5 mg/kg and 6 mg/kg Poly(I:C), their 

burrowing activity was reduced by about 36% and 48.9% respectively. Similarly, also 6 mg/kg 

poly(I:C) treated MPS IIIA mice displayed a 36% reduction when compared to their saline 

control (Figure 23e). This data suggests an ongoing sickness response induced by poly(I:C), 

which persists past 24 hours following administration and whose severity is dose dependent.  
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Figure 23: Poly(I:C) induces a sickness behaviour response  

(A) 2- to 4-month-old WT and MPS IIIA mice were administered a single challenge of saline, 2.5, 6 or 

12 mg/kg poly(I:C). (B,D) Body weight was measured at the time of poly(I:C) or saline administration 

(t=0) and again at 3, 6 or 24 hours post poly(I:C) or saline. Body weight is presented as a % of body 

weight at t=0. (C,E)  Burrowing was assessed between 5-7 hours post poly(I:C) or saline challenge in 

WT and MPIIIA animals. (n = 3-6 per group). Error bars represent standard error of the mean (SEM). 

Significant differences are determined by two-way ANOVA with Tukeyôs post hoc analysis. 

Comparisons showing significant differences are denoted by *p<0.05, **p<0.01 and ***p<0.001 above 

comparison lines. # indicates poly(I:C) being significantly different from saline for WT animals; À 

indicates poly(I:C) being significantly different from saline for MPS IIIA animals. 
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3.4.2 High single poly(I:C) dose induces mild microgliosis in WT, with an apparent 

loss of astrocytes in both WT and MPS IIIA, and neuronal loss in MPS IIIA 

In order to understand if high single poly(I:C) dose administration was able to activate glia and 

cause neuronal loss in the MPS IIIA brain, we stained histological brain sections with Isolectin-

B4 (ILB4) and Glial fibrillary acidic protein (GFAP), which are markers of active microglia and 

astrocytes, respectively. Overall, significantly more ILB4 and GFAP staining was displayed in 

the hippocampus of saline-treated MPS IIIA mice when compared to saline-treated WT mice, 

indicative of extensive gliosis.  

Challenge with a high single poly(I:C) dose led to priming of microglia within the hippocampus 

of WT animals at 3 hours post-poly(I:C) challenge, but no further exacerbation of the existing 

microgliosis in MPS IIIA animals (Figure 24a). With regards to astrogliosis, a high single 

poly(I:C) dose induced significant astrocyte activation in the hippocampus of WT mice, at 3 

hours post-challenge, which resolved by 24 hours (Figure 24b). Strikingly, although poly(I:C) 

challenge had no effect on the existing astrogliosis in MPS IIIA mice 3 and 6 hours post- 

challenge, unusually GFAP expression in MPS IIIA hippocampus was almost completely lost 

by 24 hours post- challenge, comparable to WT untreated levels.  

Microglial activation and secretion of neurotoxic factors can lead to neuronal cell death [218], 

particularly in susceptible brain regions, such as the hippocampus. Therefore using NeuN 

staining we examined the effect of poly(I:C) on neuronal loss 24 hours after administration. 

Saline treated MPS IIIA mice already display significant neuronal loss over WT saline treated 

controls; however, while poly(I:C) had no effect on neuronal viability in the hippocampus of 

WT animals, it significantly exacerbated existing hippocampal neuronal loss in MPS IIIA mice 

(Figure 24c). This data suggests that poly(I:C) has a significant impact on astrocytic and 

neuronal viability in animals with prior MPS IIIA neuropathology; a response which is 

attenuated in normal animals. 
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Figure 24: High single poly(I:C) dose promotes astrocytic and neuronal drop-out in MPS IIIA 

mice 

Microglial and astrocyte activation was assessed 3, 6 and 24 hours after poly(I:C) or saline in WT and 

MPS IIIA hippocampi via isolectin-B4  labelling and GFAP immunoreactivity, respectively (A, B). Scale 

bar = 200 ɛm. Insets demonstrate representative microglia. The number of ILB4+ cells was manually 

quantified in ImageJ. The level of GFAP fluorescence was quantified in ImageJ, and normalised against 

background measurements and GFAP fluorescence detected in saline treated WT animals. (C) 

Neuronal loss was assessed 24 hours after poly(I:C) or saline in WT and MPS IIIA hippocampi via NeuN 

labelling The number of NeuN+ cells was quantified in ImageJ. Scale bar = 100 ɛm. Data are expressed 

as mean ± SD, n = 3 in all groups. Significant differences were determined by two-way ANOVA with 

Tukeyôs post hoc analysis, P < 0.05, **P < 0.01 and ***P < 0.001. Significance against WT is shown 

above recorded data, all other comparisons are shown with a line.  
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3.4.3 High single dose poly(I:C) worsens Il-1ɓ activity in the serum and brain in MPS 

IIIA, and further exacerbates caspase-1 activity suggesting inflammasome 

activation 

We have previously shown that IL1ɓ and the NLRP3 inflammasome are upregulated in MPS 

IIIA mice[9]. In order to determine if poly(I:C) could further exacerbate this phenotype, we 

examined peripheral and brain IL1ɓ and other inflammatory markers, following challenge with 

either a single high dose or single low dose poly(I:C).  

A single high poly(I:C) dose induced an inflammatory response in both WT and MPS IIIA 

serum, which was mainly driven by TNF-Ŭ and IL-1ɓ. Notably, poly(I:C) induced a dramatic 

increase in TNF-Ŭ levels in both WT (2.4-fold) and MPS IIIA (2.3-fold) animals at 3 hours post-

challenge when compared to their respective saline control groups, with normalisation by 24 

hours (Figure 25a). With regards to IL-1ɓ, poly(I:C) induced a 3.6-fold and 8.2-fold increase in 

MPS IIIA and WT animals respectively at 6 hours post challenge, when compared to their 

respective saline control groups. Interestingly, IL-1ɓ remained significantly up-regulated by 

2.4 folds in MPS IIIA mice when compared to WT animals 24 hours post-poly(I:C) (Figure 

25b). Based on these data, we investigated the potential upregulation of IL-1ɓ protein 

expression in the CNS of MPS IIIA mice. There was no histological evidence of IL-1ɓ positive 

cells in saline or poly(I:C) challenged WT brains (Figure 25c). Conversely, while IL-1ɓ cells 

were sporadically seen throughout the hippocampus of saline treated MPS IIIA animals, a 

further increase in IL-1ɓ staining was detected following challenge with poly(I:C). 

Inflammasome activation plays a role in the host defence against viral infection, whereby it 

activates caspase-1 and initiates the release of IL-1ɓ [219,220]. Saline treated MPS IIIA 

animals possessed significant levels of caspase-1 activity within whole brain homogenates 

when compared to saline treated WT animals (Figure 25d). Furthermore, poly(I:C) 

exacerbated caspase-1 activity 6 hours post challenge in both WT and MPS IIIA animals when 

compared to respective saline treated controls.  
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Animals challenged with a single low poly(I:C) dose displayed worsening trends wih regards 

to IL-1ɓ and TLR3 expression in both plasma and brain (Figure 25e, h, i). We hypothesised 

that more significant data would have been acquired with a higher number of mice per group. 

Since the NLRP3 inflammasome is primarily activated in monocytes and macrophages [221], 

we decided to assess the levels of macrophage-associated chemokines, such as KC and 

MCP1, at 24 hours post poly(I:C) challenge. Overall, all the groups treated with poly(I:C) 

displayed an increase in KC and MCP1 expression in plasma and brain (Figure 25f, g, j), with 

the MPS IIIA mice displaying a more exacerbated response when compared to the WT 

animals treated with the same poly(I:C) dose. This data suggests that poly(I:C) is able to 

induce upregulation of the NLRP3/IL-1ɓ pathway in animals with prior MPS IIIA 

neuropathology; a response which seems to be dose-dependent.  
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Figure 25: Assessing the levels of pro-inflammatory cytokines and chemokines in plasma 

following poly(I:C) challenge 

Levels of TNF-Ŭ (A) and IL-1ɓ (B) were analysed in serum, collected at various times after challenge 

with saline or 12 mg/kg poly(I:C) (3-, 6- and 24-hours post-challenge) and evaluated via ELISA (n= 6 -

18). (C) Intracellular IL-1ɓ expression was assessed 24 hours after poly(I:C) or saline in WT and MPS 

IIIA hippocampi. Scale bar = 50 ɛm (n=6). (D) Caspase 1 activity within whole brain homogenates was 

determined via a fluorescent enzyme assay, and normalised against total amounts of protein (n=6). 

Levels of IL-1ɓ I, KC (F) and MCP1 (G) were analysed in plasma collected at 24 hours after challenge 

with saline, 2.5 mg/kg or 6 mg/kg poly(I:C) (n = 3) and evaluated via ELISA. mRNA levels of Il-1ɓ (H), 

Tlr3 (I) and Mcp1 (J) were analysed in the brain collected at 24 hours after challenge with saline, 2.5 

mg/kg or 6 mg/kg poly(I:C) (n = 3) and evaluated via qPCR. Significant differences are determined by 

two-way ANOVA with Tukeyôs post hoc analysis. Comparisons showing significant differences are 

denoted by *p<0.05, **p<0.01 and ***p<0.001 above comparison lines. # indicates poly(I:C) being 

significantly different from saline for WT animals; À indicates poly(I:C) being significantly different from 

saline for MPS IIIA animals. 
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3.4.4 Low single poly(I:C) dose induces a monocyte driven innate immune response 

in the spleen which is more pronounced in MPS IIIA animals   

Based on the elevations of MCP1 identified in plasma and brain after a single low poly(I:C) 

dose, we decided to investigate the production and activation of myeloid cells in the spleen, 

in response to low dose poly(I:C) delivery and how this changes in MPS IIIA. In order to do 

so, all mice were sacrificed at 24 hours post-challenge with 6 mg/kg poly(I:C) and the spleen 

was analysed by flow cytometry. Overall, both WT and MPS IIIA saline treated groups 

displayed similar baseline levels of innate immune system cells (Figure 26). Challenge with 

poly(I:C) induced an upregulation of all cell types in all treatment groups, with similar levels of 

neutrophils and DCs upregulation detected in WT and MPS IIIA mice (Figure 26a, d, e). 

Strikingly, a more exacerbated response was observed with regards to monocytes and 

macrophages in the poly(I:C) treated MPS IIIA mice, when compared to poly(I:C) treated WTs. 

In this respect, a 17% and 78% increase in CD86+ monocytes were observed in WT and MPS 

IIIA mice, respectively, following poly(I:C) challenge (Figure 26b). Furthermore, monocytes 

not only seemed to become more active following poly(I:C) administration, but also showed to 

proliferate more, as an increment of about 2% was observed in total monocytes in all treatment 

groups (Figure 26b). A similar trend was also observed in macrophages, with an increment in 

the activation rate of 9.8% and 24.6% in the WT groups treated with 2.5 mg/kg and 6 mg/kg 

poly(I:C) respectively, and of 53.1% in the MPS IIIA group, when compared to their saline 

controls (Figure 26c). Not only is this data in line with the chemokine upregulation observed 

in MPS IIIA plasma and brain at 24 hours post poly(I:C) delivery, but it also suggests a more 

exacerbated inflammasome response in animals with prior neuropathology.  
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Figure 26: Poly(I:C) induces an innate immune response in the spleen which is more 

pronounced in MPS IIIA disease  

% of CD86+ neutrophils (A), monocytes (B), macrophages (C), cDC1 (D) and cDI(E) in whole spleen 

of 2-4-month old WT and MPS IIIA animals (24 hours post-challenge) receiving a single treatment of 

saline, 2.5 mg/kg or 6 mg/kg poly(I:C). The % of CD86+ cells was measured by flow cytometry and 

further analysed with FlowJo v10. FMO controls are displayed. % of neutrophils (A) and monocytes (B) 

compared to % total cells in whole spleen was also analysed with FlowJo v10. Significant differences 

are determined by two-way ANOVA with Tukeyôs post hoc analysis. Comparisons showing significant 

differences are denoted by *p<0.05, **p<0.01 and ***p<0.001 above comparison lines. Significance 

against WT is shown above recorded data. Error bars represent standard error of the mean (SEM). 

(n=3) 
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3.4.5 Long-term administration of poly(I:C) adversely affects MPS IIIA behavior, but 

the effect is dose-dependent 

In order to test the hypothesis that recurrent viral infections can accelerate the existing 

neurodegeneration in MPS IIIA patients, 1 to 2-month-old WT and MPS IIIA mice were treated 

with either saline or increasing doses of poly(I:C) and the impact on cognition was evaluated 

through y-maze spontaneous alternation test (Figure 27). In this respect, the impact of 

repeated moderate infections (6, 9, 12 mg/kg; administered intraperitoneally) (Figure 27a) was 

compared against the effects caused by repeated mild infections (2.5, 4, 6 mg/kg) (Figure 

27c).  

Repeated administration of high poly(I:C) doses had no impact on the spatial working memory 

of WT animals (Figure 27b), when assessed at 12 weeks from the first injection. However, a 

23% deficit in working memory was observed in MPS IIIA saline control mice when compared 

to WT animals. Moreover, repeated administration of poly(I:C) further impaired the pre-existing 

deficit in working memory of MPS IIIA animals by 29%, when compared to saline treated 

MPSIIIA animals.  

In the low dose long-term study, spatial working memory was assessed at 8, 12 and 16 weeks 

after the first injection (Figure 27d-f). Overall, a similar trend characterized by a reduction in 

spatial working memory functioning in both MPS IIIA groups and poly(I:C)-treated WTs is 

observed across all time-points. Importantly, at 16 weeks from the first injection, a 26% deficit 

in working memory was observed in MPS IIIA saline control mice when compared to WT 

animals. However, repeated poly(I:C) treatment did not seem to further exacerbate the existing 

working memory deficit observed in MPS IIIA mice. Despite not being significant, a 15% 

reduction in working memory was observed in the WT mice in response to repeated poly(I:C) 

challenges. Overall, our findings suggest that poly(I:C) treatment was able to exacerbate the 

neurological phenotype observed in MPS IIIA animals, but its effect was dose dependent.  
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Figure 27: Spatial working memory assessment in WT and MPS IIIA   

(A) 1-2 month-old WT and MPS IIIA animals were repeatedly challenged with saline or increasing doses 

(6, 9, 12 mg/kg) of poly(I:C) and sacrificed following completion of behavioural assessment. (B) 

Cognitive behavioural testing was carried out at 12 weeks from the first injection via Y-maze test (n = 

10 per group). (C). 2 month-old WT and MPS IIIA animals were repeatedly challenged with saline or 

increasing doses (2.5, 4, 6 mg/kg) of poly(I:C) and sacrificed following completion of behavioural 

assessment. Cognitive behavioural testing was carried out after  the three low poly(I:C) doses at 8- (D), 

12- (E) and 16-weeks (F) from the first injection (n = 11 per group). Significant differences are 

determined by two-way ANOVA with Tukeyôs post hoc analysis. Comparisons showing significant 

differences are denoted by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 above comparison lines. 

Significance against WT saline is shown above recorded data. Error bars represent standard error of 

the mean (SEM). 
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3.4.6 Long-term exposure to poly(I:C) leads to increased significance of expression 

of several key pro-inflammatory genes in the CNS of MPS IIIA mice 

Overall, our data seemed to suggest extensive brain damage induced by moderate flu-like 

infections in MPS IIIA mice. Although repeated low poly(I:C) doses did not have an impact on 

the MPS IIIA behavioural phenotype, we sought to investigate the potential effects of repeated 

mild infections on other neuropathological aspects. Following each poly(I:C) challenge, 

sustained reduced body weight, decreased burrowing activity and increased blood MCP1 

chemokine were detected in both treatment groups, suggesting successful poly(I:C) injection 

(Figure 32).   

The direct impact of peripheral cytokines and poly(I:C) on the expression of cytokines in the 

brain remains unclear. To investigate the inflammatory response within the brain to repeated 

low poly(I:C) doses, mRNA expression of pro-inflammatory and anti-inflammatory cytokines, 

as well as inflammasome components were assessed in the brains of WT and MPS IIIA 

animals following poly(I:C) challenges. Overall, all inflammatory markers (Tnfa, Il-1b, Mip1a, 

Tlr3, Il1ra, Mcp1, Nlrp3 and Pycard) were significantly upregulated in saline treated MPS IIIA 

mice, when compared to saline treated WT animals (Figure 33a-h). No upregulation was 

detected in WT mice about 2 months after the last poly(I:C) injection, in contrast with what 

observed at 24 hours post injection, suggesting only transient upregulation. Treatment with 

poly(I:C) did not significantly increase any of these inflammatory factors in MPS IIIA mice, but 

it did increase the significance of the response in the case of Nlrp3 and Tlr3, with trends to an 

increase in Tnfa and Il-1b. 
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3.4.7 Long-term poly(I:C) administration leads to increased microgliosis in the cortex 

and amygdala of MPS IIIA mice  

Maintenance of the neuron-microglia-astrocyte ótriadô is critical for normal brain function, yet 

extensive gliosis is a marker of MPS IIIA disease [18]. Following the observance of increased 

MCP1, in both acute and chronic low poly(I:C) dosing, as well as the increased production of 

splenic monocytes and macrophages in the chronic disease setting of MPS IIIA, we sought to 

determine if this translated into long-term elevation of microglial cell engraftment and activation 

in the brain. Brain coronal sections of control and treated WT and MPS IIIA mice were stained 

with the ILB4 marker. Significantly more ILB4 staining was displayed in untreated MPS IIIA 

than in WT mice in the cortex, hippocampus and amygdala, indicative of extensive microgliosis 

(Figure 28a). Overall, long-term exposure to poly(I:C) did not induce any microglia activation 

in WT mice. Conversely, poly(I:C) treatment induced a significant increase in the total number 

of ILB4+ cells in both cortex (13.5%) and amygdala (12.4%) (Figure 28b, d) of the MPS IIIA 

mice, but not in the hippocampus (Figure 28c).  
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Figure 28: Long-term poly(I:C) administration leads to increased microgliosis in the cortex and 

amygdala of MPS IIIA 

(A) Microglial activation was assessed at 16 weeks after the first poly(I:C) or saline challenge in WT 

and MPSIIIA mice via isolectin-B4 labelling in the cortex (covering layers IV/V/VI, from 0.26 to ī2.70 

relative to bregma), hippocampus (ī1.70 relative to bregma) and amygdala (ī2.70 relative to bregma). 

Scale bar = 100 ɛm for cortex and amygdala. Scale bar = 200 ɛm for hippocampus. Insets demonstrate 

representative microglia. The number of ILB4+ cells was manually quantified in ImageJ in cortex (B), 

hippocampus (C) and amygdala (D). Error bars represent standard error of the mean (SEM), n = 11 in 

all groups. Significant differences were determined by two-way ANOVA with Tukeyôs post hoc analysis, 

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Significance against WT is shown above 

recorded data, all other comparisons are shown with a line.  
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3.4.8 Long-term poly(I:C) administration exacerbates astrogliosis in the cortex and 

amygdala, but leads to cell death in the hippocampus of MPS IIIA mice  

 

Elevated astrogliosis is also a marker of several MPS diseases, including MPS IIIA [18]; 

hence, we also examined the impact of long-term exposure to low doses of poly(I:C) on 

astrocyte activation. Brain coronal sections of control and treated MPS IIIA mice were stained 

with the astrocytic marker GFAP (green). Overall, significantly more GFAP staining was 

observed in untreated MPS IIIA than in WT mice in the cortex, and amygdala, indicative of 

extensive astrogliosis (Figure 29a). Conversely, only a minor increase was observed in the 

hippocampus, as nearly all astrocytes in healthy hippocampus are known to express 

detectable GFAP [222]. Following repeated poly(I:C) challenges, no difference was observed 

in astrocytic activation in the cortex of WT mice (Figure 29b), yet an increasing trend was 

detected in the amygdala (Figure 29d). With regards to the MPS IIIA group, poly(I:C) induced 

a significant exacerbation in the total number of GFAP+ cells in both cortex (21.3%) (Figure 

29b) and amygdala (23.5%) (Figure 29d), when compared to the saline control. Strikingly, 

when analysing the hippocampus, poly(I:C) induced a downregulation of GFAP+ astrocytes in 

both WT and MPS IIIA mice (Figure 29c); notably, a 26.5% and 17.3% decrease in GFAP+ 

cells was observed in poly(I:C) treated-WT and -MPS IIIA mice respectively, when compared 

to their saline controls.  
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Figure 29: Long-term poly(I:C) administration exacerbates astrogliosis in the cortex and 

amygdala, but leads to cell death in the hippocampus of MPS IIIA 

(A) Astrocytic activation was assessed at 16 weeks after the first poly(I:C) or saline challenge in WT 

and MPSIIIA mice via GFAP labelling in the cortex (covering layers IV/V/VI, from 0.26 to ī2.70 relative 

to bregma), hippocampus (ī1.70 relative to bregma) and amygdala (ī2.70 relative to bregma). Scale 

bar = 100 ɛm for cortex and amygdala. Scale bar = 200 ɛm for hippocampus. The number of GFAP+ 

cells was manually quantified in ImageJ in cortex (B), hippocampus (C) and amygdala (D). Error bars 

represent standard error of the mean (SEM), n = 11 in all groups. Significant differences were 

determined by two-way ANOVA with Tukeyôs post hoc analysis, *P < 0.05, **P < 0.01, ***P < 0.001 and 

****P < 0.0001. Significance against WT is shown above recorded data, all other comparisons are 

shown with a line.  



 162 

3.4.9 Long-term poly(I:C) administration leads to neuronal drop-out in the 

hippocampus of MPS IIIA mice  

 
Since exposure to a high single poly(I:C) dose induced a significant reduction in the number 

of NeuN expressing neurons in MPS IIIA mice when compared to the saline control, we 

investigated whether a similar effect is achieved following repeated challenges with low 

poly(I:C) doses. Brain coronal sections of control and treated MPS IIIA mice were stained with 

the neuronal marker NeuN (green) (Figure 30a). Overall, although a decreasing trend was 

observed in the total number of NeuN+ cells in the cortex of poly(I:C) treated WT and both 

MPS IIIA groups, when compared to saline treated WT mice, no significant difference was 

detected across groups (Figure 30b). With regards to the hippocampus, no difference was 

observed in the level of NeuN fluorescence in the WT mice challenged with poly(I:C), 

compared to the saline control (Figure 30c). Strikingly, a 17.1% decrease in NeuN 

fluorescence was instead detected in the MPS IIIA mice challenged with poly(I:C), when 

compared to the ones treated with saline.  
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Figure 30: Long-term poly(I:C) administration leads to neuronal drop-out in the hippocampus of 

MPS IIIA 

(A) Neuronal drop-out was assessed at 16 weeks after the first poly(I:C) or saline challenge in WT and 

MPSIIIA mice via NeuN labelling in the cortex (covering layers IV/V/VI, from 0.26 to ī2.70 relative to 

bregma) and hippocampus (ī1.70 relative to bregma). Scale bar = 100 ɛm for cortex. Scale bar = 200 

ɛm for hippocampus. (B) The number of NeuN+ cells was quantified in the cortex by CellProfiler. The 

level of NeuN fluorescence was quantified in ImageJ, and normalised against background 

measurements. Error bars represent standard error of the mean (SEM), n = 11 in all groups. Significant 

differences were determined by two-way ANOVA with Tukeyôs post hoc analysis, *P < 0.05, **P < 0.01, 

***P < 0.001 and ****P < 0.0001.  
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3.5 Discussion  

 

We hypothesised that in a chronic neurodegenerative disease such as MPS IIIA, systemic 

infections could exacerbate existing symptoms and drive the progression of 

neurodegeneration. To prove this hypothesis, we compared the effects of high poly(I:C) doses 

(6 ï 12 mg/kg; i.p injected) with low poly(I:C) doses (2.5 ï 6 mg/kg; i.v injected) in both WT 

and MPS IIIA mice, in an attempt to mimic moderate and mild infections, respectively. These 

doses were chosen based on previous dose response studies [209], in which 12 mg/kg 

poly(I:C) proved to induce hypothermia and weight loss in normal mice that is comparable with 

that caused by influenza virus at 0.1 of its LD50 [223]. Indeed, it is clear from the weight loss 

data that all poly(I:C) dosing strategies effectively induced innate immune responses and 

sickness behaviour in both WT and MPS IIIA animals.  

It has been showed that systemic infections, including the TLR3 viral mimetic poly(I:C), are 

able to induce NLRP3 inflammasome activation via RIG-1/MDA5/MAV dependent and 

independent pathways, whereby secretion of IL-1ɓ via caspase-1 activation gets potentiated 

[219], eventually leading to pyropoptosis and lysis of the affected cell [196ï198]. In our study, 

serum IL-1ɓ remained significantly upregulated in the MPS IIIA mice when compared to WT, 

after recovery from a single moderate infection. This was correlated with increased IL-1ɓ 

protein expression in the hippocampus, especially localized to microglia-like cells, as well as 

exacerbation of caspase-1 activity and hippocampal cell death, all indicative of NLRP3 

overactivation. When administering a low single poly(I:C) dose, increasing trends were 

observed in brain IL-1ɓ, with a significantly exacerbated KC- and MCP1-mediated 

inflammatory response in MPS IIIA plasma and brain. These chemokines are reported to be 

upregulated following TLR3 activation in macrophages, with the primary function of activating 

and inducing migration of leukocytes [224]. This is in line with our findings, showing a more 

exacerbated activation of both monocytes and macrophages in the MPS IIIA spleen, following 

an acute mild infection.  
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Importantly, when exposed to reccurrent mild infections, long-term elevation of reactive 

microglia was detected in both MPS IIIA cortex and amygdala, as opposed to WT mice in 

which microgliosis was not induced. In this respect, we hypothesised that recurrent flu-like 

infections are likely to generate a hyper-activated macrophage response in MPS IIIA, 

characterised by inflammasome activation, leading to increased recruitment of microglia to the 

brain, where they ultimately exacerbate the pre-existing inflammatory response characterizing 

the disease [225], similarly to what is observed in AD patients [194]. 

Increased microgliosis in the brain could be a potential culprit for the neuronal loss observed 

in the hippocampus both acutely at high doses and long-term at low doses. In this regard, 

reactive microglia seem to be responsible for neuronal degeneration in several neuropathic 

LSDs [162,163,226]. Notably, neuronal degeneration might not only be attributed to increased 

microgliosis, but also to any potential inflammatory factors released as a result of astrocytic 

atrophy or weakening of neuronal synapses [227]. Interestingly, a high single poly(I:C) dose 

induced a reduction in GFAP+ astrocytes in the hippocampus of MPS IIIA mice, but not in WT 

mice, where transient astrogliosis was observed. Nevertheless, repeated challenges with low 

poly(I:C) doses led to a reduction in GFAP+ astrocytes in both WT and MPS IIIA mice. Large 

scale-gene expression studies have shown that astrocytes can be driven towards cytotoxic 

phenotypes under viral infection, which may be detrimental when triggered during sterile 

neurodegenerative disease, such as MPS IIIA [228], thus explaining neuronal loss. Indeed, 

this phenomenon mainly occurred in the suprapyramidal blade of granule cell layer in the 

hippocampus, an area where astrocytes cover numerous synapses established between 

granule neurons and afferents from the entorhinal cortex [229] to regulate learning and 

memory. While astrocytic death occurred in brain areas mostly involved in learning and 

memory, exacerbated astrogliosis was detected in areas related to behaviour, such as cortex 

and amygdala, potentially triggered by extensive microgliosis. 
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Inexplicably, neuronal degeneration did not always correlate with cognitive decline. Notably, 

stimulation with repeated high poly(I:C) doses led to exacerbation of the pre-existing spatial 

working memory deficit in MPS IIIA mice, with no effect on WT animals. Conversely, 

stimulation with repeated low poly(I:C) doses did not worsen the MPS IIIA behavioural 

phenotype, suggesting that the effect of recurrent infections on behaviour is viral load-

dependent. Furthermore, there are previous studies proving that repeated poly(I:C) challenges 

do not produce tolerance in behavioural responses [209], hence we excluded the hypothesis 

that the mice might have developed tolerance to low poly(I:C) doses. Interestingly, the 

cognitive impairments that we describe upon repeat moderate viral insults during chronic 

neurodegeneration have parallels with the cognitive impairments seen in other 

neurodegenerative and aged animal models [214,230]. This relationship has also been 

demonstrated in an Alzheimerôs disease patient cohort, where systemic inflammatory events 

have been correlated with rapid cognitive decline within a two month period [194,231].  

Overall, our data suggests that systemic infections are able to induce a transient inflammatory 

response in WT mice that does not seem to have a detrimental impact on cognitive function 

and CNS homeostasis. Conversely, systemic infections seem to exacerbate the already active 

inflammasome response in a chronic disease such as MPS IIIA. This leads to microglia 

hyperactivation, characterised by a sustained IL-1ɓ inflammatory response, potentially 

causing changes in the astrocytic state and neuronal loss.  

These data suggest that in neuronopathic lysosomal diseases where inflammasome activation 

has been described (MPS IIIA, MPS II, Gaucher [111,115] ï but likely many more), systemic 

infection can drive neuropathy. As a result, future therapies, whilst rightly focussed on enzyme 

delivery, should also consider modulation of inflammation either directly or through targeting 

of inflammasome dependent pathways such as IL1 [9]. 
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3.6 Supplementary figures  

 

 

 

Figure 31: Gating strategy for innate immune cells  

Whole tissue digests were prepared following tissue harvest. Cells were stained with CD45, Live/Dead, 

Lineage, CD11b, MHCII, Ly6C, CD11c and XRC1. Lymphocytes were initially gated on a forward 

scatter/side scatter by excluding the cells which displayed a size lower than 30k and were identified 

based on a linear relationship between FSC-H and FSC-A, followed by SSC-H and SSC-A. Leukocytes 

were defined as CD45+, and live leukocytes were selected based on low staining for Live/Dead Zombie 

UV. From this innate immune cells were selected as follows: neutrophils CD45+/CD11b+/Lin+, 

monocytes CD45+/CD11b+/Lin+/Ly6C+/MHCII+, macrophages and DCs CD45+/CD11b+/ 

Lin+/Ly6C+/MHCII+/CD11c+. 
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Figure 32: Long-term administration of low poly(I:C) doses induces a sickness behavior 

response  

Body weight was measured at the time of poly(I:C) or saline administration (t=0) and again at 3, 6 or 24 

hours post poly(I:C) or saline (A, D, G). Body weight is presented as a % of body weight at t=0. 

Burrowing was assessed between 1-3 hours (B, E, H), post each poly(I:C) or saline challenge in WT 

and MPIIIA animals. Levels of MPC1 chemokine were analysed in plasma collected at 24 hours after 

challenge with saline, 2.5 mg/kg, 4 mg/kg and 6 mg/kg poly(I:C) (C, F, I). Levels of MCP1 were 

evaluated via ELISA (n=11). Significant differences are determined by two-way ANOVA with Tukeyôs 

post hoc analysis. Comparisons showing significant differences are denoted by *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001 above comparison lines (B, C, E, F, H, I). # indicates poly(I:C) being 

significantly different from saline for WT animals; * indicates poly(I:C) being significantly different from 

saline for MPSIIIA animals (A, D, G); Error bars represent standard error of the mean (SEM).  
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Figure 33: Expression of inflammatory genes in the brain following poly(I:C) treatment 

Expression of brain mRNA for Tnfa (A), Il-1b (B), Mip1a (C), Tlr3 (D), Il1ra (E), Mcp1 (F), Nlrp3 (G), 

and Pycard (H) in WT and MPS IIIA mice either treated with saline or with increasing doses of poly(I:C) 

(n = 11 per group). mRNA levels were measured by quantitative PCR and normalised to GAPDH. 

Significant differences are determined by two-way ANOVA with Tukeyôs post hoc analysis. 

Comparisons showing significant differences are denoted by *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001 above comparison lines. Significance against WT is shown above recorded data. Error 

bars represent standard error of the mean (SEM). 
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Figure 34: Long-term administration of low poly(I:C) doses does not induce a chronic 

inflammatory response in the spleen 

% of CD86+ cDC1 (A), cDC2 (B), monocytes (C) and MCHI+ neutrophils (D) in whole spleen of 6-

month old WT and MPSIIIA animals, 9 weeks after the third low poly(I:C) dose.The % of CD86+ and 

MCHI+ cells was measured by flow cytometry and further analysed with FlowJo v10. Significant 

differences are determined by two-way ANOVA with Tukeyôs post hoc analysis. Error bars represent 

standard error of the mean (SEM). (n=10) 

 

 

 

 

 

 


































































































































































