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Figure 2.12 Overview of N-glycan sialylation profiling of human IVD. A) Breakdown of sialic 
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1x ς -h(2,3) linkage, 1x ς -h(2,6) linkage, etc. B) Summary of total ς -h(2,3) linkage and 

ς -h(2,6) linkage across all glycans. C) Degree of sialylation present on all N-glycans 

calculated from the assigned structures, validated by WAX-HPLC (Figure 2.13). One-way 
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Figure 2.13 IVD glycans were separated according to number of sialic acids on Weak Anion 

Exchange (WAX)-UPLC. A) Undigested WAX-UPLC chromatogram (S1 = one sialic acid 

present, separated by negative charge of the ion; S2 = two sialic acid residues present; 

S3 = three sialic acid residues present; S4 = four sialic acid residues present). B) ABS 

ŘƛƎŜǎǘŜŘ ŎƘǊƻƳŀǘƻƎǊŀƳΦ {мΩ ǊŜǇǊŜsents singly charged glycans that are not digested by 

ABS e.g. glycans containing acetylated/sulphated sialic acid. C) Chromatograms for each 

pooled sample, undigested and ABS digested, labelled according to legend provided. D) 

Relative quantification of charged glycans in each pooled sample. All data represented 

from pooled sample assignments with relative quantification, n = 6. ........................ 137 

Figure 2.14 The distribution of oligomannose (A) and LacNAc (B) across N-glycan profiles. A) 

Oligomannose decreases in degenerated tissue, most prominently M5 and M6, which 
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degenerated tissues across all levels of branching. All data represented from pooled 

sample assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ 

as the mean ± standard error of the mean. ................................................................. 138 

Figure 2.15 Summary of outer-arm fucosylated structures, represented with core-

fucosylated motifs distinguished (A) and non-distinguished (B). All data represented 

from pooled sample assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ 

data presented as the mean ± standard error of the mean. ....................................... 139 

Figure 2.16 The distribution of substituents, sulphation and acetylation (A) and GalNAc (B) 

across N-glycan profiles. A) Substituents and B) GalNAc were found to be expressed in 

all tissues with no altered expression in degeneration. All data represented from pooled 

sample assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ 

as the mean ± standard error of the mean. ................................................................. 140 

Figure 2.17 Putative abundance of Lewis X/A and sialylated Lewis X/A motifs. These motifs 

were calculated based on the presence of outer arm fucose with free galactose (Lewis 

X/A) or sialic acid terminated galactose (Sialyl-Lewis X/A). Localisation of outer-arm 

fucosylation is theoretical. All data represented from pooled sample assignments, n = 6. 

One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ 

error of the mean ......................................................................................................... 141 

Figure 2.18 Principal component analysis plots of N-glycan profiles from AF and NP of healthy 

and degenerated samples on PC1 and PC2. A) Scatter-plot of PC1 and PC2 derived from 

pooled sample profiles where input values were individual glycans. B, C + D) Specific 
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glycosylated motifs and structures are highlighted to indicate individual motif 

contribution to each eigenvector. ............................................................................... 143 

Figure 2.19 Heat map of protein expression across healthy and degenerated human IVD 

tissue. Most highly expressed proteins are indicated in red while low expression is 

indicated in blue. n = 6 per experimental group; Healthy AF (AFH), Degenerated AF 

(AFD), Healthy NP (NPH), Degenerated NP (NPD). ...................................................... 147 

Figure 2.20 Principal component analysis plots of proteomic profiles from AF and NP of 

healthy and degenerated samples on PC1 and PC2. A) Scatter plot of all 24 samples, 

where proteomic expression value input resulted in presented contribution and 

separation. Dotted-line represents >90% separation of healthy and degenerated 

samples based on PC1 and PC2. B) Top ten proteins negatively correlated with PC1 

based on presented principal components are highlighted: CHAD; Chondroadherin, 

FGFBP2; Fibroblast Growth Factor Binding Protein 2, HAPLN1; Hyaluronan And 

Proteoglycan Link Protein 1, LECT2; Leukocyte Cell Derived Chemotaxin 2, PCOLCE2; 

Procollagen C-Endopeptidase Enhancer 2, ACAN; Aggrecan, SERPINA1; Serpin Family A 

Member 1, XYLT1, Xyloglucan 6-xylosyltransferase 1; HHIPL2, Hedgehog Interacting 

Protein-Like 2;COL11A2, Collagen Type XI Alpha 2 Chain. C) Top ten proteins positively 

correlated with PC1 based on presented principal components are highlighted: DHX9; 

DExH-Box Helicase 9, CLTC; Clathrin Heavy Chain, MVP; Major Vault Protein, HNRNPA3; 

Heterogeneous Nuclear Ribonucleoprotein A3, TLN1; Talin 1, PHB2; Prohibitin 2, ANPEP; 

Alanyl Aminopeptidase, Membrane, PLEC; Plectin, SND1; Staphylococcal Nuclease And 

Tudor Domain Containing 1, UQCRC2; Ubiquinol-Cytochrome C Reductase Core Protein 
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Figure 2.21 Proteomic analysis of human IVD. A) Schematic of workflow in proteomic analysis 

using Perseus. Output data from Maxquant is uploaded to Perseus for further 

processing. Data is filtered for valid protein expression and imputation of expected 

values within normal distribution. B) and C) are volcano plots indicating no significant 

difference in protein expression in AF and NP. D) Normal distribution of proteins 

demonstrated by histograms of total protein content in each sample. Healthy AF (AFH), 

Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD); n=6 per group. .. 151 

Figure 2.22 Volcano plot of differential regulation of proteins in the AF (A) and the NP (B) 

from mass spectrometry analysis using Perseus. Proteins indicated in red to the left 

represent significantly downregulated expression (log2 (fold change) < -1.5) and 

proteins to the right represent significantly upregulated proteins (log2 (fold change) > 
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1.5) when comparing degenerated tissues vs. healthy tissues. p < 0.05. FDR =1%. Healthy 

AF (AFH), Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD). Detailed 

statistical analysis available in Appendices: Supplementary ς Table A.12. n=6. ......... 152 

Figure 2.23 IPA analysis generates a canonical pathway list in which the y-axis represents the 

top cellular functions based on differentially expressed genes while the x-axis 

represents the confidence interval of pathway activation. Most highly activated 

canonical pathways in degeneration in the NP (A) and AF (B) are indicated here. The 

dashed line indicates a threshold of ςLog (p-value) of 1.3, corresponding to p = 0.05, the 

minimal confidence level required to determine if a canonical pathway was significantly 

detected. The dotted yellow markers indicate the ratio across groups. Columns coloured 

in orange/red represent upregulated pathways while columns in purple/blue indicate 

downregulated pathways. Uncoloured columns represent activated pathways without 

a significant z-score indicating differential regulation across groups. ........................ 153 

Figure 2.24 Overview of differentially regulated proteins expressed by their constituted 

biological networks in degenerated IVD tissue. Most highly activated biological 

networks in degeneration in the NP (A) and AF (B) are indicated here. The dashed line 

indicates a threshold of ςLog (p-value) of 1.3, corresponding to p = 0.05, the minimal 

confidence level required to determine if a biological network was significantly 

detected. The dotted yellow markers indicate the ratio across groups. ..................... 154 
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degenerated human NP tissue from the proteomic dataset. A) Upregulated intra-

nuclear and plasma proteins are shown here. Red symbols indicate identified and 

upregulated activation of acute phase proteins from degenerated tissue that were 

presented in the signalling pathways associated with inflammation and matrix 

dysregulation. B) A z-score normalised chart of protein expression for acute phase 

signalling proteins. C) Heat map of differentially expressed proteins identified in acute 

phase signalling cascade by IPA. Most highly expressed proteins are indicated in red 

while low expression is indicated in blue. Upregulated: AHSG, Alpha 2-HS Glycoprotein; 

SERPINE1, Serpin Family E Member 1; CFB, Complement Factor B; AGT, 

Angiotensinogen; SOD2, Superoxide Dismutase 2; SERPINA3, Serpin Family A Member 

3; C4, Complement C4; HPX, Hemopexin; HP, Haptoglobin; TF, Transferrin............... 157 
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integrin related proteins. Most highly expressed proteins are indicated in red while low 

expression is indicated in blue. B) Z-score normalised protein expression across tissues. 
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C) Red symbols indicate identified and upregulated activation of proteins in each 

ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅ ŦǊƻƳ ŘŜƎŜƴŜǊŀǘŜŘ ŀǎǎƻŎƛŀǘŜŘ ΨLƴǘŜƎǊƛƴ {ƛƎƴŀƭƭƛƴƎΩΦ ¦ǇǊŜƎǳƭŀǘŜŘ 

ǇǊƻǘŜƛƴǎ ƛƴ LƴǘŜƎǊƛƴ ǎƛƎƴŀƭƭƛƴƎ ƛƴ L±5 ŘŜƎŜƴŜǊŀǘƛƻƴΥ ʰ-integrin, CALPAIN, ARF, ACTIN, 

±/[Σ ʰ-ACTIN, ............................................................................................................... 159 

Figure 2.27 Inflammation network in the degenerated AF (A-C) and NP tissue (D-F), 

determined by IPA of the dataset of differentially expressed proteins in the 

experimental groups. Central objects are predicted upstream regulators where an 

orange/red colour predicts activation. IL-мʲΣ L[-6 and TNF-ʰ ǿŜǊŜ ŀƭƭ ǇǊŜŘƛŎǘŜŘ ǘƻ ōŜ 

activated in degenerated tissue. Upregulated proteins are highlighted in red while 

downregulated are highlighted in green, where the colour intensity indicated the 

degree of up-/down- regulation. The colour of the dotted line indicates the predicted 

regulation of the upstream molecule: red ς upregulated, blue ς downregulated, yellow 

ς inconsistent findings. ................................................................................................ 161 

Figure 2.28 ECM components were downregulated in degenerated AF (A) and NP (B) tissue. 

IPA generates Protein-to-protein interaction networks to demonstrate proteins that are 

significantly altered with high confidence (>2 fold change, p < 0.05) Upregulated 

proteins are highlighted in red while downregulated are highlighted in green, where the 

colour intensity indicated the degree of up-/down- regulation.  These are represented 

according to their cellular localisation. C,D) Collagen expression is presented in a Z-score 

normalised plot and corresponding heat map. E,F) GO terms enrichments for 

glycosaminoglycans are summarised in Z-score normalised plots and representative 

heat map. Most highly expressed proteins are indicated in red while low expression is 

indicated in blue. MATN; Matrillin, LAM; Laminin, KERA; Keratin, FN; Fibronectin, DCN; 

Decorin, HAPLN; Hyaluronan and proteoglycan link protein, VCAN; Versican, OGN; 

Mimecan, BGN; Biglycan, TNXB; tenascin, LUM; Lumican, PRELP; Prolargin, HSPG; 

Heparin sulphate proteoglycan, FMOD; Fibromodulin, CSPG; Chondroitin sulphate 

proteoglycan, MAMDC; MAM domain-containing protein, OMD; Osteomodulin. ..... 165 

Figure 2.29 Carbohydrate synthesis and catabolism is altered in degenerated IVD. A) IPA 

identified components of polysaccharide metabolism presented in Z-core normalised 

expression. B) IPA generates Protein-to-protein interaction networks to demonstrate 

proteins that are significantly altered with high confidence (>2 fold change, p < 0.05). 

Central objects are predicted biological processes where an orange/red colour predicts 

activation. Upregulated proteins are highlighted in red while downregulated are 

highlighted in green, where the colour intensity indicated the degree of up-/down- 
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regulation. Central objects are predicted upstream regulators where an orange/red 

colour predicts activation.C) Z-score normalised protein expression of proteins 

implicated in N-glycan synthesis. D) Heat map of N-glycan synthesis-related proteins. 

Most highly expressed proteins are indicated in red while low expression is indicated in 

blue. ............................................................................................................................. 167 

Figure 2.30 Notochordal and sclerotomal markers upregulated in healthy NP. A,C) LGALS3 

and CXCL12 were identified as being downregulated in IVD degeneration while THSB2 

was upregulated in AF tissue. B,D) Sclerotomal markers such as CHST3, COL11A2, 

SERPINA3 and CHAD were upregulated in healthy NP while PLA2G2A was 

downregulated. Most highly expressed proteins are indicated in red while low 

expression is indicated in blue. .................................................................................... 168 

Figure 2.31 Overview of proteomic and glycomic analysis in IVD degeneration. Red arrows 

indicate significantly upregulated pathways. Green arrows represent significantly 

downregulated pathways. Double-headed arrows indicate pathways with both highly 
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Figure 3.1 Altered glycosignature of human NP cells isolated from healthy and degenerated 

intervertebral discs. Lectin histochemical characterisation revealed increased binding of 

SNA, AAL and Con A in degenerated NP cells which are specific for sialylation, 

fucosylation and mannosylation respectively (p < 0.001). .......................................... 195 

Figure 3.2 Characterisation of lectin profiling of human NP cells through passaging. A) 

Stability of glycosylation motif expression in human nucleus pulposus cells through 

passaging. B) The was no significant difference detected in sialylation, fucosylation and 

mannosylation from passage one to passage seven as detected by SNA, AAL and Con A, 

respectively. n = 3. Scale bar = 50 µm. One-way ANOVA, p > 0.05. Data presented as the 

mean ± standard error of the mean. ........................................................................... 197 

Figure 3.3 Viability study of NP cells after treatment with varying concentrations of 3Fax-

peracetyl Neu5Ac and 2F-peracetyl fucose. A) There was no significant difference 

observed in metabolic activity across all groups as measured by Alamarblue assay. B) 

Live dead assay determined total cell survival after treatment. All inhibitor 

concentrations maintained >95% cell survival after 10 days co-incubation with no 

significant difference across groups. n = 3. One-way ANOVA, p > 0.05. Data presented 

as the mean ± standard error of the mean. ................................................................. 198 
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Figure 3.4 Expression of glycosylation modifications after treatment with global inhibitors of 

glycosylation. A) Sialylation fluorescence intensity as detected by MAA - h -(2,3) and SNA 
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(1,6) expression as measured by AAL decreased with increased concentration of 2F-

peracetyl fucose to ~70% reduction at 300 µM of inhibitor. n = 3. One-way ANOVA, p < 

0.01. Data presented as the mean ± standard error of the mean. .............................. 199 

Figure 3.5 Lectin cytochemistry for sialylated motif expression in NP cells. A) Optimised 

inhibition of sialylation in nucleus pulposus cells by 3Fax-peracetyl Neu5Ac. Confocal 

ƛƳŀƎŜǎ ŘŜƳƻƴǎǘǊŀǘŜ ƴƻ ŎƘŀƴƎŜ ƛƴ ŎŜƭƭ ƳƻǊǇƘƻƭƻƎȅ ƛƴ ǘǊŜŀǘƳŜƴǘ ǾǎΦ ŎƻƴǘǊƻƭΦ ʰ-(2,6) 

sialylation (SNA) is significantly decreased (B) (p ғ лΦллмύ ōȅ Ϥпл҈ ǿƘƛƭŜ ʰ-(2,3) 

sialylation (MAA) expression remains unaltered (C). n = 3. Scale bar = 50 µm. Student t-

test, data presented as the mean ± standard error of the mean. ............................... 200 

Figure 3.6 Lectin cytochemistry for fucosylated motif expression in NP cells. A) Optimised 

inhibition of fucosylation in nucleus pulposus cells by 2F-peracetyl Fucose. Confocal 

images demonstrate ƴƻ ŎƘŀƴƎŜ ƛƴ ŎŜƭƭ ƳƻǊǇƘƻƭƻƎȅ ƛƴ ǘǊŜŀǘƳŜƴǘ ǾǎΦ ŎƻƴǘǊƻƭΦ ʰ-(1,6) 

fucosylation (AAL) is significantly decreased (B) (p ғ лΦллмύ ōȅ Ϥтл҈ ǿƘƛƭŜ ʰ-(1,3) 

fucosylation (UEA) expression remains unaltered (C). n = 3. Scale bar = 50 µm. Student 

t-test, data presented as the mean ± standard error of the mean. ............................ 201 

Figure 3.7 Schematic of in vitro model design. A) Cells were seeded for 24 hours initially 

before being cultured for up to 168 hours with sialyltransferase/fucosyltransferase 

inhibitor (3Fax-peracetyl Neu5Ac/ 2F-peracetyl fucose) and/or inflammatory cytokines 

(IL-мʲκL[-6/TNF-ʰύΦ aŜŎƘŀƴƛǎƳ ƻŦ ŀŎǘƛƻƴ ƻŦ оCŀȄ-peracetyl fucose is shown. B) The 

screening process for glycosylation inhibitors is demonstrated. Cell migration and qPCR 

results determined that only 3Fax-peracetyl Neu5Ac was carried forward for further 

investigation. Created using Biorender®. .................................................................... 203 

Figure 3.8 Effect of cytokine stimulation on NP cell glycosignature. A) Sialylation response to 

cytokine induced inflammation measured by MAA and SNA binding. B) IL-мʲ ƘŀŘ ǘƘŜ 

most prominent effect after three days, increasing sialylation by 62%, whereas TNF-ʰ 

and IL-6 increased sialylation by 56% and 19% respectively. The cytokine combination 

increased sialylation by 89%. n = 3. Scale bar = 50 µm. One-way ANOVA, Data presented 

as the mean ± standard error of the mean. ................................................................. 205 

Figure 3.9 Effect of cytokine stimulation on NP cell glycosignature. A) Fucosylation response 

to cytokine induced inflammation measured by AAL and UEA binding. B) IL-мʲ ǇǊƻŘǳŎŜŘ 
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the greatest fucosylation response of all the cytokines (35% increase) followed by TNF-

ʰ ŀƴŘ L[-6, 11% and 6% increases respectively. A combination of cytokines caused a 46% 

increase in core fucosylation. n = 3. Scale bar = 50 µm. One-way ANOVA, Data presented 

as the mean ± standard error of the mean. ................................................................. 206 

Figure 3.10 The glycosignature of human healthy NP cells induced with inflammatory 

cytokines. The altered binding specificity of SNA and AAL was increased on day three in 

the cytokine treated group. n = 3. One-way ANOVA, Data presented as the mean ± 

standard error of the mean. ........................................................................................ 207 

Figure 3.11 Expression of ECM proteins in healthy and degenerated NP cells. Collagen I 

expression was the same in both cell types while Collagen II and Aggrecan were reduced 

in degenerated NP cells. Expression of all ECM proteins was reduced in cells induced 

with cytokines after three days. n = 3. One-way ANOVA, Data presented as the mean ± 

standard error of the mean. ........................................................................................ 208 

Figure 3.12 Attenuation of hypersialylation response using Neu5Ac-inhib. A) Inhibition of 

hypersialylation in cytokine-induced inflammation treated with 3Fax-peracetyl Neu5Ac. 

Initial baseline sialylation in degenerated nucleus pulposus cells was higher than healthy 

NP cells (p < 0.05). B) Binding of SNA was increased in the IL-мʲκL[-6/TNF-ʰ ƎǊƻǳǇ ŀŦǘŜǊ 

72 hours (p < 0.001). This hypersialylation response was inhibited by 3Fax-peracetyl 

Neu5Ac in degenerated and healthy nucleus pulposus cells (p < 0.001). n = 3. Scale bar 

= 50 µm. One-way ANOVA, Mean fluorescence intensity was normalised per cell using 

Harmony® High Content Imaging and Analysis Software and data presented as the mean 

± standard error of the mean. ..................................................................................... 209 

Figure 3.13 Attenuation of hyperfucosylation response using Fucose-inhib. A) Inhibition of 

hyperfucosylation in cytokine-induced inflammation treated with 2F-peracetyl fucose. 

Initial baseline fucosylation in degenerated nucleus pulposus cells was lower than 

healthy NP cells (p < 0.05). B) Binding of AAL was increased in the IL-мʲκL[-6/TNF-ʰ ƎǊƻǳǇ 

after 72 hours (p < 0.001). This hyperfucosylation response was inhibited by 2F-

peracetyl fucose in degenerated and healthy nucleus pulposus cells (p < 0.001). n = 3. 

Scale bar = 50 µm. One-way ANOVA, p < 0.05. Mean fluorescence intensity was 

normalised per cell using Harmony® High Content Imaging and Analysis Software and 

data presented as the mean ± standard error of the mean. ....................................... 210 

Figure 3.14 Effect of cytokine stimulation and glycosylation inhibition on cell migration. A) 

Sialylation inhibition restores cell migration to inflamed NP cells in wound healing assay 

after 48 hours. B) Cell migration was increased in 3Fax-peracetyl Neu5Ac treated group 



XXII 

versus inflamed group (p < 0.001). n = 4. Scale bar = 50 µm. One-way ANOVA, Data 

presented as the mean ± standard error of the mean. ............................................... 211 

Figure 3.15 Effect of cytokine stimulation and glycosylation inhibition on cell migration. A) 

Fucosylation inhibition further diminishes cell migration in inflamed NP cells after 72 

hours. B) 2F-peracetyl fucose treatment further inhibited the decrease in cell migration 

in inflamed group (p < 0.05). n = 4. Scale bar = 50 µm. One-way ANOVA, data presented 

as the mean ± standard error of the mean. ................................................................. 212 

Figure 3.16 Collagen gene expression was measured by qPCR in the in vitro inflammation 

model. A) 3Fax-peracetyl Neu5Ac treatment increased collagen II expression in non-

inflamed cells (p < 0.01). No significant difference was seen in inflamed groups. B) The 

ratio of COL2:COL1 expression, a marker of NP cell phenotype, was maintained in 3Fax-

peracetyl treated cells, although total gene expression was decreased. C) 2F-peracetyl 

fucose did not affect healthy NP cells and further reduced collagen II expression in 

inflamed NP cells. D) COL2:COL1 ratio is further lost in 2F-peracetyl Fucose treated 

inflamed cells. Two-way ANOVA, data presented as the mean ± standard error of the 

mean. ........................................................................................................................... 216 

Figure 3.17 Seahorse analysis of mitochondrial respiratory capacity in NP cells in model of 

inflammation. Incubated 30 minutes prior experiment in XF assay medium 

supplemented with 5 mM glucose and 2 mM glutamine and consecutively injected with 
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ECAR values (mpH/min) (A) and OCR values (pmoles/min) (B) are shown. The % of ATP-

linked OCR was calculated as ATP-linked OCR/basal OCR. *p < 0.05, **p < 0.01, ***p < 

0.001. n = 3. One-way ANOVA. Data presented as the mean ± standard error of the 
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Figure 3.18 Ingenuity pathway analysis (IPA). A) Overview of protein regulation in IVD 

degeneration coupled with predicted modulation of glyco-enzymes in cytokine-

stimulated conditions. B) Highlighted interactions between cytokines and induced 

glyco-enzyme predicted by IPA analysis in the IVD microenvironment. ..................... 219 

Figure 3.19 Comparative analysis of mRNA expression in control, cytokine treated, cytokine 

and glycosylation inhibitor treated healthy and degenerated human NP cells. Unbiased 

principle component analysis was performed using RPKM values for all genes where 

RPKM > 0.3 in at least one sample group. Abbrev: H_CON ς healthy cells control, D_CON 

ς degenerated cells control, H_CYTKN - healthy cells + cytokine cocktail, H_TREAT ς 
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healthy cells + cytokine cocktail + Neu5Ac ςinhib, D_TREAT ς degenerated cells + 

Neu5Ac-inhib. .............................................................................................................. 221 

Figure 3.20 Gene expression heat map with hierarchical clustering. The overall results of 

FPKM cluster analysis, clustered using the log2(FPKM+1) value. Red colour indicates 

genes with high expression levels, and blue colour indicates genes with low expression 

levels. The colour ranging from red to blue indicates that log2(FPKM+1) values where 

from large to small. Abbrev: H_CON ς healthy cells control, D_CON ς degenerated cells 

control, H_CYTKN - healthy cells + cytokine cocktail, H_TREAT ς healthy cells + cytokine 

cocktail + Neu5Ac ςinhib, D_TREAT ς degenerated cells + Neu5Ac-inhib. .................. 224 

Figure 3.21 A-E) Volcano plots of differentially expressed genes across experimental groups. 

Horizontal axis for the fold change of genes in different samples. Vertical axis for 

statistically significant degree of changes in gene expression levels, the smaller the 

corrected p value, the bigger -log10 (corrected p value), the more significant the 

difference. The points represent genes, red dots indicate upregulated and 

downregulated differentially expression genes. F) Venn diagrams shows the 

differentially expressed proteins unique to each group and overlapping between the 

groups. Abbrev: Control (H) ς healthy cells control, Control (D) ς degenerated cells 

control, Cytokine (H) - healthy cells + cytokine cocktail, Cytokine + Neu5Ac-inhib (H) ς 

healthy cells + cytokine cocktail + Neu5Ac ςinhib, Neu5Ac-inhib (D)  ς degenerated cells 
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Figure 3.22 GO Enrichment scatter plots demonstrating upregulated processes across 

groups. A-E) GO is the abbreviation of Gene Ontology (http://www.geneontology.org/), 

which is a major bioinformatics classification system to unify the presentation of gene 

properties across all species. It includes three main branches: cellular component, 

molecular function and biological process. GO terms with padj < 0.05 are significant 

enrichment. Abbrev: Control (H) ς healthy cells control, Control (D) ς degenerated cells 

control, Cytokine (H) - healthy cells + cytokine cocktail, Cytokine + Neu5Ac-inhib (H) ς 

healthy cells + cytokine cocktail + Neu5Ac ςinhib, Neu5Ac-inhib (D)  ς degenerated cells 
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Figure 3.23 KEGG enrichment scatter plot. A-E) KEGG (Kyoto Encyclopaedia of Genes and 

Genomes, http://www.kegg.jp/) collects manually curated databases containing 

resources on genomic, biological-pathway and disease information [33]. Pathway 

enrichment analysis identifies significantly enriched metabolic pathways or signal 
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whole genome background. KEGG terms with padj < 0.05 are significant enrichment. 

Abbrev: Control (H) ς healthy cells control, Control (D) ς degenerated cells control, 

Cytokine (H) - healthy cells + cytokine cocktail, Cytokine + Neu5Ac-inhib (H) ς healthy 

cells + cytokine cocktail + Neu5Ac ςinhib, Neu5Ac-inhib (D)  ς degenerated cells + 

Neu5Ac-inhib. .............................................................................................................. 233 

Figure 3.24 Overview of signalling pathways modulated according to reactome analysis. A-E) 

The Reactome (http://www.reactome.org) is a database of reactions, pathways and 

biological processes, which can be used to browse pathways and submit data to a suite 

of data analysis tools, containing curated annotations that cover a diverse set of topics 

in molecular and cellular biology. Reactome terms with padj < 0.05 are significant 

enrichment. Abbrev: Control (H) ς healthy cells control, Control (D) ς degenerated cells 

control, Cytokine (H) - healthy cells + cytokine cocktail, Cytokine + Neu5Ac-inhib (H) ς 

healthy cells + cytokine cocktail + Neu5Ac ςinhib, Neu5Ac-inhib (D)  ς degenerated cells 

+ Neu5Ac-inhib. ............................................................................................................ 236 
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blue indicate a lower gene expression. ....................................................................... 237 

Figure 3.26 The differentially expressed genes associated with glycan synthesis and specific 

terminal glycosylation, identified through GO term enrichment. A) Overview of 

differentially expressed genes involved in N-glycosylation and terminal modification 

presented as Z-score normalised values. B) Distribution of significantly altered gene 

expression. P-values are indicated as *-< 0.05, ** - <0.01, ***- <0.001. Red indicates a 

significant increase in gene expression while blue indicates a significant decrease in 

expression. ................................................................................................................... 239 

Figure 3.27 The differentially expressed genes associated with Interleukin-1 signalling, 

collagen synthesis and degradation, and ECM organisation, identified by GO terms. A-

C) Overview of differentially expressed genes identified as most dysregulated in 

Cytokine (H) vs. Cytokine + Neu5Ac-inhib (H) presented as a Z-score normalised heat 

map. Red indicates a significant increase in gene expression while blue indicates a 

significant decrease in expression. .............................................................................. 240 

Figure 3.28 Protein expression of (A) MMP-13 and (B) ADAMTS-4 as measured by ELISA was 

decreased by glycosylation inhibition. n = 3. MMP-13 and ADAMTS-4 expression 

increased by IL-мʲκL[-6/TNF-ʰΦ .ƻǘƘ оCŀȄ-peracetyl Neu5Ac and 2F-peracetyl fucose 
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inhibit MMP-13 and ADAMTS-4protein expression. One-way ANOVA, p < 0.05. Data 

presented as the mean ± standard error of the mean. ............................................... 241 

Figure 3.29 Overview of the effect of glycosylation inhibitors in an in vitro model of IVD 

degeneration in human NP cells. A) Summary of assay results indicating positive or 

negative cellular response to the glycosylation inhibitors. B) Diagram representation of 

experimental results highlighting the described mechanism of action for glycosylation 

inhibitors. ..................................................................................................................... 244 
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Figure 4.1 Schematic representation of cross-linked HA hydrogel. Cross-linking reaction of 

hyaluronic acid initiated by DMTMM producing a reactive ester species that further 

reacts with PEG to form a cross-linked product. *design DMTMM schematic and cross-

linked product schematic. Microspheres on Teflon tape. ........................................... 260 

Figure 4.2 Optimisation of cross-linking system using different concentrations 4-arm PEG-

amine/DMTMM:HA equating to a molar ratio of 0.5, 1 and 2. A) Degradation of cross-

linked HA hydrogels. Significant differences were noted between 0.5 molar ratio PEG 

concentration vs. other groups. B) Quantification of residual unreacted amine groups of 

PEG after cross-ƭƛƴƪƛƴƎΦ bƻ 5a¢aa ǿŀǎ ǳǎŜŘ ƛƴ ŎƻƴǘǊƻƭ ΨлΩΦ CǊŜŜ ŀƳƛƴŜ ƎǊƻup was 

decreased with increasing of DMTMM concentration. *Significant statistical different 

for different concentrations of PEG-amine. (n = 3, one-way ANOVA, p < 0.05). Data 
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Figure 4.3 Viscoelastic properties of HA hydrogel formulations assessed by rheology. A) 0.5:1 

DMTMM/PEG:HA ratio. B) 1:1 DMTMM/PEG:HA ratio. C) 2:1 DMTMM/PEG:HA ratio. D) 
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completion of gelation in hydrogels of higher degree of cross-linking (p < 0.001). (n = 3, 

two-way ANOVA, p < 0.001). Data presented as the mean ± standard deviation of the 

mean ............................................................................................................................ 269 

Figure 4.4 Scanning electron microscopy (SEM) images of HA hydrogel formulations.  Surface 

topography varied from a smooth surface layer at low PEG concentration to a course 

irregular morphology. .................................................................................................. 270 

Figure 4.5 Inhibition of hypersialylation in cytokine-induced inflammation in canine NP cells 

treated with 3Fax-peracetyl Neu5Ac. A+B) Binding of SNA was increased in the IL-мʲκL[-

6/TNF-ʰ ƎǊƻǳǇ ŀŦǘŜǊ тн ƘƻǳǊǎ όp < 0.001). This hypersialylation response was inhibited 
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by 3Fax-peracetyl Neu5Ac in both degenerated and healthy nucleus pulposus cells (p < 

0.001). n = 3. Scale bar = 100 µm. One-way ANOVA, Mean fluorescence intensity was 

normalised per cell using Harmony® High Content Imaging and Analysis Software and 

data presented as the mean ± standard error of the mean. ....................................... 271 

Figure 4.6 Seahorse analysis of mitochondrial respiratory capacity in canine NP cells in model 

of inflammation. Incubated 30 minutes prior experiment in XF assay medium 

supplemented with 5 mM glucose and 2 mM glutamine and consecutively injected with 
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linked OCR was calculated as ATP-linked OCR/basal OCR. ****p < 0.001. n = 3. One-way 

ANOVA. Data presented as the mean ± standard error of the mean. ......................... 272 

Figure 4.7 Sialylation inhibition from Neu5Ac-inhib loaded HA hydrogel in canine NP cell 

culture over ten days. A) Negative control was supplemented with HA hydrogel alone. 

Positive control was dosed with 300 µM Neu5Ac-inhib every 48 hours. Each hydrogel 
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morphology and inducing ER stress. B) Mean fluorescence intensity of lectin staining of 

canine NP cells treated with Neu5Ac-inhib loaded HA hydrogels. C) Cell survival (no. of 

cells) in NP cells. n = 6, one-way ANOVA. Scale Bar = 50 µm. ..................................... 274 

Figure 4.8 Histological assessment of various grades of canine IVDs. On post-mortem, 

hematoxylin and eosin staining showed annular rupture, in Grade III-IV, mixed clustering 

of nucleus pulposus (NP) cells in Grade II-IV and the presence of chondroid nests in NP 
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reduced levels of proteoglycans in the NP matrix. Histological grading was based on 
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Figure 4.9 Lectin histochemical assessment demonstrated the trend towards hypersialylation 

with increasing grade of IVD degeneration (SNA binding). A+B) This trending increase 
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Figure 4.15 Altered expression of glycans in Grade I and Grade IV canine IVD by MALDI-IMS. 
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Chapter 5 

Figure 5. 1 Summary of experimental phases. UPLC chromatogram depicts overview of most 

abundant N-glycan species in the human IVD. Neu5Ac-inhib non-competitively binds to 

all sialyltransferase enzymes to inhibit the addition of sialic acid onto a terminal 

galactose residue on N-glycans. Neu5Ac-inhib loaded HA hydrogel is depicted in situ in 

the validated pre-clinical canine model of IVD degeneration. .................................... 296 

Figure 5.2 Schematic representation of the regeneration of the IVD in dogs treated with 

Neu5Ac-inhib loaded HA hydrogels. Dogs will be acquired at housed for seven days prior 

to initial induction of IVD degeneration. Induction will be performed fluoroscopically. 

Induced disc will be allowed to degenerate for four weeks until HA hydrogel 

formulations with/without Neu5Ac-inhib are administered into degenerated discs. 

Finally, after four further weeks, discs will be assessed by MRI and animals will be 

euthanised for further investigations. ......................................................................... 301 

Figure 5.3 Potential pathway for glyco-functionalised HA-based hydrogel from bench to 

bedside. Milestones are summarised for each step in this pathway. Veterinary clinical 

potential is identified a possible route towards the market. Phase I may not be needed 

for intradiscal therapies. Direct entry to Phase II or Phase III will be suitable and 

appropriate for therapies that have a human physiological basis or derivation rather 

than a small molecule, drug or carrier that may be novel and not a known carrier. 

Abbrev: FDA, Food and Drug Administration; IND, investigational new drug application 

[31]. .............................................................................................................................. 306 

Appendices 

Figure A.1 Optimisation of glycosignature (sialylation) imaging in the foetal intervertebral 

disc. A) Con A (Concanavalin A) B) MAA (Maackia Amurensis Agglutinin) C) SNA 

(Sambucas Nigra Agglutinin) D) DSA  (Datura Stramonium agglutinin) E) PNA (Peanut 

agglutinin)F) UEA-I (Ulex europaeus agglutinin G) WGA (Wheat germ agglutinin) H) WFA 

(Wisteria floribunda agglutinin). SialylŀǘƛƻƴΤ a!! ōƛƴŘǎ ʰ-(2,3) linked sialic acid. SNA-I 

ƭŜŎǘƛƴ ōƛƴŘǎ ʰ-(2,6)- linked sialic acid. WGA binds N-acetyl-glucosamine (GlcNAc) and 

ǎƛŀƭƛŎ ŀŎƛŘΦ aŀƴƴƻǎȅƭŀǘƛƻƴΤ /ƻƴ ! ōƛƴŘǎ ǘƻ ʰ-linked mannose, glucosamine and GlcNAc..  

Galactosylation; PNA binds to Gal- -̡(1,3)ςGalNAc (T-antigen), > GalNAc > lactose > Gal, 

ǘŜǊƳƛƴŀƭ ʲ-Gal, non-sialylated. WFA binds GalNAc and chondroitin sulphate. 

CǳŎƻǎȅƭŀǘƛƻƴΤ ¦9! ōƛƴŘǎ ǘƻ ʰ-(1,2)-linked fucose. Terminal GlcNAc; DSA binds to N-
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acetyl-glucosamine and N-acetyllactosamine. Highlighted concentration indicates best 

fluorescent image and concentration of lectin used for remaining samples. Scale bar = 

50 µm. .......................................................................................................................... 391 

CƛƎǳǊŜ !Φн [ŜŎǘƛƴ ŎȅǘƻŎƘŜƳƛǎǘǊȅ ƻǇǘƛƳƛǎŀǘƛƻƴΦ {ƛŀƭȅƭŀǘƛƻƴΤ a!! ōƛƴŘǎ ʰ-(2, 3)-linked sialic 

acid. SNA-L ƭŜŎǘƛƴ ōƛƴŘǎ ʰ-(2, 6)-linked sialic acid. WGA binds N-acetyl-glucosamine 

όDƭŎb!Ŏύ ŀƴŘ ǎƛŀƭƛŎ ŀŎƛŘΦ aŀƴƴƻǎȅƭŀǘƛƻƴΤ /ƻƴ ! ōƛƴŘǎ ǘƻ ʰ-linked mannose, glucosamine 

and GlcNAc..  Galactosylation; PNA binds to Gal- -̡(1, 3)ςGalNAc (T-antigen), > GalNAc 

Ҕ ƭŀŎǘƻǎŜ Ҕ DŀƭΣ ǘŜǊƳƛƴŀƭ ʲ-Gal, non-ǎƛŀƭȅƭŀǘŜŘΦ CǳŎƻǎȅƭŀǘƛƻƴΤ ¦9! ōƛƴŘǎ ǘƻ ʰ-(1, 2)-linked 

fucose. Terminal GlcNAc; DSA binds to N-acetyl-glucosamine and N-acetyllactosamine. 

Highlighted concentration indicates best fluorescent image and concentration of lectin 

used for remaining samples. Scale bar = 50 µm. ......................................................... 393 

Figure A.3 Workflow for medical species mRNA sequencing data of standard bioinformatics 

analysis (Novogene, UK). ............................................................................................. 395 

Figure A.4 Distribution of gene expression levels among different samples. Parameters of box 

plots are indicated, including maximum, upper quartile, mid-value, lower quartile and 

minimum. Abbrev: H_CON ς healthy cells control, D_CON ς degenerated cells control, 

H_CYTKN - healthy cells + cytokine cocktail, H_TREAT ς healthy cells + cytokine cocktail 

+ Neu5Ac ςinhib, D_TREAT ς degenerated cells + Neu5Ac-inhib. ............................... 398 

Figure A.5 Correlation coefficient matrix. R2: Square of Pearson correlation coefficient(R). 

Abbrev: H_CON ς healthy cells control, D_CON ς degenerated cells control, H_CYTKN - 

healthy cells + cytokine cocktail, H_TREAT ς healthy cells + cytokine cocktail + Neu5Ac ς

inhib, D_TREAT ς degenerated cells + Neu5Ac-inhib. ................................................. 399 

Figure A.6 Experimental set up of IVD organ culture system using a bioreactor under dynamic 

loading. A) The bovine IVD is contained in an enclosed chamber between two porous 

stainless steel plates in supplemented media. A pneumatic actuator drives the 

peristaltic pump to produce cyclic loading on the disc; the frequency and amplitude of 

which is adjustable. B) Disc height change normalised to the original dimension after 

dissection. Degenerative loading conditions significantly decreased disc height after 

loading vs. physiological controls. (n = 4, two-way ANOVA, p < 0.001). Data presented 

as the mean ± standard error of the mean. ................................................................. 402 

Figure A.7 Optimisation of [ŜŎǘƛƴ ƘƛǎǘƻŎƘŜƳƛŎŀƭ ǎǘŀƛƴƛƴƎ ŦƻǊ ōƻǾƛƴŜ L±5 ǘƛǎǎǳŜΦ ʰ-(2,3)-linked 
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respectively. Images were captured using confocal analysis (in green fluorescence). 
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haptenic sugars, lactose and fructose at 100 mM. ...................................................... 403 
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 Abstract 

Low back pain (LBP) is a common health issue that imposes a significant socio-economic 

burden on society. Primarily, intervertebral disc degeneration is one of the major 

contributing causes of LBP. It is initiated by altered mechanobiology and mediated by 

inflammation causing an imbalance of extracellular matrix homeostasis. This process results 

in loss of disc integrity, reduced disc height, increased risk of protrusion, extrusion and 

subsequent nerve compression and impingement resulting in discogenic pain. The molecular 

processes involved in this disease cascade is made up of glycoproteins. Inflammatory and 

degenerative processes in IVD degeneration produce altered expression patterns of 

glycosylation, although the role of glycosylation and localisation on glycoproteins in this 

process is not well understood. An understanding of IVD pathophysiology, specifically 

glycomic regulation in the IVD, is necessary to develop clinically relevant treatment 

strategies. Given the lack of satisfactory outcomes in treatment strategies for IVD 

degeneration, it is clear that new molecular targets need to be identified and addressed 

clinically to halt disc degeneration and restore native tissue structure and function. Glycomic 

profiling is a rapidly emerging field investigating the hierarchal regulation of protein activity 

and cellular pathways. Insights into the glycome offer key insights into cell activity, tissue 

homeostasis and mechanisms of degeneration. Small-molecule therapeutics have 

demonstrated efficacy in modulating glycomic-based targets. Next-generation biomaterials 

will likely encompass multi-omics functionalisation to address multiple disease targets, 

increasing the specificity and efficacy of regenerative therapies. The altered glycomic profile 

of the IVD degeneration may be targeted by specific inhibitors of glycosylation. The use of 

hyaluronic acid (HA) as a delivery system for therapeutic agents offers promising results in 

tissue regeneration as it can, itself, reduce inflammation. The overall aim of this study was 

to characterise the altered N-glycome of the IVD in degeneration and subsequently develop 

an optimally cross-linked high molecular weight of HA hydrogel, functionalised with a small 

molecule inhibitor of glycosylation to investigate the role of glycosylation in degeneration. 

In Phase I, the N-glycan profile of human intervertebral disc tissue was characterised by 

UPLC-MS. The characterisation of the N-glycan profile of the IVD has uncovered the altered 

expression of glycans in degeneration. The change in the expression of glycans demonstrates 

the dynamic regulation of glyco-enzymes and highlights the role of glycans as a biomarker 

for cell behaviour and disease status as well as their functional role in the disease process. 

This highlights the need for multi-omics approaches to biomaterial design and 

functionalisation. Future studies may include the localisation of modulated glycan 
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expression. For example, the postulated increase in outer arm fucosylation of TIMP1 may be 

investigated by protein purification from human IVD and further glycan isolation and 

characterisation by UPLC-MS. In Phase II, the glycosignature of the NP cell in healthy and 

diseased tissues has been characterised and a validated inflammatory model of IVD 

degeneration has been developed. The role of sialylation and fucosylation have been 

investigated in the NP cell in an in vitro model of IVD degeneration and potential glycomic 

based mechanisms of degeneration and disease targets have been identified. When 

introducing a biomaterial into the intervertebral disc, tissue integration and material 

resorption are important parameters that can be influenced by modulated sialylation. 3F-

pereacetyl Neu5Ac (Neu5Ac-inhib) may have a potential beneficial therapeutic effect in a 

hydrogel-loaded system in treating IVD degeneration. In Phase III, a HA-based hydrogel was 

optimally cross-linked with PEG-free amine and DMTMM, exerted hydrolytic stability and 

resistance to enzymatic degradation. No cytotoxic effect of NP cells was marked after 

treatment with HA hydrogels for ten days. These findings indicate that optimally stabilised 

cross-linked HA hydrogel is an ideal delivery vehicle to trial glycosylation inhibitors in vivo. 

The efficacy of Neu5Ac-inhib release from a HA hydrogel was determined in vitro in canine 

NP cells. Cytokine induced inflammation also increased sialylation expression in canine NP 

cells and sialylation inhibition effectively restored the glycosylation expression to 

physiological levels. Furthermore, a canine pre-clinical model, using beagles, was validated 

for determining the efficacy of glyco-functionalised materials by demonstrating a similar 

modulation in the glycome of the canine IVD compared to humans in degeneration. These 

findings pave the way for a pre-clinical trial using a sialyltransferase inhibitor, working 

synergistically with HA hydrogel, to regenerate the IVD in canine IVD degeneration, 

suggesting that glyco-modulation and specifically sialylation inhibition has a potential 

therapeutic application for the treatment of IVD degeneration.
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Introduction 

2 

1.1 Introduction 

The prevalence of low back pain (LBP) has been reported to be between 1.4 to 20% with 

incidences from 0.02-7.0% in European Union (EU) countries [1,2]. Other studies have 

reported worldwide prevalence at about 31% in the general population at any given time 

and up to 80% of the population will most likely report LBP at some point in their lives [3,4]. 

Men reported a higher prevalence of LBP than women (4.1% vs. 3.4%). Age, however, was 

not found to be a risk factor, with an equal proportion of people aged <65 vs. >65 reporting 

incidence (3.7% vs. 3.8%) [5]. LBP is cited as the most common reason for visits to general 

practitioners [6]. This complaint has an economic burden estimated at $26.3 billion in the 

United States (US) attributed to direct care costs [7] with a further economic impact due to 

decreased employee productivity [8]. The World Health Organisation (WHO) estimates that 

LBP is the leading morbidity accounting for the highest number of disability-adjusted life 

years worldwide [9].  

LBP has a multifactorial aetiology that is discussed in detail later. It is well understood 

that it has a positive association with intervertebral disc (IVD) [10].  The risk of LBP increases 

with the prevalence of IVD degeneration and the risk of sciatic pain is increased in relation 

to posterior bulges of the IVD [11]. Low back pain was found to be strongly associated with 

occupation [11], although this is complicated by socioeconomic status [12]. Disc 

degeneration has been shown to be the driving force behind and cause of age-dependent 

back pain, where a higher proportion of the incidence of LBP in people aged >65 is 

attributable to disc degeneration and herniation [13]. 

The intervertebral disc is a fibrocartilage joint, which connects two adjacent 

vertebral bodies in the spinal column [14]. This cartilaginous tissue provides structural 

integrity to the spine while allowing for movement between the vertebral bodies during 

flexion, extension, lateral bending and torsion.  The IVD is classically sub-classified into the 

inner nucleus pulposus (NP), a proteoglycan-rich tissue surrounded by the outer annulus 

fibrosus (AF), a fibrous collagenous tissue [15]. The constituents of the NP create a 

hydrostatic pressure within the tissue, which is contained by the lamellar ring structure of 

the AF. These mechanical properties allow for the absorption of compressive forces within 

the spinal column and transmission of load into the limbs [16].  

Degeneration of the IVD describes the anatomical changes that occur in the IVD with 

subsequent loss of function and ultimate failure of the organ over a prolonged period. The 

progression of IVD degeneration is characterised by endplate thickening, reduced nutrient 

supply, lower oxygen tension, build-up of metabolites, cellular senescence, and increased 
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tissue catabolism. The risk of development and progression of IVD degeneration is also 

increased by trauma, obesity, diabetes, smoking and genetics [17ς20]. 

Throughout degeneration, there is a transformation of the NP phenotype towards a 

fibrous tissue resembling the AF. This alters the loading dynamics in the tissue making the AF 

more susceptible to tears and fissures with an overall reduction in the disc height due to 

dehydration and ECM resorption [21]. ECM resorption is mediated by a shift in cellular 

homeostasis towards catabolism. This altered activity is mediated by inflammatory 

cytokines, most prominently Interleukin-м ̡(IL-м)̡, and Tumour Necrosis Factor-ʰ όTNF- )h 

and Interleukin-6 (IL-6). These cytokines activate the Protein kinase B/Mitogen-activated 

Protein Kinase (Akt/MAPK), Nuclear Factor kappa-light-chain-enhancer of activated B cells 

(NF-ˁ.), and Wntκ-̡catenin pathways to upregulate the expression of collagenases and 

aggrecanases (ADAMTS-4, ADAMTS-5, MMP-1, MMP2, MMP-3, MMP-13 and MMP-14) [22].  

Inflammatory cytokines also induce the upregulation of several glycosyltransferases 

such as sialyltransferases and fucosyltransferases [23]. These glycosyltransferases act in the 

Golgi apparatus to add glycans to the peptide backbone of glycoproteins in the post-

translational modification known as glycosylation [24]. This upregulation of 

glycosyltransferases increases the expression of sialylated and fucosylated glycans 

throughout newly synthesised glycoproteins, altering their activity and function [24]. The 

altered expression of sialylation modulates cell surface receptors, cell-to-cell interactions 

and enzymatic activity. Fucosylation of glycoproteins plays a role in immune response, cell 

adhesion and migration, inflammation and cell survival [25ς27]. The role and importance of 

this altered glycosylation in IVD degeneration has not previously been investigated 

substantially, however there has been consensus on the trends in modulation seen across 

many studies [28ς30]. 

Clinical treatment of mechanical LBP caused by IVD degeneration is largely 

conservative and consists of symptomatic management. Patients may be prescribed 

analgesics and rehabilitation to alleviate pain, while progressive and persistent pain and 

associated radiculopathy may require surgical intervention. Urgent surgical intervention is 

necessary for cauda equina syndrome, which is a surgical emergency where the lumbar and 

sacral nerve roots are compressed, compromising skeletal and somatic function [31]. 

Pharmacological intervention is given in the form of non-steroidal anti-inflammatory drugs 

(NSAIDs), opioids and muscle relaxants. While routinely prescribed, there is scant evidence 

that opioid derivatives offer greater pain relief than NSAIDs despite their addictive potential 

[32]. Epidural and systemic corticosteroids are also prescribed variably with clinical trials 
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demonstrating mixed results, while new evidence suggests that glucocorticoid receptor-

specific steroids may show efficacy [33]. Failure of conservative treatment often leads to 

surgical intervention. Spinal fusions are performed on affected spinal levels whereupon the 

IVD is removed and the spinal segment is fused using a bone graft or cage. Spinal fusions are 

approached anteriorly, laterally or posteriorly and may be open or percutaneous procedures 

depending on the spinal level affected, single or multiple levels, patient anatomy, 

instrumentation availability and surgeon experience. These interventions are not 

regenerative and, more importantly, non-curative for the most part. Surgical strategies 

further disrupt normal spine anatomy often leading to muscular dysfunction and failure to 

restore native disc structure and function [34]. 

Several approaches through tissue engineering to restore disc structure and function 

offer potential as treatment strategies for LBP [35]. Tissue engineering approaches vary from 

scaffold delivery with/without cellular therapy to total IVD replacement [35]. There is 

growing consensus that scaffold delivery to the NP provides immediate functional recovery 

of NP mechanical properties while offering a favourable microenvironment for cellular 

integration, attachment and proliferation. Many materials have been trialled in this field with 

a large proportion in the form of cross-linked hydrogels [36,37]. Hyaluronic acid (HA) is a 

macromolecule, native to the disc, used in tissue engineering that may be cross-linked to 

form a hydrogel in situ. HA-based hydrogels provide osmotic swelling pressure to diseased 

NP tissue, restoring hydrostatic pressure while being biodegradable. HA-based hydrogels 

may be functionalised with therapeutic molecules for drug delivery to promote cellular 

integration and proliferation while reducing inflammation [38]. Modulators of glycosylation, 

such as small molecule inhibitors, may be loaded into hydrogel formulations for delivery into 

the IVD to investigate the role of glycosylation, specifically sialylation and fucosylation, in IVD 

degeneration.  

1.2 Spine 

The spine is a column of 26 bones in the adult human body. The spine functions to provide 

structural support and balance while protecting the spinal cord. The segmented 

configuration allows multi-axial movement through flexion, extension and rotational torsion. 

The lumbar spine consists of five vertebrae number L1 to L5. Below is the sacrum, made up 

of five developmentally fused vertebral bodies, which is followed by the coccyx. Coccygeal 

segments are variable across individuals. This lower spinal complex makes up the 

lumbosacral region and is the most common site of pathologic intervertebral disc disease 

[39].  
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1.3 Intervertebral Disc 

There are 23 intervertebral discs in the human spine, which lie between the vertebral bodies. 

These joints make up one-third of the height of the spinal column. Intervertebral discs are 

located in the cervical, thoracic and lumbar spine and occupy all spinal levels except for the 

joint between the skull and atlas (C1), atlas and axis (C2) and the sacral spine. These discs are 

largest in the load-bearing lumbar spine and gradually decrease in diameter rostrally [15]. 

The discs vary in height from seven to ten mm and measure up to four cm in the sagittal 

plane [40,41]. Macroscopically, the discs are complex organs that consist of an outer ring of 

thick fibrous cartilage, which encompasses a gelatinous-like central tissue known as the 

nucleus pulposus (Figure 1.1). The nucleus pulposus is adjoined superiorly and inferiorly to 

the vertebral bodies through the cartilaginous endplate.  

1.3.1 Annulus Fibrosus 

The Annulus Fibrosus (AF) is a fibrocartilaginous tissue. It is arranged in a lamellar 

configuration of 15 to 25 concentric rings, orientated at 60° relative to the vertical plane 

through the tissue with each layer orientated in the alternate direction to the preceding layer 

[42]. This outer ring is anchored into the vertebral bodies superior and inferior to the disc 

space. This is a unique characteristic of the tissue that is responsible for its load-bearing 

properties. Elastin is integrated into the tissue between lamellae generating the elastic 

properties of the disc during mobilisation [43]. The cells of the AF have several long, thin 

cytoplasmic extensions, or podia, which are involved in mechanosensing and integrin 

mediated signal transduction [44,45]. The AF tissue is divided into outer and inner AF. While 

the outer AF is a highly organised structure, the inner AF may be described as a transitional 

zone between AF and NP [46].  

1.3.2 Nucleus Pulposus  

The Nucleus Pulposus (NP) is composed of randomly aligned collagen type II fibres and 

proteoglycans creating a hydrated extracellular matrix (ECM) [47]. Notochordal and NP cells 

make up less than 1% of tissue volume, about 5000 cells/ mm3 [48,49].  NP cells are 

characterised as being positive for specific cellular markers Paired box 1 (PAX1), Forkhead 

box F1 (FOXF1), Haemoglobin subunit-ʲ όHBB), Carbonic anhydrase-12 (CA12), Cluster of 

differentiation-24 (CD24) and Ovostatin Homolog 2 (OVOS2) [50ς54]  while notochordal cells 

express specific markers such as Angiopoietin-1 receptor (Tie2) and Ganglioside G2 (GD2) 

[55,56]. Notochordal cells are present up until around the age of ten years in humans while 

they persist throughout life in some animals such as rats [57,58]. NC loss in 

chondrodystrophic (CD) dogs (dachshund, bulldog, and beagle) coincides with the onset of 
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degenerative IVD changes, while non-chondrodystrophic (NCD) dogs (greyhound, Labrador 

retriever, and Jack Russell terrier) express notochordal cells throughout life [59,60]. They are 

thought to be NP progenitor cells, committing to the NP cell lineage, and are involved in 

development of the tissue, directing chondrocytes at the endplates and stimulating 

propagation of the ECM, although consensus has not been reached on their origin and 

function [61].  

1.3.3 Cartilaginous Endplate  

Finally, the cartilaginous endplate (CEP) delineates the margins of the IVD superiorly and 

inferiorly. This is a thin horizontal layer of hyaline cartilage interfacing the vertebral body and 

disc. Collagen II fibres within the hyaline cartilage of the endplate run horizontally with 

projections into the disc, especially anchoring the AF [41]. The CEP consists of chondrocytes, 

as observed in articular cartilage, which secrete primarily collagen and proteoglycans [62]. 

The CEP is wide and vascular in infants and children with blood vessels traversing into the AF 

and NP. During ageing, the CEP thins and gradually becomes avascular, reducing nutrient 

supply to the IVD [63]. 

1.3.4 Extracellular Matrix 

Both the NP and AF have low cellularity relative to other tissues and are therefore composed 

largely of ECM. These tissues are composed mainly of water, proteoglycan and collagen [64]. 

Aggrecan is a proteoglycan present in both AF and NP that keeps the tissue hydrated through 

osmotic pressure by chondroitin sulphate chains where the level of hydration is directly 

proportional to the level of sulphation in the chondroitin side chains. Collagen type I provides 

the tensile strength in the outer AF while collagen type II is found predominantly in the inner 

AF, NP and CEP of the vertebrae [65]. The ECM of the AF is made up to 15-25 lamellae of 

collagen fibres in their unique conformation, as described above.  

1.4 Pathophysiology of Intervertebral Disc Degeneration 

Disc degeneration occurs invariably with ageing, beginning in the young adult. Disc 

degeneration is characterised by an imbalance of anabolic and catabolic processes in the 

ECM, which is accelerated by numerous risk factors discussed below [62,66]. The 

pathogenesis of disc degeneration is summarised in Figure 1.4.  

1.4.1 Risk Factors 

A genetic predisposition to IVD degeneration has been confirmed by multiple large studies 

such as TwinsUK [20,67].  Polymorphisms have been identified in 5A and 6A alleles and 

commonly occur in the promoter region of the gene that regulates MMP-3 expression [68],   
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Figure 1.1 Schematic of spinal motion segment consisting of superior and inferior vertebra, 

intervertebral disc (IVD) and bony processes. The IVD consists of the inner gelatinous 

nucleus pulposus and outer fibrous ring of the annulus fibrosus. The laminae and pedicles 

connect the spinal processes to form the spinal canal, enclosing the spinal cord. The nerve 

root exits the spinal canal through the intervertebral foramen.   



Introduction 

8 

collagen synthesis [69ς71],  IL-мʲ secretion [72], and many other genes [73].   Metabolic 

syndrome is also associated with IVD degeneration, attributable to the changes that occur in 

the bone marrow of the vertebral body and vascular supply as well as advanced glycan end 

products (AGEs) in the CEP [18,74,75]. Obesity is a prominent risk factor, intrinsically linked 

to metabolic syndrome [76ς78]. Disc space narrowing is more frequent in women than in 

men, while osteophyte formation is a more frequent finding on radiographic images for men 

[79].   Smoking increases the risk of degeneration while low-grade infection may also 

contribute [80,81].   No evidence has been found to suggest that injury or vibration increases 

the risk of IVD degeneration [82,83].  While it was previously hypothesised that heavy 

physical loading was a risk factor for IVD degeneration, it is now believed that this study was 

confounded by low socioeconomic status and other lifestyle factors that increase risk of 

disease [12,84]. 

1.4.2 Initiation of IVD Degeneration 

Despite the long prevalence and high socio-economic impact of IVD degeneration, the 

initiation and progression of this disease is still not well understood. The causal relationship 

between biological and biomechanical mechanisms has been investigated with some 

investigators hypothesizing that biomechanical stresses induce disease [85ς87]. On the other 

hand, loss of nutrition has also been implicated as an initiator due to altered vascularisation, 

sclerosis of the subchondral bone or CEP calcification [88,89]. However, these two 

mechanisms of induction are not mutually exclusive, and it is likely that both initiate disease. 

In fact, it is important to recognise the relationship between cellular physiology and 

mechanical environment, encompassed by the study of mechanobiology [90]. The intrinsic 

link between mechanics and cellular homeostasis has been established in the IVD [91,92] 

and shown to be instrumental in degenerative processes [93ς97]. Genetics also plays an 

important role in the disease process, governing cellular behaviour and response to extrinsic 

stressors and dictates the acceleration in degeneration [73]. 

1.4.3 Altered ECM Activity 

The regulation of ECM biosynthesis becomes altered early in the disease process whereby 

anabolism is decreased and catabolic processes are upregulated [98]. Collagen II and 

proteoglycan content decreases along with the water content maintained by these hydrating 

macromolecules [99,100]. Ageing is associated with a decline in cell populations and 

increased cellular senescence [58,101]. Thus, the rate of de novo proteoglycan synthesis 

decreases in the NP while macromolecules that are synthesised are smaller and less 

aggregated [102,103]. The content of GAGs is altered as the concentration of CS decreases 



Introduction 

9 

and the ratio of KS to CS increases [104,105]. Aggrecan is the most abundant proteoglycan 

in the NP, which is reduced and fragmented in degeneration [106]. Such proteoglycans have 

a net negative charge, which creates an osmotic pressure of 420-450 mOsmol/kgH2O [107].    

Collagen deposition in the NP changes from collagen II to collagen I, creating a stiffer 

microenvironment [108,109]. The boundary between the AF and NP becomes less distinct as 

the two regions coalesce [110]. The collagen fibres of the AF lamellae become more 

disorganised with degeneration. The decreased proteoglycan content and increased collagen 

binding reduces the overall polarity of the proteoglycans available, diminishing water binding 

properties to create osmotic pressure [111]. The NP becomes progressively drier and stiffer, 

increasing susceptibility to cracks and fissures [109].  

1.4.4 Degradative Enzymes 

Cells in the IVD respond to stressors by producing inflammatory cytokines such as IL-мʲΣ L[-6 

ŀƴŘ ¢bCʰ [112ς114]. These cytokines upregulate the expression of catabolic enzymes such 

as matrix metalloproteinases (MMP) and A Disintegrin and Metalloproteinases with 

Thrombospondin Motifs proteins (ADAMTS) [115ς119]. In addition to altered MMP 

production, the balance between catabolic enzymes and their endogenous inhibitors (tissue 

inhibitors of metalloproteinases - TIMPs) is altered [120]. The production of MMPs and TIMPs 

appears to be correlated such that, in more degenerated IVD, increased MMP levels are 

associated with increased TIMP 1 and TIMP 2, suggesting a complex mechanism in the 

modulation of activity beyond direct inhibition [119]. Non-proteolytic degradation also 

occurs due to glycation and the advancement of AGEs [121]. Aggrecan fragments that are 

cleaved by MMPs do not aggregate, reducing their water-binding capability [122].  

It has also been reported that the above-mentioned cytokines mediate expression 

of pro-angiogenic and neurogenic growth factors and neurovascular ingrowth into the disc. 

IL-мʲ ƛƴŘǳŎŜŘ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ƴŜǊǾŜ ƎǊƻǿǘƘ ŦŀŎǘƻǊ όbDCύ ŀƴŘ ǾŀǎŎǳƭŀǊ ŜƴŘƻǘƘŜƭƛŀƭ 

growth factor (VEGF) which could promote neuronal and vascular ingrowth [123]. While the 

former has been demonstrated extensively, evidence for the latter nerve ingrowth is sparse 

[123ς127].  

1.4.5 Structural and Mechanical Changes 

Appropriate loading of the AF relies upon adequate hydration of the NP. The intradiscal 

pressure creates tension within annulus fibres and provides compressive support for the CEP 

[128]. Appropriate physiological loading is essential for preservation of native properties of 

the IVD [129,130] while excessive degenerative loading has been shown to have deleterious 

effects on disc homeostasis [131,132]. When a disc becomes degenerated, it is reduced due 
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to dehydration and radial bulging increases, further stressing the AF [133]. This increased 

stress on the AF demonstrates disturbed stress distribution that further damages the tissue 

[134]. A reduction in intradiscal pressure causes increased shear stresses on the AF and NP 

under axial compression [122]. The increase in the neutral zone in shear results in a further 

increase in shear stresses in bending and torsion, causing remodelling of the nucleus and 

ECM in response [135].  

1.4.6 Discogenic Pain 

Discogenic pain stems from IVD degeneration and nerve compression and accounts for 26%-

42% of the patients with chronic LBP [99]. While the degree of disc degeneration correlates 

with the incidence of low back pain, the pathogenesis of discogenic back pain is not well 

understood and is likely to be multifactorial [136]. Back pain is most often located in the 

lumbar region corresponding to low lumbar disc changes on magnetic resonance imaging 

(MRI) (Figure 1.5). Furthermore, multilevel disc degeneration is a risk factor for a higher 

prevalence and increased severity of LBP [137]. It is considered that localised inflammation 

and nerve ingrowth and sensitisation are major contributors to chronic LBP [136]. However, 

it is hypothesised that this is due to the loss of lumbar lordosis with continuous segment 

degeneration. This leads to increased fatigue of the postural muscles in their attempts to 

maintain an upright posture, which ultimately causes pain in most cases [138]. Restoration 

and maintenance of sagittal balance is a key predictor in the incidence of LBP and disability 

[139]. When disc degeneration is severe, radicular pain may develop through nerve root 

compression and degeneration [140]. The greatest contributor to discogenic pain is a loss of 

disc height causing disc space narrowing and nerve root compression with kyphosis, loss of 

sagittal balance and subsequent muscle fatigue.  

1.5 Origin of Inflammation in the IVD and Canonical Pathways 

IVD degeneration is induced by a cascade of structurally disrupting events, discussed 

previously. The cellular response to initiators of degeneration is regulated by canonical 

inflammatory pathways. Fragmented ECM components activate toll-like receptor-2 (TLR2) 

and TLR4 [141,142]. TLR4, especially, has been implicated in the innate immune response of 

inflammatory degeneration [143]. In the IVD, HA fragments activate the TLR signalling 

pathway to increase the mRNA expression of inflammatory and catabolic genes such as IL-

мʲΣ L[-6, IL-8, cyclooxygenase (COX)-2, MMP-1 and -13, and IL-6 [144]. IL-6 expression is TLR-

2 dependent, but independent of TLR4 activation [145]. The MW of HA alters the response 

mounted by IVD cells. High MW HA is protective against pro-apoptotic signals through the 

NF-ˁ. ǇŀǘƘǿŀȅ ǿƘƛƭŜ ƭƻǿ a² I! ƛƴŘǳŎŜǎ ƛƴŦƭŀƳƳŀǘƻǊȅ ǊŜǎǇƻƴǎŜ from macrophages that 
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secrete IL-мʲ ŀƴŘ ¢bC-ʰ ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǊŜƎǳƭŀǘƻǊȅ ŎƻƳǇƭŜȄ bC-ˁ.κ 

Lˁ.ʰ [146]. The disparity in results of activation of the same pathway can be explained by the 

degree of activation[146].  

Many signalling pathways are crucial for the maintenance of IVD architecture. Shh 

signalling in the NP is required for postnatal growth and maintenance [147], which has been 

shown to decrease with age [148]Φ ²ƴǘκʲ-catenin signalling plays a crucial role in maintaining 

the notochordal cells of the IVD, but is also involved in tissue degeneration and regeneration, 

highlighting its dual role [149]Φ ʲ-Catenin signalling mediates cadherin-related cytoskeletal 

organisation and cellular adhesion [150].  

Several studies have indicated that the IVD retains a sub-population of cells that 

possess an inflammatory-like phenotype when activated, demonstrating phagocytosis and 

CD68 positivity [151,152]. Furthermore, resident NP cells express specific inflammatory 

cytokines such as IL-16, CCL2, CCL7 and IL-8 (CXCL8), even in basal conditions [153]. There is 

a lack of consensus on whether the IVD is the source of these inflammatory or inflammatory-

like cells. Nevertheless, the pleiotropic effects of these cells include: induction of 

downstream inflammatory mediators and enzymes, enhanced catabolism by MMPs and 

inflammatory cell recruitment [154].  

The NP is considered an immune privileged tissue as it is well contained and 

avascular. In more advanced degeneration, the NP becomes exposed to immune cells, which 

respond producing an inflammatory stimulus arising from tears and clefts in the AF, 

promoting neovascularisation [155]. The NP tissue is recognisŜŘ ŀǎ Ψƴƻƴ-ǎŜƭŦΩ ǿƘŜƴ ŜȄǇƻǎŜŘ 

and this may account for the spontaneous regression of extruded NP material in disc 

herniation [156,157].  

1.5.1 Key Inflammatory Regulators in IVD 

Inflammatory mediators such as IL-мʲ ŀƴŘ ¢bC-ʰ ŀŎǘ ǘƘǊƻǳƎƘ bC-ˁ.κa!tY signalling that 

activates CCL3 [158], ADAMTS-4 and -5 [159], NOTCH pathway [160] and inhibits Sox9 and 

collagen type II [161]. The PI3K-Akt signalling pathway is upregulated in human IVD 

degeneration [162], and regulated by Sestrin2 [163]. Sestrin expression, a p53 target gene, 

is suppressed in degenerated NP cells. Sestrins inhibit stress-induced cell apoptosis and ECM 

catabolism through enhanced autophagy, modulated by mTOR activity [164]. mTOR is 

upregulated with HIF1A to activate noncanonical autophagy under hypoxic conditions in 

nucleus pulposus cells [165], although HIF-1 is activated in the NP under basal conditions 

[166]. 
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1.6 Clinical Presentation and Management 

1.6.1 Pathophysiology and Aetiology of Low Back Pain from a Clinical Perspective 

Nerve root compression is the most common aetiology of lumbosacral radiculopathy caused 

by a disc prolapse or herniation or by spondylosis, a process that describes the growth of 

bony spurs that narrow the spinal canal in osteoarthritis [167]. Other aetiologies include 

spinal stenosis associated with degenerative spondylolisthesis, which describes the slippage 

of the lumbar vertebral body over the adjacent body [168]. Non-skeletal causes may induce 

nerve compression such as visceral disease, infection, inflammation and neoplasm [169].  

1.6.2 Pain Generation in the Lumbosacral Region 

There are a number of tissues in the lumbar spine that can generate pain signals including 

skin, facet and sacroiliac joints, ligaments, the periosteum, the dura mater and the 

paravertebral musculature and vascular structures [170]. It is important to note that the IVD 

does not contain a significant number of pain fibres. However, many sources have identified 

the ingrowth of nerves during inflammation and degenerative disease, but this phenomenon 

is largely disputed [123,127].  

The classic presentation of radiating pain from nerve compression is mediated 

through signalling from proximal spinal nerves. Compression of a spinal nerve causes local 

oedema, ischaemia and inflammation [171]. Localised lumbosacral pain is hypothesised to 

arise from the intra-spinal structures. Such nociceptive signals arise from vasculature, the 

spinal cord sheath, and intervertebral connective tissue that are innervated by the 

sinuvertebral nerves where the neural foramina connects to the extra-spinal sympathetic 

chain via the rami communicantes [172].  

Non-localised, non-radiating pain arises from the musculature, bone and ligaments 

external to the spinal canal [173]. The vertebral column is surrounded by a ventral plexus 

consisting of branches from the sympathetic trunk, rami communicantes and perivascular 

nerves and innervates the anterior longitudinal ligament bilaterally and a dorsal nerve plexus 

arising from the sinuvertebral nerves to innervate the posterior longitudinal ligament [124].  

LBP may also be caused by referred pain from internal organs and tissues innervated 

at the same dermatome. This may arise from the aorta, pancreas, intestines, kidney and 

genitourinary system [174,175]. Disseminated disease may refer pain to the spine or cause 

disease that generates local pain such as in inflammatory skeletal disorders or secondary 

neoplasms [151].  

Pain generation in the spine is a multifaceted process with many aetiologies and 

various perceptive factors (e.g., anxiety, depression, and pain-related genes) that can impact 



Introduction 

13 

the duration, severity and remittance of LBP [176,177]. It is important to identify patients 

with true discogenic pain (through clinical examination and radiographic imaging) due to 

compressive forces to identify the altered biochemical markers in these tissues. Not all 

patients with LBP will have disc herniation or even degeneration.  

1.6.3 Degenerative Changes 

Nerve roots may be compressed as a result of degenerative changes that occur most often 

in the IVD, the uncovertebral joints (C3-C7) and the zygapophyseal or facet joints [99]. 

Osteophytes (bony overgrowths) or disc herniation into the vertebral foramen can directly 

compress the spinal cord or exiting nerve roots [178]. This may also destabilise the spine and 

cause malalignment through pars interarticularis fracture and degenerative 

spondylolisthesis [179]. The causal relationship between the degeneration of these 

structures is not known due to the heterogeneity of disease and presentation of some 

changes and the absence of others. Degenerative spondylotic changes are common in older 

age [180]. LBP associated with these degenerative changes is far more frequent than 

radicular pain [181].  

Disc degeneration may be progressive with gradual narrowing of the disc space. A 

disc bulge involves greater than 90 degrees of total circumference and does not extend 

beyond the AF [182]. A disc herniation describes a failure of the annulus and rupture of disc 

material out of the disc space. Herniation may be described as a protrusion or extrusion 

[182]. An extrusion occurs when the dome of the bulk of the material is larger than the base 

and a protrusion describes the contrary. Extrusions may extend above and below the disc 

space, once the material has been extruded laterally [182]. Free fragments may also be found 

where the disc material loses its connection to the main disc material and may migrate.  

The AF becomes less elastic and more fibrotic in degeneration. Calcification occurs 

and fissures may develop [183]. As the NP becomes desiccated and loses proteoglycan 

content, the annulus begins to buckle out and loading conditions are altered [133]. A tear of 

the annulus is a degenerative loss of integrity of the annular ring, which may not be visible 

on MRI if there is no subsequent herniation [184]. Degenerative changes in the vertebral 

bodies are also evident by fibrovascular change or fatty replacement of the bone marrow 

[185]. The endplate undergoes sclerosis and thickening, which reduces nutritional supply to 

the disc and reduction in removal of metabolites.  

With the loss of disc space, osteophytes form, probably due to altered biomechanics 

and the contact between adjacent vertebral bodies in a narrower space [178]. Facet joint 

degeneration is common and associated with spondylotic changes. Altered biomechanics 
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due to degeneration and increased load on the facet joint is the likely mechanism for 

degeneration [186]. Osteophytes on facet joints may extend directly into the intervertebral 

foramen causing nerve root compression.  

Regenerative approaches to disc prolapse and protrusion aim to restore functional 

anatomy, reduce inflammation and inhibit pain signalling both locally and systemically.  

1.6.4 Disc Protrusion and Level of Injury  

Disc protrusion can affect different anatomical levels of nerve roots depending on the level 

and position of the spinal roots upon traversing the intervertebral foramen. The lumbar and 

sacral nerve roots are formed at the level of T12/L1, where the conus medullaris marks the 

end of the spinal cord (sometimes lower). The formed roots continue in the spinal canal as 

the cauda equina until exiting the canal at their respective level [187].  

Nerve roots may be injured at any disc level from their constitution to exit through 

the intervertebral foramen, depending on the nature, size and location of the intra-spinal 

compression and individual anatomy. For example, L5 nerve root may be compromised by a 

central disc protrusion at the L2-3 or L3-4 level, a paracentral disc protrusion at the L4-5 level, 

or far lateral disc protrusion at the intervertebral foramen at the L5-S1 level. With the 

presence of multiple spine roots in the cauda equina, presenting symptoms may involve 

multiple levels bilaterally simultaneously. Further, injuries may be partial or complete, 

adding to the complexity of clinical symptoms where incomplete myotomal involvement 

makes it more difficult to distinguish between radiculopathy and peripheral nerve injury 

[187].  

The lumbosacral spine is most susceptible to disc herniation because of its mobility 

through flexion, extension and torsion. 75% of sagittal movement occurs at the lumbosacral 

joint, 20% at L4/5 and 5% between L1-L3 [188]. The high degree of flexion permissible at L4/5 

and L5/S1 make these levels most susceptible as approximately 90% of compressive 

radiculopathies occur here [39]. While the L5/S1 joint has a higher mobility through the 

sagittal plane, axial torsion is restricted and therefore has a comparable radiculopathy rate 

to that of L4/5 [39].  

1.6.5 Current Clinical Treatment  

The precise pathophysiology of discogenic back pain is not well understood and is further 

complicated by the varying presentation and severity of pain in similar grades of diseases. In 

general, patients with evidence of disc degeneration on imaging, continuous multi-level 

involvement and higher Pfirrmann grade (MRI grading system based on T2 weighted images) 

are more likely to experience pain and pain of greater severity than those with skipped level 
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disc degeneration and low Pfirrmann grade [137,189]. Patients may experience a 

dermatomal pattern of pain due to nerve root irritation or compression in the case of 

herniation. While most incidences of discogenic back pain resolve after an acute phase, 

approximately 10% of cases progress to chronic low back pain, increasing patient morbidity 

[63]. Treatment may initially be conservative; however, treatment failure may result in 

surgical intervention [63]. Surgical discectomy may be indicated in radiculopathy and has 

favourable clinical outcomes measured by the visual analogue scale (VAS) score for pain and 

Oswestry Disability Index (ODI), but pain may persist post fusion [190]. 

Currently, mild and early stages of discogenic LBP are treated conservatively using 

non-regenerative therapies. Conservative treatments include physical therapy, 

pharmacological management and percutaneous intervention (PCI) minimally invasive 

treatments [191]. Non-steroidal anti-inflammatories (NSAIDs) have been shown to be 

effective in reducing acute and chronic LBP vs. placebo [191]. In the US, NSAIDs (Ibuprofen), 

COX-2 inhibitors (Celecoxib), and muscle relaxants (cyclobenzaprine) accounted for 16.3%, 

10%, and 18.5%, respectively, of total prescriptions for LBP in 2000 [192]. Muscle relaxants 

have been shown to be effective in the management of non-specific LBP, but the potential 

adverse effects require informed prescribing [193].  

 Other pharmacological treatments include opioids and benzodiazepines but do not 

have long-term efficacy and should be prescribed for no longer than four weeks due to the 

risk of tolerance and dependence [194,195]. There is substantial evidence that a risk of 

dependency can develop when using muscle relaxants, especially the benzodiazepine class 

of drugs [196]. Pharmacological adjuncts like selective serotonin reuptake inhibitors (SSRIs) 

have been trialled in chronic low back pain like many chronic pain disorders, however the 

evidence with regard to their efficacy has been inconsistent [197]. Epidural and systemic 

corticosteroids are also prescribed variably with clinical trials demonstrating mixed results, 

while new evidence suggests that glucocorticoid receptor-specific steroids may be more 

effective than mineralocorticoid-targeting steroids [33]. 

 Physical therapy may be efficacious in reducing LBP, but little evidence exist for its 

long-term efficacy [198]. A Cochrane review concluded that physical exercise therapy is no 

more effective than inactivity or other active treatments in reducing acute LBP. Exercise 

therapy was more effective than general practitioner advised-care and equally effective as 

conventional physiotherapy for chronic LBP [199]. 

Spinal fusion techniques have gradually evolved to incorporate biologically active 

constituents to promote bony fusion of the vertebral bodies with BMP2-loaded cage systems 
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[200,201]. Focus has shifted to address the compensatory mechanisms that occur in 

response to degenerative changes in the spine. The emphasis on adequate sagittal balance 

can limit the consequences of loss of lumbar lordosis on global sagittal alignment [138]. 

While nonsurgical treatment for chronic LBP may be an effective treatment strategy in a 

subpopulation of patients, lumbar fusion remains more efficacious in diminishing pain and 

decreasing disability than commonly used nonsurgical treatment [202].  

1.6.6 Surgical Approaches for IVD Degeneration 

Subacute LBP is defined as back pain between four and twelve weeks in duration, and chronic 

LBP is defined as pain that persists for twelve or more weeks [203]. For patients with chronic 

symptoms, treatment focuses on pain management and return to activities of daily living. 

Surgical intervention may be indicated in this patient group to improve outcomes. Spinal 

fusion is the standard surgical approach for chronic, nonspecific LBP, although randomised 

trials found that disability-related outcomes between surgical fusion and non-surgical 

management failed to infer clinically relevant superiority [204]. A Cochrane review found 

that surgical instrumentation in fixation approaches increases fusion rates, but the effect on 

clinical outcome is unknown [205]. Artificial disc replacements are used to address the 

incidence of adjacent segment disease, which has been attributed to the acute alteration in 

motion segment mechanics associated with anterior cervical discectomy and fusion [206]. 

Surgical and clinical outcomes have yielded heterogeneous results across cervical disc 

replacement devices, where future multicentre efforts are needed to validate the efficacy of 

these devices [207].  

In patients with lumbar disc herniation and radiculopathy, presenting without severe 

or progressive neurologic deficits, there is little evidence to suggest that early surgical 

intervention improves long-term outcomes [208ς210]. Outcomes for patients who undergo 

discectomy are improved compared with nonsurgical therapy on short-term follow-up; 

however, prospective follow-up after two years indicates equivalence [209]. 

Minimally invasive discectomy techniques offer a lower postoperative patient 

morbidity and a reduced duration of hospital stay with cosmetic appeal but have not been 

demonstrated to be superior to traditional discectomy methods and may not be applicable 

for many patients (with complex spinal deformity, neoplastic infiltration) [180,211].  

Surgery may be beneficial in patients with persistent symptoms related to spinal 

stenosis. In the absence of spondylolisthesis, which may destabilise the spine post-

laminectomy, decompression through laminectomy is preferred over fusion [212]. This 

posterior approach is associated with similar pain relief and functional improvement with a 
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lower complication rate over fusion [212]. For patients who undergo laminectomy compared 

with nonsurgical therapy, outcomes favour surgery at short-term follow-up [213]. 

In patients with persistent symptoms related to isthmic spondylolisthesis, a process 

in which one vertebra is translated anteriorly or posteriorly with respect to an adjacent 

vertebra, surgical fusion may result in early benefits compared with nonsurgical treatment. 

Patients with spondylolisthesis and spinal stenosis who were  treated surgically showed 

substantially greater reduction in pain and improvement in function over patients treated 

non-surgically within a two-year follow-up period [214]. 

Patients with intractable back pain, who are not surgical candidates or in whom 

surgery has not been successful, should consult a chronic pain specialist to address the 

following predictors of chronicity; extended functional deterioration, reluctance to engage 

in physical activity, psychological conditions, and general malaise [215].  

1.7 Glycans 

1.7.1 Glycan Structure and Synthesis 

Carbohydrates, namely glycan modifications, are crucial regulators of various biological and 

physiological processes. These glycans are present universally on the cell surface, forming 

the glycocalyx of the cell. The post-translational modification known as glycosylation is an 

enzymatic process of the addition of glycan residues to lipids and peptides to form a highly 

diverse array of glycoconjugates [216]. Glycans are post-translational modifications coded 

by over 500 genes. Synthesis starts on the rough endoplasmic reticulum (ER) in a non-

template driven process coordinated by glycosyltransferases and glycohydrolases (Figure 

1.3). Many glycosyltransferases exist and some are tissue -specific [217]. 

Glycosyltransferases add monosaccharide residues to the glycan core in the ER, which are 

refined in the Golgi apparatus (GA), while glycosidases / glycohydrolases cleave terminal 

monosaccharides, primarily located in the ER, but are also soluble. Both glycosyltransferases 

and glycosidases regulate the biosynthesis and degradation of glycoconjugates in a tightly 

regulated manner. These glycoconjugates participate in many key biological processes 

including cell adhesion, molecular trafficking and clearance, receptor activation, signal 

transduction, and immunomodulation [218]. 

The IVD contains a vast carbohydrate complex that hydrates the tissue giving it 

characteristic structural properties and is considered inert. Glycans are a base unit of a 

cellular carbohydrate complex much like nucleic acids in deoxyribonucleic acid (DNA). 

Glycans are sub-categorised based on their structure and composition. Five families of 

glycans have been identified: N-glycans, O-glycans, glycosaminoglycans, glycolipids and 
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glycosylphosphatidylinositol (GPI)- anchors (Figure 1.2) [219]. They act as interface 

molecules and facilitate communication on the cell surface in cis or in trans (same cell or 

different cell, respectively). Glycans have been identified as playing a key role in cell 

migration, viral attachment and immune system activation [218]. Specific oligosaccharide 

sequences participate in protein targeting and folding, and through the interactions with 

receptor-antibody, complexes can propagate infectious and inflammatory processes [220].  

1.7.2 N-glycan Synthesis Pathway 

N-glycans are oligosaccharide structures that are covalently linked to the asparagine residue 

of a peptide backbone. N-glycans all share a common core structure, Man-όʰм-3)Man-(ʰм-6) 

Man-(ʲм-4)GlcNAc-(ʲмς4)GlcNAc-(ʲмςAsn-X-Ser/Thr) and are further classed into three 

separate groups: oligomannose, hybrid and complex [219]. N-glycan synthesis occurs in two 

separate stages, in two different cellular compartments in eukaryotes, the ER and the Golgi 

apparatus. Synthesis begins in the ER in a highly conserved and invariable process. Here, an 

oligosaccharide assembled on Dol-P (Dolichol-P-P-GlcNAc2Man9Glc3) is transferred by 

oligosaccharyltransferase to an Asn residue in selected Asn-X-Ser/Thr sequons of proteins 

during translocation. GlcNAc2Man9Glc3 processing begins with sequential cleavage of glucose 

ǊŜǎƛŘǳŜǎ όDƭŎύ ōȅ ʰ-glucosidases I and II (this process may be inhibited by castanospermine) 

[221]. Glycoproteins exit the ER containing N-glycans with 7-9 mannose residues where they 

are transported to the cis-Golgi to be trimmed to GlcNAc2Man3. Biosynthesis of hybrid and 

complex N-glycans occurs in the medial-Golgi with the addition of a GlcNAc residue to the 

mannose core by N-acetylglucosaminyltransferase called GlcNAc-TI (MGAT1). Additional 

branching is mediated by a host of N-acetylglucosaminyltransferase enzymes. Maturation of 

N-glycans occurs with further processing by galactosyltransferases, fucosyltransferases and 

sialyltransferases.  GalNAc and LacNAc ornamentation also occurs in the trans-Golgi, 

mediated by N-acetylgalactosaminyltransferases. Functional studies of N-glycans may be 

investigated using inhibitors of N-glycosylation such as tunicamycin, which prevents core 

oligosaccharide addition to nascent polypeptides [222]. Complex N-glycans are important for 

the retention of growth factor and cytokine receptors on the cell surface, mediated by 

glycan-binding proteins such as galectins or cytokines e.g. transforming growth factor-ʲ 

(TGF-ʲύΦ N-glycans become more highly branched when cells undergo malignant 

transformation, facilitating metastasis through epitope masking and creating repulsive 

boundaries [219,223].  
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Figure 1.2 Glycans of the mammalian cell. Constituents are present intracellularly, 

integrated into the cell membrane and secreted into the ECM. Glycans are classified into 

glycosaminoglycans (GAGs), N-glycans, O-glycans, glycosphingolipids, and 

glycosylphosphatidylinositol (GPI) anchors. GAGs include heparin sulphate (HS), chondroitin 

sulphate (CS), hyaluronic acid (HA), dermatan sulphate (DS, a CSPG), and keratin sulphate 

(KS). XS where X is a position indicates the sulfation pattern on the GAG chains. Examples of 

complex-type and oligomannose N-ƎƭȅŎŀƴǎ ŀƴŘ ŎƻǊŜ ʰ-(1,4) O-glycans, O-mannose, O-

fucose, and O-ƎƭǳŎƻǎŜ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ƛƭƭǳǎǘǊŀǘŜŘΦ DƭȅŎŀƴ ƭƛƴƪŀƎŜǎ ŀǊŜ ŘŜƴƻǘŜŘ ōȅ ʰ ƻǊ ʲ ǘƻ 

indicate the anomeric configuration of the donor saccharide and the number couples e.g. (1-

6) describes the ring position of the acceptor sugar. GPI anchor and glycosphingolipid 

examples are included. N, asparagine; S, serine; T, threonine, GlcNAc; N-acetylglucosamine, 

GalNAc; N-acetylgalactosamine, GlcN; glucosamine, GlcA; D-Glucuronic acid, IdoA; iduronic 

acid, Glc; glucose. Created using Biorender®.  
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1.7.3 Sialylation 

Sialic acid describes a family of negatively charged -hketo acids with a nine-carbon backbone 

[224]. While more than fifty forms of sialic acids have been observed in nature, N-

acetylneuraminic acid (Neu5Ac), non-human N-glycolylneuraminic acid (Neu5Gc) and 2-

keto-3-deoxy-nonulosonic acid (or deaminoneuraminic acid) (Kdn) are the most common 

forms of most physiological relevance. Modifications to these molecules include O-methyl, 

O-lactyl, O-sulfo, O-phospho-, single or multiple O-acetyl derivatives to further add to the 

compositional diversity [225]. Sialic acid is mostly incorporated onto galactose or GalNAc as 

terminal monosaccharides on glycan structures of glycoconjugates in the cell surface of 

vertebrates. It plays important roles to modulate physiological and pathological activities 

such as neural tissue embryogenesis, immune system regulation, adaptive immune response 

and cancer metastasis [226]. Sialyltransferases (STs) are part of the glycosyltransferase 

enzyme family that play integral roles in the biosynthesis of sialylated glycans and 

carbohydrate-containing moieties. STs are bound to the Golgi apparatus by a 

transmembrane anchor, orientated with the active site in the lumen [224]. 

1.7.3.1 Metabolism 

Sialic acid is biosynthesised in the cytosol of the cells of vertebrates and higher invertebrates, 

regulated by three enzymes. The substrate, UDP-GlcNAc, is acted upon by GNE epimerase 

and converted to ManNAc. The ManNAc is then phosphorylated by the kinase subunit of the 

same enzyme, forming ManNAc-6-P. This product is then acted upon by Neu5Ac 9-phosphate 

synthase (NANS) and Neu5Ac-9-phosphate phosphatase (NANP) to condense and 

dephosphorylate the substrate, respectively, forming Neu5Ac [227]. 

 Once Neu5Ac is synthesised in the cytosol, it is transferred to the nucleus and 

ŀŎǘƛǾŀǘŜŘ ōȅ ŎȅǘƻǎƛƴŜ рΩ-monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) synthetase 

to form CMP-Neu5Ac, which is then used in the formation of glycoconjugates by STs in the 

Golgi apparatus. These glycoconjugates are then packaged in vesicles and trafficked to the 

cell surface [228]Φ {ƛŀƭƛŎ ŀŎƛŘ Ƴŀȅ ōŜ ʰ-(2-оύΣ ʰ-(2-сύ ƻǊ ʰ-(2-8) conjugated to galactose. Sialic 

acid linkage has been shown to be modulated by the NF-ˁ. ǇŀǘƘǿŀȅΣ ǳǇǊŜƎǳƭŀǘƛƴƎ {¢сDŀƭ L 

Ƴwb! ƻǾŜǊ {¢оDŀƭb!Ŏ L± Ƴwb! ŜȄǇǊŜǎǎƛƻƴ ǎǇŜŎƛŦƛŎŀƭƭȅΣ ŦŀǾƻǳǊƛƴƎ ʰ-(2-сύ ŜȄǇǊŜǎǎƛƻƴ ƻǾŜǊ ʰ-

(2-3) [229]Φ  ʰ-(2-6) sialylation has been shown to be crucial in osteoclast differentiation 

[230].  

Sialic acids are released from glycoconjugates by sialidases (e.g. NEU1) in the 

lyposome during protein degradation. Sialic acid is released into the cytosol during this 

process and can go through another cycle of glyco-conjugation or may be degraded into 
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ManNAc and pyruvate [231]. Four human sialidases have been identified: NEU1 (lyposomal 

sialidase) [232], NEU2 (cytosolic sialidase) [233], NEU3 (plasma membrane associated 

sialidase) [234] and NEU4 (mitochondrial membrane-associated sialidase) [235]. Aberrant 

regulation and expression of sialylation is associated with a malignant phenotype in 

neoplastic cells, increasing the cellsΩ potential for metastasis and local invasion [236].  

1.7.4 Fucosylation 

Fucose residue incorporation into glycan structures is catalysed by fucosyltransferases in 

which the fucose residue is donated by GDP-Fuc to acceptor molecules, which include N- and 

O- linked glycans on glycoproteins and glycolipids. Fucosyltransferases (FUT) can be classified 

into two groups: enzymes which transŦŜǊ ŦǳŎƻǎŜ ǘƻ ŎŀǊōƻƘȅŘǊŀǘŜ ŀŎŎŜǇǘƻǊ ōȅ ʰ-(1-2)Σ ʰ-(1-

3)Σ ʰ-(1-4)Σ ƻǊ ʰ-(1-6) linkages and enzymes which transfer fucose to serine or threonine 

residues of proteins by O-linked glycosylation [237]. h -(1-нύΣ ʰ-(1-3) anŘ ʰ-(1-4) conjugation 

adds a fucose residue to the outer-ŀǊƳ ƻŦ ŀ ƎƭȅŎŀƴ ǿƘƛƭŜ ʰ-(1-6) fucosyltransferases add 

fucose to the core GlcNAc residue that is bound to the peptide backbone of glycoproteins 

[238]. While 13 mammalian fucosyltransferases have been reported in the literature, many 

have putative functions in which acceptor substrates have not been clearly defined [239]. 

1.7.4.1 Metabolism 

GDP-Fuc is synthesised in the cytoplasm by de novo synthesis. GDP-mannose is converted to 

GDP-Fuc via GDP-mannose 4, 6-dehydrase (GMD) and GDP-keto-6-deoxymannaose 3, 5-

epimerase/4-reductase (FX protein) that contains dual activities [240,241]. GDP-Fuc is also 

derived from a salvage pathway that utilises free cytosolic fucose from an extracellular 

source or lyposomal degradation as a substrate, accounting for about 10% of GDP-Fuc 

production [242].  

-h(1-2) fucosylation, regulated by FUT1 and FUT2, is responsible for the H-antigen, 

A- and B-blood antigen, and Lewis Y [243]. -h(1-3,4) fucosylation is present in glycosylation 

motifs such as Lewis X/ Sialyl-Lewis X and governed by FUT3-7 [244,245]. Finally, core 

ŦǳŎƻǎȅƭŀǘƛƻƴ ŘŜǎƛƎƴŀǘŜŘ ōȅ ʰ-(1-6) fucosylation, encoded by FUT8, is widely expressed in 

mammalian tissues and ubiquitously expressed across many glycoproteins and glycolipids 

[246]. FUCA1 and FUCA2 have been identified as mammalian fucosidases which act in the 

extracellular space and lyposome to supply the salvage pathway [247]. 

Fucosylated motifs are pivotal in modulating essential protein activity in biological 

processes such as cell proliferation, migration, differentiation, cell-cell recognition and 

interaction, and immune response [239]. Fucosylation by O-fucose-ʲмΣо-N-

acetylglucosaminyl-transferase is crucial in maintaining ligand-receptor interaction in the 
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Notch receptor family proteins to transduce receptor signals [248]. Aberrant expression of 

fucosylation regulates tumour growth, proliferative invasion and metastasis of cancer cells 

[249]. No reports of the role of fucosylation in the IVD homeostasis and degeneration 

specifically have been cited to date. 

1.7.5 Methods for Glycomic Analysis of Human Tissues 

Technological advances have enabled rapid glycomic analysis of N- and O-linked glycans 

released from oligosaccharides, glycoproteins and glycosphingolipids of tissues and bodily 

fluids [250]. The diverse repertoire of glycoconjugates and the sensitivity of their regulation 

in pathological processes make glycomic analysis an attractive investigate tool for biomarker. 

N-glycan analysis is well established using N-glycosidase F (PNGase F) for glycan release from 

tissues, while O-glycosylation motifs are not readily cleaved with an analogous enzyme as no 

such enzyme has been found in nature. Therefore, the N-glycome is the most routinely 

analysed subset of glyco-modifications among all glycoconjugates [251]. High performance 

liquid chromatography (HPLC) and ultra-performance liquid chromatography (UPLC) based 

techniques are well established for N-glycan analysis, coupled with MS for assignment 

confirmation [252]. While MS alone cannot accurately quantify glycans without stable 

isotope-labelled analogue standards, matrix-assisted laser desorption/ionisation (MALDI) 

time-of-flight MS and liquid chromatography (LC)/electrospray ionisation (ESI) MS yields 

results comparable with those of chromatography in the quantitation of oligosaccharides 

[251,253]. Even though MALDI-TOF MS approaches are rapid and high-throughput versus 

traditional LC-based methods, they are still limited by the lack of anomeric resolution of 

identified structures [254,255]. Exoglycosidase digestions coupled with detection methods 

are used to resolve anomeric configurations and to confirm tentative sequences. These 

enzymes are specific to the stereo-chemical and anomeric configurations of the 

ƳƻƴƻǎŀŎŎƘŀǊƛŘŜǎΣ ƛƴŎƭǳŘƛƴƎ ʰ-όнΣоύΣ ʰ-όнΣсύ ŀƴŘ ʰ-(2,8)bound ǎƛŀƭƛŎ ŀŎƛŘΤ ʰ-όмΣнύΣ ʰ-(1,3/4) 

ŀƴŘ ʰ-όмΣсύ ōƻǳƴŘ ŦǳŎƻǎŜΤ ŀƴŘ ʲ-όмΣоύ ŀƴŘ ʲ-(1,4) bound galactose [256]. The strategy of 

glycan mass profiling by MALDI-TOF MS may be complemented by a coupling with 

chromatographic profiling with MS, since MALDI-TOF MS profiling alone is often unable to 

discriminate isomers [256].  

1.7.6  Glycosaminoglycans  

Glycosaminoglycans (GAGs), or mucopolysaccharides, are linear heterogeneous 

polysaccharides made up of repeating disaccharide units [257]. Four classes of GAGs have 

been identified thus far: Heparan Sulphate (HS), Chondroitin Sulphate (CS), Keratan Sulphate 
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Figure 1.3 Scheme of N-glycan biosynthesis pathway. This pathway begins in the ER with 

the transfer of a glucosylated oligomannose residue from dolichol pyrophosphate to an 

asparagine residue in a peptide. This immature glycan is involved in protein folding before 

transport to the Golgi for further trimming and extension by glycosyltransferases to create 

complex and hybrid glycan species.  Created using Biorender®.
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 (KS), and Hyaluronic Acid (HA). HA is the only non-sulphated polysaccharide in this class, the 

importance of which will be discussed separately.  

CS disaccharides consist of alternating 4-ƭƛƴƪŜŘ ʲ-d-GlcA and 3-linked GalNAc units. 

Subtypes of CS do exist such that CS-A is mostly 4-sulphated at the GalNAc units, while CS-C 

is predominantly 6-sulphated [258]. This level and position of sulphation has important 

biological implications. The distribution of sulphation along the polysaccharide chain is 

variable and the name and molecular weight (MW) of the molecule is based on the 

commonest disaccharide structure ranging from 35ς130 repeating units and 20-60 kDa 

[259]. DS, which is also categorised as CS-.Σ Ƙŀǎ ʰ-l-LŘƻ! ǳƴƛǘǎ ǊŀǘƘŜǊ ǘƘŀƴ ʲ-d-GlcA. CS are 

attached to the peptide backbone of proteoglycans by O-linked glycosylation. A xylose group 

is added to the serine/threonine residue in the ER [260]. This structure is polymerised in the 

Golgi apparatus by GalNAc transferases, GlcA transferase, chondroitin synthases, CS N-

acetylgalactosaminyltransferases I and II, and CS glucuronyltransferases to produce the 

polysaccharide [261]. CS has been implicated in the signalling functions of various growth 

factors and chemokines, and plays a critical role in the development of the central nervous 

system [259].  

KS disaccharides comprise alternating 3-ƭƛƴƪŜŘ ʲ-d-Gal and 4-ƭƛƴƪŜŘ ʲ-d-GlcNAc units 

to make up the polysaccharide chain [262]. KS sulphation occurs at GlcNAc at the 6-position 

most often, however, this is a variable modification and may be present on either 

monosaccharide unit [263].  The KS chain is made up of approximately 45 disaccharide units 

with a MW around 20 kDa [264]. KS is a functional component of proteoglycans due to its 

hydrating properties. It also participates in developmental cues, cell signalling and migration 

and acts as a barrier to neurite growth [263,265]. The relative proportion of KS and CS bound 

to aggrecan increases with age in the IVD [266]. Fucose-modified KS is known to occur in NP 

but not in other tissue sources of KS [267].  

HS and Heparin (Hp) consist of alternating h -(1,4)-linked uronic acid and ʲόмΣ4)-

linked glucosamine units [268]. HS-GAGs bind specifically to morphogens, growth factors, 

cytokines, chemokines and other signalling molecules to influence fundamental biological 

processes [28,268]. 

HA consists of repeating disaccharide units of alternating ʲόмΣпύ-linked GlcA and 

ʲόмΣоύ-linked GlcNAc [269]. The MW of HA is usually 100 kDa or higher, made up of more 

than 255 disaccharide units. However, MW may range up to several million with a greater 

degree of polymerisation [270]. This high MW HA polysaccharide has high viscosity, even at 
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low concentrations [270]. HA is highly abundant in the NP and inner AF of the IVD 

contributing to its biomechanical properties [271,272]. 

1.7.7 Proteoglycans and Link Proteins 

Proteoglycans are heavily glycosylated proteins in which the MW of carbohydrate content is 

greater than the MW of protein content [257]Φ .ŀǎƛŎ ǇǊƻǘŜƻƎƭȅŎŀƴ ǳƴƛǘǎ Ŏƻƴǎƛǎǘ ƻŦ ŀ άŎƻǊŜ 

ǇǊƻǘŜƛƴέ ǿƛǘƘ ƻƴe or more covalently linked GAG chains, which may be classified into 

aggregated and non-aggregated groups [103]. The role of proteoglycans is dependent on 

their spacing of GAG chains where dense polysaccharide chains are likely to function as space 

packing molecules while less dense chains are likely to have a signalling function [263]. 

HS-containing proteoglycans located on the cell surface, glypicans, modulate the 

activity of morphogens such as Wnt, bone morphogenetic proteins (BMP), fibroblast growth 

factor (FGF) and sonic hedgehog (Shh) [273]. Syndecans, a family of transmembrane 

proteoglycans in mammals [274], interact with cell surface-bound receptors, such as growth 

factor receptors and integrins, to activate downstream signalling pathways, influencing 

cellular behaviour [275].  

ECM proteoglycans are most abundant in ECM-rich tissues such as cartilage, in which 

aggrecan-HA aggregates form a strong yet elastic matrix [276]. This intricate ECM network 

consists of CS chains conjugated to the aggrecan core protein. This conformation creates a 

bottlebrush appearance under atomic force microscopy, highlighting their packed 

conformation [277]. Biglycan, lumican and decorin are examples of Small Leucine-Rich 

Proteoglycans (SLRPs) [278]. These are major biologically active constituents of the ECM of 

the IVD and are associated with collagen fibrillogenesis, cell proliferation and apoptotic 

signalling as well as tissue remodelling [279]. Biglycan deficiency has been suggested as a 

mechanism of IVD degeneration, causing a disruption in the organisation of collagen fibres 

and ECM architecture [280]. Understanding the complex mechanism of glycan expression 

and an ability to remodel the glycan populations in tissues may offer a potential therapeutic 

approach to target a specific cellular phenotype.  

1.8 Glycosylation of Glycoproteins in the IVD 

Glycosylation is a post-translational modification that has structural and functional roles in 

protein synthesis, folding, trafficking and activity [281]. Most signalling molecules in the 

aforementioned inflammatory pathways are glycoproteins with glycosylated motifs on the 

peptide backbone (Table 1.1). The role of glycosylation has been investigated in ADAMTS and 

MMP species. ADAMTS-13, a protease involved in the von Willibrand factor, requires 

terminal sialic acid motifs on the CUB metalloprotease domain to maintain activity [282]. 
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MMP-3 activity is modulated by an increased expression of O-glycosylated motifs in 

rheumatoid arthritis [283]. TIMP1, an MMP inhibitor, is regulated by N-glycosylation as 

outer-arm fucosylation reduces MMP binding and catalytic activities [284].  Oligosaccharide 

transferase complex is required for TLR expression on the cell surface, as impaired 

glycosylation retards TLR maturation and trafficking [285]. TLR4 contains nine potential sites 

for N-linked glycosylation, at least two of which, Asn526 or Asn575, are essential for receptor 

transport to the cell surface [286]. Receptor glycosylation is also required for efficient protein 

complex activation with CD14 and MD-2 [286]. However, the species of glycans at these sites 

has not been investigated. Shh O-glycosylation was shown to be required for its activation in 

an in vitro model of breast cancer stem cells (BCSCs) [287]  while Wnt-3a N-glycosylation is 

required for its secretion and activity [288]. Hypoxia inducible factor-мʰ όILC-мʰύ ƛǎ 

upregulated in cells expressing increased ST6GAL1, a sialyltransferase [289]. Cell surface 

receptors such as Major histocompatibility-complex (MHC) and endothelial growth factor 

receptor (EGFR) are tightly regulated by glycosylated modifications. MHC requires 

glycosylated motifs for stabilisation and antigen recognition while EGFR demonstrates 

reduced dimerisation and tyrosine phosphorylation when hypersialylated and 

hyperfucosylated [290,291]. The regulation of sialylation in the IVD is closely associated with 

inflammatory pathways. This makes sialylation a potential target of glyco-functionalised 

biomaterials. 

1.8.1 Pathways Regulating the Patterns of Protein Glycosylation 

Protein synthesis and activity may be regulated through N-linked or O-linked glycosylation 

(Table 1.2.). The efficiency of glycosylation enzymes is dependent on substrate availability 

and results in heterogeneous populations of glycan species on mature proteins. 

Glycoproteins with few N-ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎƛǘŜǎ όŜΦƎΦΣ ¢ʲwΣ /¢[!-4, and GLUT4) respond to 

altered hexosamine concentration with switch-like responses, while highly N-glycosylated 

molecules (e.g., EGFR and PDGFR) respond in a hyperbolic release pattern with respect to 

hexosamine concentration [292]. Signalling molecules in turn also effect glyco-enzyme 

expression (Table 1.3). L1, a carbohydrate-carrying molecule involved in development and 

regeneration of neurons, upregulates cellular sialylation and fucosylation through increased 

expression of ST6GAL1 and FUT9 to enhance cell survival, migration and neurite outgrowth 

[310]. IL-мʲ ŀƴŘ ¢bC-ʰ ǳǇǊŜƎǳƭŀǘŜ ŀ Ƙƻǎǘ ƻŦ ƎƭȅŎƻǎȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ƛƴŎƭǳŘƛƴƎΤ {¢оD![мΣ 

ST6GALNAC4, MGAT1, MGAT2, FUT3, FUT4, 3-sulfoT and 6-sulfoT [316,319]. This altered
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Table 1.1 Studies investigating the role of glycosylation in IVD and cartilage development, homeostasis and degeneration. 

Species Disease model Detection method Trends in glyco modulation Ref 

Murine Experimentally 
induced IVD 
degeneration, 
Nucleotomy 

Lectin histochemistry Upregulation of sialylation detected by MAA, SNA and WGA in injury group. Attenuation 
of inflammation and hypersialylation in treated group. Sialylation expression comparable 
to control. Hypersialylation response is inhibited by the implantation of HA-based 
hydrogel 

[30] 

Human Patient 
samples 

Immunohistochemistry O-GlcNAc and OGA/OGT expression correlate with IVD degeneration. Severity of disc 
degeneration is associated with increasing O-GlcNAcylation in both nuclear and 
cytoplasmic proteins 

[293] 

Bovine In vitro 
cytokine-
induced 
inflammation 

Lectin histochemistry Increased expression of sialylated and sialic acid-containing glycan as revealed by SNA-I, 
MAA and WGA lectin binding. In addition, PNA-I binding to Gal- -̡(1,3)-GalNAc of NPI cells 
showed a marked increase upon treatment with IL-м ̡

[294] 

Ovine Tissue 
maturation 

Lectin histochemistry AF and NP cells were distinguishable using MAA, SNA-I, SBA and WFA lectins, which bound 
to both NP cells and chondrocytes but not to AF cells. Chondrocytes were distinguished 
from NP and AF cells with a specific binding of LTA and PNA lectins to chondrocytes 

[28] 

Human In vitro 
inhibition of 
glycosylation 
by 2-DG 

qPCR, immunoblotting, 
immunohistochemistry 

2-deoxyglucose (2-DG), an inhibitor of N-glycosylation, increases the expression of 
sestrins in human NP cells. Sestrins promote cell survival under stress conditions and 
regulate AMP-activated protein kinase (AMPK) and mammalian target of rapamycin 
(mTOR) signalling. NP cells stimulated with 2-DG undergo increased apoptosis, promote 
ECM degradation and positively regulate autophagy 

[164] 

Human Development, 
notochord 

Lectin histochemistry The notochord appeared as a highly glycosylated tissue. Staining patterns did not show 
striking temporal variations except for SBA, which stained the cranial axial mesenchyme 
only in the early stage 12 embryo and for PNA, of which the staining intensity in the 
mesenchyme decreased with age. The axial perinotochordal unsegmented mesenchyme 
showed strong PNA binding 

[295] 

Human, 
Murine 

Osteoarthritis, 
cartilage 

HPLC-MS, qRT-PCR Alterations in high-mannose type N-glycans were observed in both human OA cartilage 
ŀƴŘ ŘŜƎǊŀŘŜŘ ƳƻǳǎŜ ŎŀǊǘƛƭŀƎŜΦ ¢ƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲмΣ н N-acetylglucosaminyltransferase I 

[296] 
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Species Disease model Detection method Trends in glyco modulation Ref 

(GlcNAc-TI) mRNA, which converts high-mannose type N-glycans, was significantly 
increased in degraded mouse cartilage. Mouse chondrocytes with suppressed GlcNAc-TI 
expression had reduced levels of MMP-13 and ADAMTS-5 (aggrecanase 2) mRNA 
following stimulation with IL-мʲΦ Lƴ ŎƻƴǘǊŀǎǘΣ ƳƻǳǎŜ ŎƘƻƴŘǊƻŎȅǘŜǎ ƻǾŜǊŜȄǇǊŜǎǎƛƴƎ DƭŎb!Ŏ-
TI had increased levels of MMP-13 and ADAMTS-5 mRNA following stimulation with IL-м ̡

Human IgG glycome HILIC-UPLC Consistent associations were observed between pro- and anti-ADCC glycans with LBP, 
characterised by decreased levels of core fucosylation and increased levels of bisecting 
GlcNAc in IgG glycans 

[297] 

Leporidae Osteoarthritis, 
cartilage 

HPLC-MS Alterations in sialylation and fucosylation expression in anterior cruciate ligament 
transection model of osteoarthritis. Outer-ŀǊƳ ŦǳŎƻǎȅƭŀǘƛƻƴ ʰ-(1,3) was decreased while 
ǎƛŀƭȅƭŀǘƛƻƴ ʰ-(2,6) was increased on F(6)A2GalNAc2 

[298] 

Human Fibroblasts, 
knockout 
study 

HILIC/ MADLI-TOF MS, 
ELISA-based binding 
assays, WB 

Following deglycosylation of TIMP-1, all forms of TIMP-1 showed similar levels of MMP 
binding and inhibition, suggesting that glycosylation is involved in the regulation of these 
TIMP-1 activities. Further analyses showed that cleavage of outer arm fucose residues 
from the N-glycans of TIMP-1 or knockdown of both FUT4 and FUT7 (fucosyltransferases 
that add outer arm fucose residues to N-glycans) enhanced the MMP-binding and catalytic 
abilities of TIMP-1 

[284] 

Human Chondrocytes, 
in vitro 
cytokine-
induced 
inflammation 

RT-PCR, LC-ESI-MS tǊƛƳŀǊȅ ƘǳƳŀƴ ŎƘƻƴŘǊƻŎȅǘŜǎ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŜȄǇǊŜǎǎ ʰ-(2,6)-specific SiaTs and 
ŀŎŎƻǊŘƛƴƎƭȅΣ ʰ-(2,6)-linked sialic acid residues in glycoprotein N-glycans. In contrast, the 
ǇǊŜǇƻƴŘŜǊŀƴŎŜ ƻŦ ʰ-(2,3)-linked sialyl residues and, correspondingly, reduced levels of h -
(2,6)-specific SiaTs are associated with the altered chondrocyte phenotype of C-28/I2 and 
{²моро ŎŜƭƭǎΦ LƳǇƻǊǘŀƴǘƭȅΣ ŀ ŎƻƴǎƛŘŜǊŀōƭŜ ǎƘƛŦǘ ǘƻǿŀǊŘǎ ʰ-(2,3)-ƭƛƴƪŜŘ ǎƛŀƭƛŎ ŀŎƛŘǎ ŀƴŘ ʰ-
(2,3)-specific SiaT mRNA levels occurred in primary chondrocytes treated with IL-мʲ ƻǊ 
TNF-  h

[299] 

Human Osteoarthritis, 
cartilage 

RT-PCR, LC-ESI-MS OA chondrocytes expressed oligomannosidic structures as well as non-, mono- and 
disialylated complex-type N-glycans, and core 2 O-glycans. Reflecting B4GALNT3 mRNA 
presence in OA chondrocytes, LacdiNAc-terminated structures were detected 

[300] 
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Table 1.2 Glycosylation regulates protein function in the IVD. This table summarises the known function of glycosylation on proteins implicated in IVD 

development, homeostasis and degeneration. 

Protein Glycan Function Altered 
glycosylation 

Effect Ref 

ADAMTS-13 10 NπƭƛƴƪŜŘ 
glycans, with four 
sites present in 
theTSP2 through 
to CUB domains 
that may 
contribute to its 
conformation. 

Responsible for the proteolysis of 
von Willebrand factor (vWF) by 
cleavage at a specific site within 
the VWF A2 domain 

N-linked 
terminal 
sialylation  

Terminal sialic acid on the 
metalloprotease domain glycans are 
iƳǇƻǊǘŀƴǘ ŦƻǊ !5!a¢{πмо ŀŎǘƛǾƛǘȅ 

[282] 

MMP-3 O-GlcNAc Degrades proteoglycans, 
fibronectin, laminin, type 4 
collagen and activates pro-MMPs 

O-linked 
sialylation  

O-ƭƛƴƪŜŘ ʰ -2, 6-sialylation was increased 
on MMP-3 derived from rheumatoid 
arthritis patient sera 

[283] 

IgG ς serum Fc region Immunoreactivity in 
autoimmune disorders 

N-linked 
glycosylation 

Increase in abundance of complex 
glycans terminating in GalNAc 

[301] 

CD326 
(EpCAM) 

Asn74, Asn111, 
Asn198 of 314 AA 
protein 

Involved in signalling events 
resulting in increased expression 
of target genes such as c-Myc, 
cyclins and others, eventually 
conferring cells an oncogenic 
phenotype 

N-linked 
glycosylation 

Mutants of EpCAM that substitute 
asparagine198 for alanine showed a 
decreased overall expression and half-
life of the molecule at the plasma 
membrane 

[302] 

CD133 AC133 epitope Human hematopoietic stem and 
progenitor cell (HSPC) marker/ 
cancer stem cell (CSC) marker 
CD133 is widely expressed in 
gliomas 

N-linked 
glycosylation 
upregulation of 
MGAT2 and 
ST3GAL6 

CD133+ HSPCs demonstrate 
upregulation of N-glyco-enzymes. CD133 
glycosylation is enhanced by oxygen 
depletion, which in turn promotes 
cancer cell invasion and distant 

[303ς305] 
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Protein Glycan Function Altered 
glycosylation 

Effect Ref 

metastasis, including that in gliomas 
Mutation of glycosylation site decreases 
activity. 

p65 O-GlcNAc  
(Thr-322 and Thr352) 

p65, is an REL-associated protein 
involved in NF-ˁ. ƘŜǘŜǊƻŘƛƳŜǊ 
formation, nuclear translocation 
and activation 

Hyper-O-
GlcNAcylation 

Increased the proliferation and mRNA 
expression of pro-inflammatory genes in 
synoviocytes stimulated by TNF-  h
 

[306,307] 

Sonic 
Hedgehog 

O-GlcNAc 
(GALNT1) 

Proliferation of adult stem cells 
and cancer development 

O-GlcNAcylation GALNT1-mediated glycosylation is 
required for SHH activation in BCSCs 

[287] 

Wnt-3a Asn87 and Asn298 Regulates many stages of 
development, including 
patterning of the embryo, the 
initiation of axon guidance, and 
synaptic formation 

N-glycosylation Inhibition of glycosylation inhibited the 
secretion and activity of Wnt-3a 

[288] 

MMP-9 14 potential O-
glycosylation site 

Degradation of the extracellular 
matrix; type IV collagen, gelatin 

O-glycosylation Alterations of these structures lead to 
functional differences in the interactions 
with TIMP-1 and galectin-3. Desialylation 
alters interaction with TIMP1 

[308] 

Epitope H O-GlcNAc Upregulation of the epitope H 
takes place in reactive astrocytes 

O-glycosylation Involved in several cell processes, such 
as cell cycle progression, apoptosis, 
proteasome degradation pathways, and 
modulation of cellular function in 
response to nutrition and stress 

[309] 

MHC Highly conserved 
N-linked and O-
linked 
glycosylation sites 

Present endogenous and 
exogenous antigens to T 
lymphocytes for recognition and 
response 

N- and O-
glycosylation 

Protein stabilisation and antigen 
recognition 

[290] 
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Protein Glycan Function Altered 
glycosylation 

Effect Ref 

EGFR 12 N-linked 
glycosylation sites 

Overexpressed in various kinds of 
cancer cells and participates in 
the regulation of cancer invasion, 
metastasis, and angiogenesis 

Sialyltransferase
s and FUT4 or 
FUT6 

Higher sialylation and fucosylation levels 
and resulted in lower dimerisation and 
tyrosine phosphorylation 

[291] 

TIMP1 Asn30, between 
the first and 
ǎŜŎƻƴŘ ʲ ǎƘŜŜǘǎΣ 
and Asn78, 
between the third 
ŀƴŘ ŦƻǳǊǘƘ ʲ 
sheets 

Inhibits matrix 
metalloproteinases (MMPs) by 
binding at a 1:1 stoichiometry 

N-glycosylation, 
FUT4 and FUT 7 

Following deglycosylation of TIMP-1, all 
forms of TIMP-1 showed similar levels of 
MMP binding and inhibition. Further 
analyses showed that cleavage of outer 
arm fucose residues from the N -glycans 
of TIMP-1 enhanced the MMP-binding 
and catalytic abilities of TIMP-1 

[284] 

HIF-м h  A transcription factor that 
responds to the local oxygen 
tension and regulates glycolytic 
metabolism 

N-glycosylation, 
sialylation 
ST6Gal-I 

ST6Gal-Iςexpressing cells also had an 
increased pool of HIF-мʰ ƳwNA 

[289] 
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Table 1.3 Glyco-genes are regulated by protein expression and carbohydrate pathway flux. 

Protein/ 
Pathway 

Function Glyco-gene Altered 
glycosylation 

Effect Ref 

L1 Via 
Phospholipase Cc 

L1 is a carbohydrate-carrying 
molecule in the nervous 
system, where it is and 
involved in many aspects of 
neural development, 
regeneration and synaptic 
plasticity 

ST6GAL1 
FUT9 

Upregulation of 
sialylation and 
fucosylation on cell 
surface 
glycoproteins 

Glycosylation-dependent enhanced cell 
survival, migration and neurite outgrowth 

[310] 

Golgi Apparatus/ 
Hexosamine 
Pathway 

The efficiencies of 
glycosylation enzymes is 
dependent on substrate 
availability and results in 
heterogeneous structures on 
mature glycoproteins. 

Golgi apparatus, 
glycosyltransferase 
genes 

Increased tri- and 
tetra-antennary N-
glycans with 
increased 
hexosamine flux 

Glycoproteins with few N-glycans (e.g., 
¢ʲwΣ /¢[!-4, and GLUT4) exhibit enhanced 
cell-surface expression with switch-like 
responses to increasing hexosamine 
concentration, whereas glycoproteins with 
high numbers of N-glycans (e.g., EGFR, 
IGFR, FGFR, and PDGFR) exhibit hyperbolic 
responses 

[292] 

O-GlcNAcylation 
Pathway 

Addition of N-acetyl 
Glucosamine to 
Serine/Threonine residues on 
cytosolic proteins 

OGT/OGA Increased O-
GlcNAcylation 

Attenuated the activation of the nuclear 
factor-ˁ. όbC-ˁ.ύ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅ 

[311] 

O-GlcNAcylation 
Pathway/ 
Glucosamine 
Pathway 

Addition of N-acetyl 
Glucosamine to 
Serine/Threonine residues on 
cytosolic proteins. 

OGT/OGA Increased O-
GlcNAcylation 

Altered the expression and translocation 
of members of the Bcl-2 protein family. 
Increased tolerance to stress 

[312,313] 

HIF-м h A transcription factor that 
responds to the local oxygen 

Gal-3 promoter 
hypoxia response 
elements for GAL3 

Increased Gal-3 
galactose binding 

Altered cell adhesion and cell cycle 
regulation. Gal-3 a receptor of glycation 
end products. It is a major nonintegrin 

[314] 
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Protein/ 
Pathway 

Function Glyco-gene Altered 
glycosylation 

Effect Ref 

tension and regulates 
glycolytic metabolism 

ƭŀƳƛƴƛƴπōƛƴŘƛƴƎ ǇǊƻǘŜƛƴ ǘƘŀǘ ŀƭǎƻ ƛƴǘŜǊŀŎǘǎ 
with fibronectin and collagen in nucleus 
pulposus cells. 

IL-мʲ ŀƴŘ ¢bC-  h Induction of pro-
inflammatory mediators and 
proteinases that promote the 
destruction of cartilage 
matrix 

ST3GAL1 
ST6GALNAC4 
MGAT1 MGAT2  
FUT3 FUT4 3-sulfoT 
6-sulfoT 

Increased 
antennary 
glycosylation and 
sialylation 

Increased overall sialylation of N- and O-
glycans aƴŘ ƛƴŘǳŎŜŘ ŀ ǎƘƛŦǘ ǘƻǿŀǊŘǎ ʰ-
(2,3)-linked sialic acid residues in 
chondrocyte glycoproteins. Increased 
sialylation and sulfation of Lewis X 
epitopes 

[315,316] 

IL-6 and IL-8 Pro-inflammatory cytokines FUT11 FUT3 ST3GAL6 
ST6GAL2 CHST4  

Increased outer 
arm fucosylation 
and sialylation, 
sulphation 

Increased sialylated and/or sulphated 
Lewis X which regulates cell-to-cell 
recognition processes and mediates 
inflammatory and extravasation of 
immune cells. 

[23] 

IL-м h Production of inflammation, 
as well as the promotion of 
fever and sepsis 

O-GlcNAc transferase 
(OGT) and O-
GlcNAcase (OGA) 

Increased O-
GlcNAcylation 

Accumulation of O-GlcNAcylated proteins 
in OA cartilage, together with the 
dysregulation of the enzymes responsible 
for this modification 

[317] 

IL-мʲ ŀƴŘ ¢bC-  h Induction of pro-
inflammatory mediators and 
proteinases that promote the 
destruction of cartilage 
matrix 

XT-1 Catalysis of initial 
step in GAG 
synthesis 

Inhibition of glycosaminoglycan 
biosynthesis in NP cells 

[318] 
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expression of glycosyltransferases increases overall sialylation of N- and O-glycans and 

ƛƴŘǳŎŜǎ ŀ ǎƘƛŦǘ ǘƻǿŀǊŘǎ ʰ-(2-3)-linked sialylation in chondrocyte glycoproteins [299]. TNF-ʰ 

increases sialylation and sulphation of Lewis X epitopes, an immunogenic epitope, which 

plays a vital role in cell-to-cell recognition processes[316]. IL-мʲ ŀƴŘ ¢bC-ʰ ŀƭǎƻ ƛƴƘƛōƛǘ 

xylosyltransferase-1 expression, a key regulator of GAG synthesis (CS and KS proteoglycan 

extension from the core protein) [318]. IL-6 and IL-8 also upregulate sialyltransferases 

(ST3GAL6, ST6GAL2) and fucosyltransferases (FUT3, FUT11) to increase Lewis X expression 

promoting cell-to-cell recognition processes and mediating inflammation [23]. IL-мʰ 

expression leads to accumulation of O-GlcNAcylated proteins in OA cartilage by 

dysregulating O-glycosylation.  

O-linked glycosylation, specifically O-N-acetylglucosamine (O-GlcNAc), is the 

attachment of an N-acetylglucosamine to serine or threonine residues on cytosolic proteins. 

O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) add and remove N-acetylglucosamine 

in a tightly regulated process [320] and serve as a nutrient and stress sensor [321]. O-

GlcNAcylation is also essential in inflammation as it is required for attenuated activation of 

the NF-ˁ. signalling pathway [311]. Furthermore, O-GlcNAcylation alters the expression and 

translocation of members of the Bcl-2 protein family, increasing cell tolerance to stress [312]. 

This multitude of actions highlights the diverse functions of this post-translational 

modification. 

1.9 Altered Glycomics in Human IVD Degeneration and Pre-Clinical Models 

The IVD glycome consists of large macromolecules such as proteoglycans and GAGs like 

chondroitin sulphate, hyaluronic acid, keratin sulphate and heparin sulphate as well as 

smaller glyco motifs in the form of N-glycans, O-glycans and GPI anchors and 

glycosphingolipids [64]. Other glyco-modifications also exist including the glycosylation site 

on RNAs [322]. These modifications are tightly regulated in tissues, and aberrant expression 

of glycosylation motifs may lead to dysregulation of key homeostatic pathways.  

The glycome has been briefly investigated in respect to IVD degeneration and LBP. 

The composition of the plasma IgG glycome has been assessed using the TwinsUK database 

of 4511 twins. It was established that there is a correlation between LBP and glycosylation 

trends that either promotes or blocks antibody-dependent cell-mediated cytotoxicity 

[323,324]. Twins with a higher proportion of non-fucosylated glycans vs. fucosylated glycans 

of IgG demonstrated a higher prevalence of systemic inflammatory disorders but no 

association was found, however, between lumbar disc degeneration and glycans. A genome-

wide linkage and association study found that carbohydrate sulfotransferase 3 (CHST3), an  
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Figure 1.4 Schematic of the changes involved in degeneration of the intervertebral disc at 

biochemical and molecular level. (TNF-ʰΥ tumour ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΤ ¢DCΥ ¢ǊŀƴǎŦƻǊƳƛƴƎ 

growth factor; MMPs: Matrix metalloproteinases; ADAMTs; a disintegrin and 

metalloproteinases; TIMPs: tissue inhibitor of metalloproteinases). Created using 

Biorender®.  
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enzyme that catalyses proteoglycan sulphation, was found to be a susceptibility gene for disc 

degeneration [325]. The rs4148941 region in the gene, a potential miRNA binding site for 

miR-513a-5p is associated with significantly reduced expression of CHST3 mRNA in IVD cells 

where this allele was present.  

GAGs are a crucial component of the IVD glycome as they maintain osmotic pressure 

and hydration to allow the IVD to withstand compressive loads [326]. While chondroitin 

sulphate was the GAG in highest abundance followed by hyaluronic acid and heparin 

sulphate across all samples, alterations were seen in the sulphation patterns across aging 

and disease attributable to the dysregulation of sulfotransferases previously described in 

human IVD [327].  

The glycome is regulated by glyco-ŜƴȊȅƳŜǎ ŀƴŘ ŦǳǊǘƘŜǊ άǎŜƴǎŜŘέ ōȅ ƎƭȅŎŀƴ ōƛƴŘƛƴƎ 

epitopes such as lectins and antibodies. Endogenous galactose-binding lectins, or galectins, 

serve as signalling inducing mediators in osteoarthritis where their involvement triggers a 

pro-inflammatory microenvironment through NF- Bˁ signalling [328]. The presence of 

galectins -1 and -3 was correlated with IVD degeneration and galectin -3 expression was 

further correlated with aging [328]. The binding of galectin-1 triggered a significant activation 

of functional disease markers such as IL-6, CXCL8 and MMP-13 in human IVD cells [329].  

O-glycosylation has been found to correlate with IVD degeneration. Increasing 

severity of IVD degeneration is positively correlated with augmented expression of O-

GlcNAcylation in nuclear and cytoplasmic proteins with a corresponding increase in OGT 

expression and reduced OGA expression in human IVD [293]. 

In pre-clinical models of disc injury and degeneration, specific spatial and temporal 

regulation of glycans has been observed. Sialylation and fucosylation demonstrate altered 

regulation in an ovine model of aging and degeneration [28]. This regulation of increased 

sialylated glycans in degeneration can be modulated by a biomaterial intervention such as 

hyaluronic acid hydrogels to restore sialylation to a physiological healthy glycophenotype in 

a bovine ex vivo model [29] and a rat in vivo model of IVD degeneration [30].  

Parallels are often drawn between IVD degeneration and osteoarthritis due to the 

similar matrix composition and cell phenotype of NP cells and articular chondrocytes. Studies 

in osteoarthritic cartilage demonstrate alterations in sialylation and fucosylation expression. 

Outer-arm ŦǳŎƻǎȅƭŀǘƛƻƴ ʰ-(1,3) was decreased while sialylation -h(2,6) was increased on 

F(6)A2GalNAc2 [300]. Toegel et al. characterised the N-glycome of osteoarthritic cartilage by 

Liquid Chromatography Electrospray Ionisation Mass Spectrometric (LC-ESI-MS) to 

demonstrate the upregulation oŦ ʰ-όнΣоύκʰ-(2,6)-sialylated N-glycans in severely 
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degenerated human tissue [300]. High-mannose expression conversely shifts towards 

inhibition as sialylated and fucosylated branched glycans are more highly expressed. The 

reduction in high-mannose expression has been shown in human osteoarthritic cartilage and 

degraded mouse cartilage [296]. Furthermore, chondrocytes directly stimulated with 

ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ ǎƘƛŦǘ ǘƻǿŀǊŘǎ ʰ-(2,3)-linked sialic acids with an increase in expression 

ƻŦ ʰ-(2,3)-specific sialyltransferase (SiaT) mRNA [299]. Investigative studies into the role of 

N-glycosylation in IVD are limited; however, one study reports that inhibition of N-

glycosylation increases the expression of Sestrins, stress response molecules, in human NP 

cells [164]. 

1.10 Pre-clinical Models of Disc Degeneration 

An appropriate pre-clinical model of IVD degeneration is crucial to provide insights into the 

pathophysiology of human disc degeneration and to determine the efficacy of potential 

therapeutic targets through pre-clinical trials. Many pre-clinical models have been used to 

investigate the pathophysiology of IVD degeneration (Table 1.4). Each model has advantages 

and limitations for experimental use. Murine and leporine models are useful as they are 

more economical to keep, allow for a higher number of biological replicates per group and 

have smaller IVDs, which is easier in terms of tissue processing. However, these small animal 

models still present numerous gaps between experimental and clinical IVDD, from the 

location of the anatomical site of the lesion to the behavioural and functional evaluation of 

IVDD and associated improvement. Despite being more expensive and entailing additional 

ethical concerns, the use of larger animal models reflect, more accurately, the anatomy and 

physiology of the human disease phenotype.  

The persistence of notochordal cells across species is variable. Notochordal cells are 

present in the IVD of mice, rats, rabbits and pigs throughout skeletal maturity and ageing 

while they are lost in humans and chondrodystrophic dogs [360]. This is especially important 

when investigating the efficacy of cell therapies in certain pre-clinical models, where it may 

be difficult to discern the regenerative potential of delivered cells in the presence of resident 

notochordal cells.  Many of these pre-clinical models may be useful for studying the 

molecular mechanisms of IVD degeneration, but are unsuitable as models for tissue 

engineering and regenerative therapies that require higher fidelity to human disease. Several 

models are based upon genetic mutations and are inherently predisposed to degeneration, 

which may not be salvaged by therapeutic intervention. Models of AF rupture and 

nucleotomy do not reflect the natural course of disease, except perhaps in the case of trauma 

[361,362].  
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Table 1.4 In vivo models of IVD degeneration. 

Model type Species Initiation Results Ref. 

Spontaneous Mouse Knockout: COL2A1  Heterozygous knockout of COL2A1 shows subtle early skeletal manifestations, 
however, GAG content of the disc showed no significant change after 15 
months 

[330] 

Mouse Mutation: COL9A1  Progressive joint degeneration and accelerated disc degeneration. Loss of NP 

phenotype, AF disruption and osteophyte formation observed 

[331] 

Rat HLA-B27 and ƘǳƳŀƴ ʲн-

microglobulin gene 

transgenic 

 Inflammatory changes in vertebral joints. Active bone resorption at the CEP-

AF junction with adjacent reactive periosteum. Overall multi-organ 

inflammatory response 

[332] 

Dog  Chondrodystrophy  Notochordal cells remain present in non-chondrodystrophic dogs while they 

disappear in chondrodystrophic dogs. Degenerative changes observed in CD 

dogs after one year and NCD dogs after 5-7 years 

 [59,333] 

Macaque Age related degeneration  Loss of disc space, osteophyte formation. Increased stiffness, decreased 

energy absorption and increased natural frequency 

 [334] 

Baboon Age related degeneration  Loss of disc space, osteophyte formation, endplate changes and facet joint 

arthropathy 

 [335] 

Instability Mouse Instability, resection of 

connective tissues 

Detachment of the posterior paravertebral muscles from the vertebrae and 

resection of the spinous processes, supraspinous and interspinous ligaments. 

Induced cervical spondylosis ensued with shrinkage of NP and AF fissures 

  [331] 
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Model type Species Initiation Results Ref. 

Rabbit  Bilateral facet joint 

resection at L7/S1  

 wŜǎǳƭǘŜŘ ƛƴ άƘǳƳŀƴ-ƭƛƪŜέ ǎǇƻƴŘȅƭƻƭƛǎǘƘŜǎƛǎΦ {ŀŎǊŀƭ ǊƻǳƴŘƛƴƎ ƻŎŎǳǊǎΣ ƛƴŎǊŜŀǎŜŘ 

sagittal rotation and degenerative disc changes observed 

[336] 

Rat  Facetectomy/capsulotomy 

torsional lumbar injury  

 Loss of disc height, NP protrusion, AF rupture and reduced cellularity [337] 

Mechanical Mouse Tail bending  Increased AF cell death, decreased proteoglycan expression, more prominent 

in compression vs. tension of static loading 

[338] 

Mouse Bipedal  Gross macroscopic skeletal changes. Chondrocytic proliferation associated 

with cartilage matrix deposition in the NP.  

[339] 

Rat Tail bending  Radial ruptures on the concave aspect of the spinal curvature. [340] 

Rat Bipedal rat  Altered structure of the spinous processes and dorsal kyphosis [341] 

Rat Ilizarov-type apparatus 

(external fixation device 

used in orthopaedics) 

 Decreased disc diameter, axial compliance and angular laxity in 

immobilisation. Applied compression-induced proteoglycan synthesis in the 

IVD 

[342] 

Rabbit External loading device  Significant decrease in disc space, disorganised AF architecture, increased cell 

death 

 [343] 

Rabbit Adjacent segment fusion  Loss of AF organisation, fibrous transformation and AF tears. Loss of 

chondrocytes and notochordal cells in the NP 

 [344] 
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Model type Species Initiation Results Ref. 

Biochemical Rabbit Chemonucleolysis: 

chondroitinase ABC 

 Degradation of proteoglycans in the NP  [345] 

Dog Chemonucleolysis: 

chymopapain 

 Reduced disc height, loss of proteoglycan content in the NP  [346] 

Goat Chondroitinase ABC  Mild degenerative changes. Loss of AF/NP demarcation, osteophyte formation 

and AF rupture 

 [347] 

Sheep Chondroitinase ABC  Loss of disc height. Reduced signal on MRI  [348] 

Rhesus 

Monkey 

Annulotomy  collagenase  Loss of disc convexity, osteophyte formation, fibrous changes in NP  [349] 

Rhesus 

Monkey 

Bleomycin injection of 

subchondral bone 

 Reduced MRI signal. Loss of proteoglycan content and upregulation of 

inflammatory markers 

 [350] 

Disc lesion Rat AF injury  Annular rupture, reduced collagen content, NP cell clustering, upregulation of 

pain-related markers 

[30] 

Rabbit AF puncture  Significant disc space narrowing. Reproducible induction of progressive 

degeneration 

 [351] 

Rabbit NP aspiration  Degenerative changes in the AF were progressive. Decrease in progenitor cells 

in NP. Loss of NP organisation and condensation of matrix 

 [352] 

Dog Annular injury with 

scalpel/drill 

 Loss of disc space, sclerosis of the vertebral bodies, osteophyte formation  [353] 
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Model type Species Initiation Results Ref. 

Dog Subtotal discectomy  Loss of disc space and reduced MRI signal  [354] 

Dog Needle aspiration of NP Disc space narrowing and connective tissue invasion into the NP. Reduced MRI 

signal. Degenerative changes by Pfirrmann grading 

 [355] 

Goat Drill bit injury/annulotomy  Moderate disc degeneration induced. NP condensation observed  [356] 

Pig Nucleotomy  Moderate disc degeneration. Reduced disc space. Loss of AF/NP demarcation. 

Fibrous changes in NP 

 [357] 

Sheep Partial thickness 

annulotomy 

 Progressive failure of AF. Deformation and bulging of collagen fibres  [358] 

Sheep Annular incision and partial 

nucleotomy (simulated 

microdiscectomy) 

 Loss of disc height. Reduced signal on MRI. Reduced proteoglycan content and 

reduced proteoglycan aggregation 

 [359] 
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Disc size and geometry are important parameters of pre-clinical models, and while 

the similarity of disc geometries between pre-clinical models and humans have been studied 

[363], the choice of pre-clinical model in a therapeutic setting is dependent on the therapy 

being applied. A larger animal model may be more adequate to accurately and precisely 

deliver a matrix or cell-based therapy to the NP without causing significant damage to the 

AF.  

Most pre-clinical models utilise quadrupedal models whereas the only natural 

bipedal models are non-human primates, which require greater ethical considerations. It was 

previously considered that the major limitation of pre-clinical models is that the IVD does 

not undergo the same compressive forces as the postural loading of an upright spine, 

however, muscular contraction and connective tissue tension are significant contributors to 

IVD loading [364]. It is now largely accepted that the load exerted on the lumbar spine in 

quadrupeds is comparable, if not greater, than in humans due to the forces generated in 

horizontal alignment and stabilisation of the spine [360]. 

The pre-clinical model being utilised must also be specific to encompass the disease 

target being investigated. When investigating altered glycomic regulation and N-glycan 

synthesis, many differences exist across human and other species. Humans cannot 

synthesise N-glycolylneuraminic acid (Neu5Gc), a common glycan modification in the cells of 

other mammals, because of an irreversible inactivating mutation in the gene encoding CMP-

N-acetylneuraminic acid hydroxylase [365]Φ CǳǊǘƘŜǊƳƻǊŜΣ ƘǳƳŀƴǎ Řƻ ƴƻǘ ŜȄǇǊŜǎǎ ǘƘŜ ʰ-

linked galactose motif due to a mutation in Asn253 of human A3GALT2 completely eliminating 

ςh(1,3) galactosyltransferase activity. This mutation creates issues of xenotransplantation as 

Dŀƭ ʰ-(1,3) Gal activates an NK cell-mediated immune response [366]. This must further be 

considered especially in the study of cellular therapies, whether it be transplantation of 

human mesenchymal stem cell (MSCs) into a xenogeneic model or xenogenic materials in 

ƘǳƳŀƴ ŎƭƛƴƛŎŀƭ ǘǊƛŀƭǎΦ ¢ƘŜ Dŀƭ ʰ-(1,3) Gal epitope has been shown to initiate an inflammatory 

reaction in biomaterials implanted into humans so far as to induce anaphylactic reactions 

[367,368]. Removal of this epitope is best practice in industrial processing of xenogeneic 

heart valves. It is unclear whether this epitope would have a negative effect in the immune-

privileged microenvironment of the IVD.  

1.10.1 Canine Lupus as a Suitable Model for Biomaterial-based Regenerative IVD 

Therapies 

Multiple pre-clinical models that demonstrate spontaneous IVDD have been used in research 

such as the sand rat [369], mice [330], baboon [370], and canine model [371,372]. Unlike 
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other animals used in pre-clinical models, dogs are commonly diagnosed with natural IVD 

degeneration and back pain and are treated in the veterinary clinic [373]. The clinical features 

including radiculopathy and paraesthesia, macroscopic and microscopic findings, diagnostic 

procedures, and management are comparable in humans and dogs [373ς376]. Dogs can be 

sub-classified into chondrodystrophic (CD) and non-chondrodystrophic (NCD) breeds, where 

in CD breeds, endochondral ossification is disrupted during development, resulting in short, 

bow-shaped extremities. This trait has been favoured in selective breeding for hunting as 

well as burrow-dwelling animals and is strongly linked with IVDD for some breeds 

(dachshunds and beagles) [377,378]. CD dogs demonstrate degenerative changes by 12 

months of age [378];  while, NCD dogs remain largely disease free [377]. The IVDD that occurs 

in CD dogs is due to genetic predisposition, while NCD dogs, especially the German shepherd 

dog, are thought to have a disease reflective of the conditions dictating the disease in most 

humans [332]. CD dogs, which predictably experience IVDD, are well suited for prospective 

studies to investigate the pathophysiology of IVDD due to their predictive nature. These 

breeds are also suitable for pre-clinical studies investigating potential treatments with the 

aim of preventing or halting the course of disease with the caveat that these studies are 

confounded by genetic predisposition.  

Boden et al. showed the common occurrence of asymptomatic degenerated IVDs in 

dogs, just as in humans [379]. The GAG content in canine IVDs was negatively correlated with 

increasing Thompson grades, as previously described for human IVDD [62,380]. Previous 

canine studies [381,382] indicate a similar trend in dogs, supporting the use of the dog as a 

translational model for studies of IVDD in humans. The fact that dogs walk on four legs and 

humans on two is often raised as a reason not to use dogs as models for human IVDD because 

it is believed that humans have higher axial loading on the spinal segments due to gravity. 

However, the axial loading patterns of human and canine IVDs have been shown to be 

comparable or even higher in dogs [383ς385]. The availability of veterinary IVDD patients as 

a study population for pre-clinical trials has been utilised [386]. This highlights the direct and 

immediate clinical impact of this model for translational therapies. 

Relevant pre-clinical models are needed to improve the treatment of IVDD, while it 

is accepted that no pre-clinical model can perfectly mimic the complex processes of IVDD in 

humans [360]. Therefore, it is crucial to identify the similarities and differences between 

humans and animals when considering the use of pre-clinical models and in making 

inferences from collected results. Pre-clinical models of induced IVDD can result in 

substantial and reproducible IVDD in a short time, but it is likely that the pathological 
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pathways differ from those involved in spontaneous IVDD, and thus the extrapolation of data 

from induced pre-clinical models to humans must be made with caution to avoid erroneous 

conclusions.  

1.11 Tissue Engineering for Disc Regeneration  

Over the past decade, tissue engineering has offered biomaterial-based therapeutic 

approaches to discogenic pain. Many different materials have been investigated as potential 

therapeutic biomaterials for use in restoring the intervertebral disc through several different 

approaches. The disc space is relatively avascular with limited accessibility during surgery. 

Many reparative approaches have focused on filling the AF defect using void-filling hydrogels 

made from PLA [387], collagen [388], silk [389] and hyaluronic acid (HA) [390] or other GAGs. 

While these reparative methods provide an environment conducive to cell survival and ECM 

production, these hydrogels do not conform to an aligned matrix suitable for optimal load 

transfer. The ability to withstand loading is crucial for the success of these devices. To meet 

load requirements, electrospinning [391,392] and silk-fibre winding [393] have been utilised 

as well as organised structures to transmit the load appropriately through the motion 

segment [394]. The focus of disc regeneration has been multi-modal from initial void-filling 

methods for AF repair to NP regeneration with cell implantation. NP replacement devices 

are being formulated as injectable materials to access the disc space using minimally invasive 

techniques. Materials that resemble the native tissue composition are preferred as they are 

thought to provide greater biocompatibility and tissue integration, although this assumption 

has not been rigorously investigated. HA and collagen have gained popularity due to their 

ability to provide turgidity thanks to their hydrating properties. 

Regeneration of the nucleus pulposus requires an appropriate scaffold to promote 

cell growth, restore anabolism and facilitate native tissue ingrowth while also providing 

stability and flexibility. HA of varying molecular weights has been widely studied as an 

injectable hydrogel that forms a biodegradable biomaterial to induce disc regeneration. HA 

possesses hydrating properties to restore and maintain appropriate disc biomechanics, and 

increases cell viability with no cytotoxicity in ADSCs [395]. Isa et al. reported that the high 

molecular weight of HA/PEG hydrogel attenuated IL-1  ̡signalling molecules in vitro [396] 

and that its therapeutic efficacy alleviated inflammatory pain, hyper-innervation of 

nociceptive nerve fibres in the discs and molecular nociception markers in the spinal cord, 

altered disc glycosylation, and  regulated protein regulatory signalling to promote disc repair 

in vivo [30]. HA also down-regulates inflammatory markers; interferon-induced protein with 

tetratricopeptide repeats 3 (IFIT3) and pro-apoptotic insulin-like growth factor-binding 
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protein-3 (IGFBP3), are downregulated while collagen I and aggrecan are upregulated after 

HA treatment [29]. A HA/gelatin composed hydrogel exhibited viscoelastic properties 

mimicking those of the native disc tissue when challenged with a complex shear modulus 

within the physiological range (11-14kPa). This HA/gelatin hybrid hydrogel maintained NP 

cell-specific morphology and cellular markers; collagen II, aggrecan and Sox-9 [397]. HA may 

be optimally cross-linked using 4star-PEG or similar cross-linker to achieve viscoelastic 

properties similar to those of the AF or NP tissue. Tannic acid (TA) has been used to condition 

HA hydrogels to enhance the physical properties of the hydrogels. Improved mechanical 

properties support both cell proliferation and attachment without cytotoxicity. TA is also a 

hyaluronidase inhibitor and antioxidant, improving the viability of the implanted biomaterial 

[398]. 

Collagen-based hydrogels have been widely used as a restorative material in the IVD 

because collagen I and II make up a large proportion of the ECM. Collagen has been bound 

to small proteoglycans to better represent the composition of the IVD. It has been noted that 

proteoglycan composites are highly diverse structures due to the species from which a GAG 

is derived, sulfation linkage and pattern, MW and concentrations of components. This array 

of parameters indicates that proteoglycans are highly tuneable structures that can be 

adapted to meet specific functional demands. Russo et al., recognising the potential benefits 

of tuneable proteoglycan-based biomaterials, have developed a new proteoglycan 

macromolecule, collaggrecan  [399]. This group has previously shown that neoglycosylated 

collagen matrices affect the neuroblastoma F11 cell line behaviour [400]. It is evident that 

precise fabrication and functionalisation with the native tissue constituents provides a more 

beneficial microenvironment for cell proliferation and tissue repair. 

Combined annulus fibrosus and nucleus pulposus therapies are a novel approach to 

treat disc degeneration. Combination devices that integrate both an AF repair and NP 

replacement components have been shown to restore the disc more completely than single-

modal approaches [401]. The combination of NP repair with HYADD4® injection and a 

riboflavin cross-linked high-density collagen patch was investigated by quantitative T2 

magnetic resonance imaging and demonstrated the greatest improvement in NP hydration, 

restoring hydration to pre-injury values, and outperforming each therapy when individually 

applied which only restored hydration by 33%. [401]. In another study, the cartilaginous 

endplate was fabricated using cross-linked HA, chondroitin sulphate and collagen II and 

seeded with chondrocytes. The endplate demonstrated biomechanical and biochemical 

properties similar to those of the native tissue [402].  
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Combining biomaterials with cells and/or therapeutic molecules offers a potential 

regenerative strategy to reverse the disease process and relieve pain. For instance, low 

cellularity and insufficient nutrients in a diseased IVD model may be restored by 

incorporating growth factors on a biomaterial scaffold to repair the microenvironment of the 

disc [403]. Delivery of growth factors on a scaffold provides an optimal microenvironment 

for cell adhesion and proliferation as well as restoration of anabolic protein synthesis in the 

tissue, laying the foundation for the emergence of new regenerative or reparative biological 

treatments [404]. Although growth factors have been widely investigated in IVD pre-clinical 

models so far, the functionalisation of materials with other classes of small molecules is being 

explored [405]. 

1.11.1 Potential Glycomic-based Tissue Engineering Approaches 

Despite the depth of study investigating the role of glycosyltransferases and 

glycosidases in pathology, few glyco-enzymes have been identified as potential therapeutic 

targets for modulation.  Work over the past two decades has focused on metabolic glyco-

engineering that focuses not only on the inhibition of glyco-enzymes but also on the 

incorporation of synthetic monosaccharide derivatives for additional functionality (Table 

1.5). Functional groups such as -ketone, -azide -thiol and ςalkyne groups can be added to 

monosaccharides for incorporation into glycan structures [406].  

Tunicamycin, an inhibitor of N-glycosylation, first identified in Streptomyces 

lysosuperificus, blocks the transfer of N-acetylglucosamine-1-phosphate (GlcNAc-1-P) from 

UDP-GlcNAc to dolichol-P (catalysed by GlcNAc phosphotransferase; GPT), thereby 

decreasing the formation of dolichol-PP-GlcNAc [407]. Studies with tunicamycin and another 

N-glycosylation inhibitor, castanospermine, inhibit cell surface expression of P-selectin thus 

inhibiting cell adhesion [221]. Tunicamycin inhibits global N-glycosylation causing significant 

ER stress in most cell types [222]  . Monosaccharide analogues targeting (inhibiting) terminal 

enzymes in the N-glycosylation pathway, sialyltransferases and fucosyltransferases, do not 

induce significant ER stress, demonstrating their potential for use in mechanistic studies 

[408].  

O-glycosylation inhibitors have also been developed to investigate the role of flux in 

the O-GlcNAcylation pathway and cellular stress response [409]. The aforementioned 

modified monosaccharides all target and inhibit glycosyltransferases; however, glycosidase 

inhibitors also exist. A specific NEU3 inhibitor has been developed to block glycolipid 

processing in vitro with selective inhibition of NEU orthologues from murine brain [410]. 

While complete inhibition of glyco-enzymes may be a desirable disease target, manipulation 
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of these enzymes to incorporate modified monosaccharides has boundless potential for 

downstream epitope processing and conjugation with exogenous probes. Azide-bound 

ManNAc utilises Neu5Ac pathways to synthesise Neu5Az modified cell-surface glycans which 

can be further processed by click-labelling with fluorophores [411]. The Neu5Ac can use 

other modified neuraminic acid precursors such as 9AzNeu5Gc and 9AzKdn to modify 

sialylated epitopes on the cell surface, which in one instance can alter cell-virus interactions, 

decreasing binding affinity and virulence [412]. Biomaterials may also be conjugated with 

carbohydrate motifs such as maltose and sialyllactose to alter cell phenotype and promote 

differentiation [413,414]. Finally, monosaccharides can be simply loaded into biomaterials 

to increase flux through the hexosamine pathway, promoting proteoglycan production and 

cell survival [415].  

1.12 Hyaluronic Acid Hydrogel as a Delivery Device 

Hyaluronic acid, or hyaluronan, is a non-sulphated glycosaminoglycan widely distributed 

across connective, epithelial and neural tissues [416].  HA comprises  ǊŜǇŜŀǘƛƴƎ ǳƴƛǘǎ ƻŦ ʲ-

(1,3)-ƭƛƴƪŜŘ ƎƭǳŎǳǊƻƴƛŎ ŀŎƛŘ ŀƴŘ ʲ-(1,4)-linked N-acetylglucosamine (GlcNAc) [417]. 

Hyaluronan is synthesised in the cellular plasma membrane [418]. It exists as an extension 

from the cell surface, bound to other matrix components, and is largely mobile. A number of 

proteins, the hyaladherins, specifically recognise the hyaluronan structure [430]. Interactions 

of this kind bind hyaluronan with proteoglycans to stabilise the structure of the matrix, and 

with cell surfaces to modify cell behaviour. This highly abundant macromolecule is the 

backbone proteoglycan upon which aggrecan attaches.  The physicochemical properties and 

localisation of hyaluronan solutions have allowed various physiological functions to be 

attributed to it, including lubrication, water homeostasis, filtering effects and regulation of 

plasma protein distribution [416]. It is catabolised by receptor-mediated endocytosis and 

lysosomal degradation by hyaluronidases or hydrolytically cleaved [431]. 

1.12.1 Hyaluronic Acid in Therapeutic Applications 

The unique biophysical properties of HA have prompted its use in many therapeutic 

applications in the treatment of ophthalmic disorders, respiratory disease, rheumatological 

conditions, promotion of wound healing and immunomodulation [432]. In the last decade, 

special attention has been given to the use of HA in hydrogel formulation for a wide range 

of therapeutic applications. Various formulations of hydrogels with a HA-based component 

have been used in investigating IVD regeneration. HA has been cross-linked with collagen II 

using 4arm-Polyethyleneglycol (PEG) to improve cell viability of NP cells in vitro [433]. HA-
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Table 1.5 Small-molecule modulators of glyco-enzymes. 

Small-molecule glyco-
integration 

Target type Trends in glyco modulation Ref 

Defucosylation of Fc Regions N-glycan ς monoclonal antibody Improvement in ADCC of therapeutic antibodies by defucosylation 
ǘƘǊƻǳƎƘ ǎǘŀōƛƭƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǎCŎʴRIIIa-nonfucosylated Fc complex 

[419,420] 

Tunicamycin/ 
Castanospermine   

N-glycan ς P selectin 
inhibition of N-glycosylation/ 
galactosylation 

Inhibited surface expression of P-selectin + reduced cell adhesion. [221] 

ManLev integration N- and O-glycans ς ketone expression 
on cell surface 

HL-60 cells, which are nonadhesive, attached to a poly[MPC-co-n-
butyl methacrylate (BMA)-co-methacryloyl hydrazide (MH)] 
(PMBH) surface following incubation 

[421] 

Ac(5)ManNtGc integration Thiol expression on surface sialic acid -̡catenin expression and altered cell morphology. Spontaneous 
cell-cell clustering and attachment to complementary maleimide-
derivatised substrates on non-adherent cells 

[422] 

Azide-ManNAc (ManNAz) Glycan integration for conjugation with 
exogenous probes 

To measure flux in ManNAc/Neu5Ac pathways and synthesis 
through selective modification of cell-surface glycans with 
exogenous probes 

[411] 

2(E)3(A)DFNeu5Ac9N3 Bacterial sialidase Effective selective inhibition against pathogenic bacterial sialidases 
from Clostridium perfringens (CpNanI) and Vibrio cholerae 

[423] 

3'-Sialyllactose And 6'-
Sialyllactose 

Covalent conjugation to collagen films 3'-sialyllactose significantly upregulate the expression of RUNX2 
and ALP, well-known markers of osteogenesis, whereas 6'-
sialyllactose up-regulate the expression of chondrocyte marker 
ACAN 

[414] 

Heparan Sulphate (Hs) 
Oligosaccharide 

Integrated by ST6GAL1 through 
modified CMP-Neu5Ac derivative 

HS oligosaccharide is functionally active, restores protein binding, 
and allows activation of cell signalling events of HS-deficient cells 

[424] 

2-deoxy-2,3-didehydro- N-
acetylneuraminic acid 

NEU3 human sialidase inhibitor Blocks glycolipid processing by NEU3 in vitro with selective 
inhibition of NEU orthologues from murine brain 

[410] 

9AzNeu5Ac/ 9AzNeu5Gc/ 
9Azkdn 

Sialyltransferases Incorporated into cell-surface glycans to visualise cell-surface and 
glycoproteomic profiling by click-labelling with fluorophores 

[412] 
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Small-molecule glyco-
integration 

Target type Trends in glyco modulation Ref 

Tetracycline (̡1,4)-N-acetylglucosaminyltransferase 
III upregulation 

Altered glycosylation pattern of chCE7, an antineuroblastoma 
chimeric IgG1, to modulate ADCC activity 

[425] 

Maltose Neoglycosylation of Collagen matrices Morphological and functional analysis showed that 
neoglucosylated collagen matrices induced cell differentiation in a 
F11 neuroblastoma cell line 

[400] 

3Fax-peracetyl Neu5Ac/ 2F-
peracetyl Fucose 

Global metabolic inhibitors of sialyl- 
and fucosyltransferases 

Investigative tool to dissect the role of glycan modifications within 
complex biological systems 

[408] 

2,4,7,8,9-pentaacetyl-3Fax-
Neu5Ac-CO2Me 

Global metabolic inhibitor of 
Sialyltransferases 

3F-NeuAc administered to mice dramatically decreases sialylated 
glycans in cells of all tissues. Deleterious "on target" effect on liver 
and kidney function when administered systemically 

[426] 

GlcNAcstatin, A 
Glucoimidazole-based 
Inhibitor 

O-GlcNAcase Potent tool for the study of the role of O-GlcNAc in intracellular 
signal transduction pathways 

[409] 

N-acetyl-glucosamine Hexosamine pathway Enhanced proteoglycan production from ADSCs embedded in the 
composite system 

[415] 

Ac4GlcNAz UDP-GlcNAc pathway Produce cell-derived matrices with modified glycan species for 
covalent bonding of molecules in downstream processing 

[427] 

Synthetic RBC Motif (A+B) Glycosphingolipid conjugation RBCs modified with different concentrations of synthetic 
glycolipids were able to give controllable serologic results 
exhibiting A and B motifs 

[428] 

Synthetic Neo-proteoglycans Lipid-functionalised glycoconjugates Passively integrated lipid conjugated heperan sulphate GAGs were 
incorporated into the cell membrane to induce differentiation of 
embryonic stem cells towards neural specification 

[429] 
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based composite hydrogels promote ECM homeostasis and maintenance of cellular 

phenotype, increasing sulphated GAG content [434]. Hydrogel properties can be tuned to 

match the mechanical properties of the local tissue. Enzymatically cross-linked hydrogels 

have been shown to withstand 11-14 kPa under a complex shear modulus, similar to that of 

the native tissue [397]. These biodegradable hydrogels may be slowly degraded over time, 

allowing for natural tissue remodelling and support healing and regeneration [435]. HA 

attenuates inflammation in a complex mechanism through the CD44 receptor, but also 

activates NF-ˁ. signalling to regulate epithelial cell survival in an acute injury model [146]. 

This disparity in the response HA induces and its relationship with MW is not well 

understood. Repair and regeneration of the IVD requires a certain level of mimic of the disc 

properties through use of biomaterials. Consensus suggests that a material should be an 

injectable, in situ cross-linkable construct with a swelling pressure, ability to sustain complex 

mechanical forces, and support a beneficial microenvironment to promote cell survival and 

induce appropriate phenotypic cues. Biomaterials should enable reconstitution of the 

mechanical properties of the NP tissue, which can retain 80% of its own weight in water and 

distribute up to 1.3 MPa of pressure evenly across the disc and transfer load to the AF 

[436,437]. The swelling capabilities and tuneable mechanical properties of HA-based 

hydrogels make them an attractive scaffold for tissue engineering approach for direct repair 

of the disc or as a vehicle for cell therapy of small-molecule drug delivery.  

1.12.2 Rationale for the Use of a Sialyltransferase Inhibitor and Loading Mechanism 

Hydrogels can provide spatial and temporal controlled release of various therapeutic agents, 

including small-molecule drugs [438]. A non-covalent loading system relies on diffusion to 

promote drug release. The degradation of the HA macromolecule by native tissue proteases 

will also further release the drug cargo. The release profile must be tuned to determine the 

loading concentration and effective dose delivered. The tissue in which a hydrogel is 

implanted affects the degradation and release profile of the drug. A highly vascular tissue is 

likely to recruit a higher immune response leading to the secretion of MMPs and ADAMTS 

enzymes to degrade the material [439]. This also increases diffusion gradients and transports 

the drug elsewhere to other tissues, reducing the effective dose and availability [439]. The 

IVD is an avascular space with low diffusion rates. The cyclic loading of the disc promotes 

nutrient diffusion in and metabolite diffusion out [440]. These mechanics favour the steady 

release of a drug from the injected material, as characterised in a study by Willems et al. 

measuring the release of celecoxib from an injected hydrogel [441].  
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1.13 Ongoing/Concluded Clinical Trials 

New biological approaches aim to control disc degeneration progression and preserve the 

spinal kinematics in a minimally invasive manner. This field of growing interest, often 

referred to as regenerative medicine, is investigating the potential efficacy of growth factors, 

gene and cell-based therapies, and biologically active materials with the goal of translation 

to  the clinical setting (Table 1.6) [442ς444]. IVD repair, primarily via focused regeneration 

of the NP, has been successful in various pre-clinical models [35]. The efficacy of some of 

these approaches offers hope to patients with debilitating low back pain, where 

conventional treatment approaches have failed.  

Cell-based therapies are the most widely trialled in the clinic, mostly consisting of 

notochordal [445], chondrocyte-like NP cells [446,447], and mesenchymal stromal cells 

(MSCs) [448]. Of twelve reports available on clinical trials using cell-based therapies for IVD 

regeneration, ten utilise MSCs and seven of the trials have ended with results yet to be 

posted. Bone marrow-derived (BM-) MSCs have been more widely investigated in clinical 

trials (NCT01290367, NCT01860417, NCT03011398, NCT03692221, NCT03340818) followed 

by adipose-derived MSCs (NCT02338271, NCT02097862, NCT03461458). Better outcomes 

have been observed with MSC therapy vs. placebo, however, the sample size for these 

studies was small and despite reduced pain and incidence of reoperation, disc height was 

not usually restored [449,450]. Many limitations exist regarding the injection of 

metabolically active cells into an avascular space such as the IVD. The diffusion of nutrients 

across the endplate, especially with fibrotic changes, cannot sustain the millions of cells 

injected to induce a therapeutic effect. Studies have suggested that the apoptotic secretome 

of MSCs exerts an anti-inflammatory effect, but this is still unknown in the context of IVD 

[449,450]. Stimulation of endogenous progenitor cells may be a valid alternative to 

exogenous cell delivery. Substantial evidence suggests the existence of progenitor cells in 

the NP, albeit in small populations, that decrease with ageing and IVD degeneration [451].  

Several growth factors have been reported in clinical trials, with special focus on TGF-

ʲΦ ! ōƛƎƭȅŎŀƴ ŦǊŀƎƳŜƴǘΣ ¸IмпсмуΣ ǿƘƛŎƘ ōƛƴŘǎ ǘƻ ¢DC-ʲмΣ Ƙŀǎ ōŜŜƴ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ǇŀǘƛŜƴǘ L±5ǎ 

at various concentrations with mixed results [452]. Twenty-seven of the fifty participants 

reported adverse effects while mean ODI was reduced vs control (12.38 vs. 6.67 reduction). 

Three ongoing Phase II trials (NCT01158924, NCT01124006, NCT01182337) investigating the 

efficacy of GDF5 are documented but reports have not yet been released as of 2021. Small-

molecule therapies are favoured over cell- or growth factor-based therapies due to their low 

degradability inside and outside the body, making them more economical [453].
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Table 1.6 Clinical trials to treat discogenic low back pain. 

Clinical Trial ID Biological agent Source No. of 
patients 

Results 

NCT01290367,  BM-MSC + HA Allogenic 
 

100/360 
(Phase II/III) 

No adverse effects; after 12 months, significant improvement in 
ODI and VAS; 10% (HA) VS 3.3% (18 M + HA) needed surgery 

- BM-MSC Autologous 26  
(Open label) 

Reduction of ODI (56.7 to 17.5) and VAS (82.1 to 21.9) and 1 grade 
improvement (40% patients); no adverse effect 

- Primed BM-MSC - 5  
(Open label) 

No adverse effect report; self-reported improvement in strength 
and mobility 

NCT01860417 BM-MSC Allogenic  25  
(Phase II) 

Safety confirmed; Improved VAS score 

NCT03011398 BM-MSC Autologous 33  
(Open label) 

No serious adverse effect; NPS and SANE improvement; 17/20 disc 
bulge size reduced 

NCT02338271 Adipose tissue-derived 
MSC + HA 

- 10  
(Phase I) 

No adverse effects; ODI VAS and SF-36 improved; 3 patients 
increased water content 

NCT02097862 (adipose-derived stem 
cells) and platelet-rich 
plasma (PRP) 

- 15  
(Open label) 

No adverse effect for up to 12 months; improvement in flexion, 
VAS, PPI and SF-12; ODI and BDI trends positive 

NCT02320019 YH14618 Drug 50  
(Phase I/II) 

27 patients reported adverse effects; improvement in ODI and 
VAS; no change in DHI and MRI grading 

NCT01124006, 
NCT01158924, 
NCT01182337, 
NCT00813813 

rhGDF-5 Drug 107  
(Phase II) 

Unknown/inconclusive 

NCT02379689 Placental tissue extract 
(BioDGenesis) 

- 30  
(Phase I/II) 

Unknown 

NCT01771471 Juvenile chondrocytes Allogenic 44  
(Phase II) 

Terminated ς change in clinical strategy 
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Clinical Trial ID Biological agent Source No. of 
patients 

Results 

NCT03246399 SM04690 Drug 18 Terminated (Study terminated citing commercial reasons, 
following full enrolment of the first dose cohort) 

NCT03737461 BM-MSC Allogenic 112 
(Phase II/III) 

Recruitin 

NCT03347708, 
NCT03955315 

Discogenic cells and 
hyaluronate 

- 60 
(Phase I) 

Recruiting 

NCT03340818 BM concentrate - 6 
(Phase II) 

Recruiting 

NCT01640457 Novocart Disc plus Autologous 120 
(Phase I/II) 

Active, not recruiting 

NCT02412735 Rexlemestrocel-L + HA Drug 404 
(Phase III) 

Active, not recruiting 

NCT03461458 adipose-derived MSCs Autologous 16 
(Phase I) 

Active, not recruiting 

NCT03263611 AMG0103 - Nuclear 
ŦŀŎǘƻǊπˁ. 5ŜŎƻȅ 
oligodeoxynucleotide 

Drug - Active, not recruiting 

NCT03708926 Abaloparatide Drug 109 Not yet recruiting 

NCT03692221 BM-MSC Autologous 24 
(Phase I) 

Not yet recruiting 
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For example, abaloparatide, a parathyroid hormone (PTH)-related protein analogue drug 

used to treat osteoporosis, has been shown to effectively attenuate IVD degeneration in a 

pre-clinical model [454]. A Phase II clinical trial is underway to investigate its efficacy in 

humans. SM04690, a Wnt inhibitor, has also been investigated in clinical trials 

(NCT03246399). While many potential small molecule inhibitors have demonstrated efficacy 

in pre-clinical models, few have progressed to clinical trials [455ς457]. Small-molecules are 

not only desirable for disease management but also in elucidating disease aetiology.  

MSCs have been injected using a HA carrier, as a combination therapy where the HA 

carrier both maintains the MSCs and acts to restore disc biomechanics and hydrating 

properties, and to attenuate inflammation (NCT01290367, NCT02412735). The outcomes of 

these trials are pending as of 2021. Clinical trials involving a combination of therapies are 

rare due to the need to determine the safety and tolerability of individual components, but 

it is likely that more trials will come to fruition in the in near future. Growing interest in 

glycomic targets has spurred several clinical trials using small molecule modulators of the 

glycome to treat disease across many fields of study (Table 1.7). 

1.14 Conclusions 

An understanding of IVD pathophysiology, specifically glycomic regulation in the IVD, is 

necessary to develop clinically relevant treatment strategies. Given the lack of satisfactory 

outcomes in treatment strategies for IVD degeneration, it is clear that new molecular targets 

need to be identified and addressed clinically to halt disc degeneration and restore native 

tissue structure and function. Glycomic profiling is a rapidly emerging field investigating the 

hierarchical regulation of protein activity and cellular pathways. Insights into the glycome 

offer key insights into cell activity, tissue homeostasis and mechanisms of degeneration. 

Small-molecule functionalisation has demonstrated efficacy in modulating glycomic-based 

targets. Next-generation biomaterials will likely encompass multi-omics functionalisation to 

address multiple disease targets, increasing the specificity and efficacy of regenerative 

therapies.  

1.15 Objectives and Hypotheses 

The aim of this study was to identify aberrant glycosylation in the human IVD to elucidate 

the role of glycosylation in IVD homeostasis and IVD degeneration and to develop a glyco- 

functionalised HA-based hydrogel for IVD regeneration. This thesis consists of three phases 

(Figure 1.6): I) N-glycan profiling and proteomic analysis of human IVD in degeneration 

(Chapter 2), II) Establishment of an in vitro model of IVD degeneration and modulation of 

glycosylation using small-molecule inhibitors (Chapter 3) and III) The use of a Neu5Ac-inhib-
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Table 1.7 Clinical trials with small-molecule delivery for glycomic-based enzyme and receptor targets across multiple specialties. 

Title Disease Phase Drug (MoA) Status Participants 

Study of GMI-1070 for the Treatment of 
Sickle Cell Pain Crisis 

Sickle Cell Disease NCT01119833 
Phase II 

GMI-1070 rivipansel 
(Selectin inhibitor) 

Complete 76 

Efficacy and Safety of Rivipansel (GMI-
1070) in the Treatment of Vaso-Occlusive 
Crisis in Hospitalised Subjects with Sickle 
Cell Disease  

Sickle Cell Disease NCT02187003 
Phase III 

GMI-1070 rivipansel 
(Selectin inhibitor) 

Ongoing 350 

Study of ORL-1M in Patients with 
Congenital Disorder of Glycosylation - Ib 
(CDG-Ib) 

CDG-Ib NCT03404869 
Phase I/ II 

ORL-1M (D-mannose) 
(undefined mechanism) 

Ongoing 5 
(recruiting) 

Safety and Efficacy Evaluation of MUC-1 
CART in the Treatment of Intrahepatic 
Cholangiocarcinoma 

Intrahepatic 
Cholangiocarcinoma 

NCT03633773 
Phase I/ II 

Anti-Mucin1 (MUC1) CAR 
T Cells 

 

Ongoing 9 
(recruiting) 

Phase II Study of the Efficacy and Safety 
of Oral GD0039 in Patients with Locally 
Advanced or Metastatic Renal Cell 
Carcinoma 

Renal Cell Carcinoma Phase II D5ллоф όʰ-mannosidase 
inhibitor) 

Concluded 17 

A Study to Test the Efficacy and Safety of 
Inhaled TD139 in Subjects with Idiopathic 
Pulmonary Fibrosis (IPF) 

IPF NCT03832946  
Phase II 

TD139 (Galetin-3 
inhibitor) 

Recruiting 450 

 

https://clinicaltrials.gov/ct2/show/NCT01119833
https://clinicaltrials.gov/ct2/show/NCT02187003
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loaded HA-based hydrogel was validated for implantation in a canine model of IVD 

degeneration (Chapter 4). 

 

1.15.1 Phase I  

Overall Aim 

To characterise the N-glycome and proteome of the human intervertebral disc in 

degeneration to identify glycomic-based targets. 

Hypotheses 

The N-glycome of the AF and NP is altered in IVD degeneration. 

A differential expression of N-glycans correlates with the altered proteomic expression in the 

IVD. 

Objectives 

I. To investigate the glycosignature of the IVD in healthy and degenerated tissue 

by lectin histochemistry. 

II. To characterise the N-glycome of the healthy and degenerated human IVD by 

HILIC-UPLC/MS. 

To characterise temporal and spatial regulation of N-glycans in IVD by MALDI-

TOF/MS. 

III. To perform proteomic analysis on healthy and degenerated IVD to identify 

dysregulated proteins. 

IV. To determine the regulation of cellular and ECM proteome expression and to 

identify key inflammatory and regulatory proteins in modulating the glycome. 

 

1.15.2 Phase II 

Overall Aim 

To elucidate the role of sialylation and fucosylation in inflammation and degeneration of IVD 

in vitro. 

Hypotheses 

 Sialylation and fucosylation are differentially regulated in cytokine-induced IVD 

degeneration in human NP cells.  

The degenerative glyco-phenotype of human NP cells can be attenuated by sialylation and 

fucosylation inhibitors, modulating the cellular response to cytokine-induced inflammation.  
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Objectives 

I. To determine the effect of cytokine-induced inflammation on glycosignature of 

NP cells. 

II. To determine the efficacy of sialylation and fucosylation inhibitors on sialylation 

and fucosylation in NP cells. 

III. To investigate the role of sialylation and fucosylation regulation in inflammation 

in an in vitro model of IVD degeneration using glycosylation inhibitors. 

IV. To determine the role of sialylation and fucosylation on cell migration, cellular 

respiration, ECM expression and protein synthesis in an in vitro model of IVD.  

 

1.15.3 Phase III 

Overall Aim 

To assess the validity of a Neu5Ac-inhib in IVD regeneration in a canine model of 

degeneration. 

Hypothesis  

The N-glycome of the canine intervertebral disc in degeneration demonstrates modulation 

similar to the human IVD. Neu5Ac-inhib can be loaded into a HA-based hydrogel for 

applications in intradiscal therapies.  

Objectives 

I. To optimise biophysical properties and degradation profile of a HA-based 

hydrogel for IVD injection. 

II. To characterise the altered glycosylation of canine IVD in degeneration. 

III. To perform spatial N-glycan profiling of the canine intervertebral disc in health 

and degeneration. 

IV. To determine the efficacy of Neu5Ac-inhib-hyaluronic acid hydrogel in 

modulating the glyco-phenotype of the degenerated canine intervertebral disc 

in vitro. 

V. To determine the efficacy of Neu5Ac-inhib to restore physiological cell 

metabolism in vitro. 
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Figure 1.5 Sagittal T2-weighted MRI image of male patient presenting to Galway University 

Hospital in 2017. MRI demonstrates multi-level IVD degeneration (L4/5 and L5/S1).   
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Figure 1.6 Thesis overview. These studies were performed as part of three distinct project 

phases with an overarching aim of targeting the glycome for functional repair of the IVD.

ωN-glycan profiling of the human intervertebral disc with proteomic 
assessment of degeneration and localised glycosylation

Phase I

ωEstablishment of in vitro model of IVD degeneration and investigation of 
efficacy of sialylation inhibitor as a modulator of the degeneration cascade

Phase II

ωValidation of a canine model of IVD degeneration prior to the investigation 
of the role of aberrant glycosylation in IVD degeneration and 
characterisation of an optimised HA-based hydrogel as drug delivery 
system

Phase III
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Figure 1.7 Overview of mechanisms regulating glycosylation in human intervertebral disc. IKKΣ Lˁ. ƪƛƴŀǎŜΤ bC- Bˁ, bǳŎƭŜŀǊ CŀŎǘƻǊ ˁ.Τ MyD88, Myeloid 

differentiation primary response 88; IRAK, Interleukin-1 receptor-associated kinase 1; TRAF6, Tumour necrosis factor receptor-associated factor 6; GlcNAc, 

N-acetyl-glucosamine. Created using Biorender®.
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2.1 Introduction 

Glycosylation expression provides insight into the temporal and spatial regulation of glycans 

in tissue inflammation and degeneration [1]. The post-translational modification known as 

glycosylation describes the addition of carbohydrates to lipids and proteins by 

glycosyltransferases to create a diverse range of glycoconjugates[1]. The two main classes of 

glycans on proteins are N- and O-linked glycans [1]. N-linked glycosylation describes the 

addition of a carbohydrate to the glycopeptide backbone between the reducing terminal N-

acetylglucosamine and the nitrogen of asparagine through an amide bond, forming an 

aspartylglycosylamine linkage [1]. N-glycosylation sites are limited to binding to asparagine 

residues at Asn-Xaa-Ser/Thr sequons along the amino acid sequence (where Xaa represents 

any amino acid except proline). This carbohydrate side chain is important for the function 

and structure of N-glycosylated glycoproteins. The trimannosyl core that consists of di-N-

acetylditobiose and three mannose residues is conserved across all species [1]. In 

oligomannose type structures, another two to six mannose residues are bound to this core 

carbohydrate. Complex-type oligosaccharides are bi-antennary structures with N-

acetyllactosamine (2-(acetylamino)-2-deoxy-4-O-hexopyranosylhexopyranose) a nitrogen 

containing disaccharide, attached to the two outer mannose residues [1]. This N-

acetyllactosamine may be followed by a sialic acid residue or another N-acetyllactosamine, 

which produces a poly-N-acetylglucosamine antenna [1]. Finally, hybrid-type N-glycans 

contain more than three mannose residues and N-acetyllactosamine on a side chain. This 

oligosaccharide is formed from the partial processing of an oligomannose type structure and 

additional sugars are attached [2]. 

Complex-type N-glycans have higher diversity than described above. Variation arises 

during elongation of side chains from the mannose residues of the core. N-acetylglucosamine 

may attach to the mannose residue in variable numbers and through different linkages from 

monoantennary to penta-antennary N-glycans. These glycosylated motifs play a role in 

protein folding and trafficking, receptor expression and activation as well as intracellular 

signalling and immunomodulation [3]. A study in the role of glycosylation in osteoarthritis 

found that alterations in high-mannose type N-glycan in chondrocytes correlate with Matrix 

metalloproteinase-13 (MMP-13) and a disintegrin associated metalloproteinase with 

thrombospondin motifs-5 (ADAMTS-5) expression in degeneration [4]. 

Pioneering studies started the investigation of glycan expression in the 

embryological notochord and foetal intervertebral disc (IVD) focusing mainly at the 

histological level, using lectin histochemistry to confirm and relatively quantify the presence 

of the different types of glycans across the myocardial and skeletal muscle tissues [5ς7]. In 
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recent years, improvements in the extraction and analysis methods for glycoproteins and 

specifically for N-glycans have allowed the current analysis to be oriented towards the 

detection of precise subgroups and even single-structure glycans expressed in connective 

tissues such as cartilage [4,8,9]. 

The IVD is a complex organ that consists of an outer ring of thick fibrous cartilage, 

the annulus fibrosus (AF), which encompasses a gelatinous like central tissue known as the 

nucleus pulposus (NP) [10]. Over the course of degeneration, the NP becomes fibrotic, 

dehydrated and stiff like the AF [11ς13]. 

 Given the importance of glycans in proliferation and differentiation mechanisms, 

they could be implicated in the regenerative responses in the IVD. Specifically, the 

investigation of the glycoprofile at the glycoprotein level could lead to precise modification 

between the healthy IVD and the aged, degenerated IVD. Previous studies have established 

the co-localisation of sialic acid moieties at the level of chondrocytes in articular cartilage 

[9,14,15] and thereby recognised them as key components of the interactions of these cells 

with the extracellular matrix (ECM). Moreover, the role of dysregulation of sialic acids and 

sialic acid linkage on the cell surface, which is fundamental for cell-to-matrix interactions and 

mechanosensing, was defined [15]. 

Animal models have been used in an attempt to reflect the disease phenotype that 

occurs in humans, through various mechanisms of disease induction to recapitulate the IVD 

microenvironment in degeneration [16,17]. The glycosylation profile of the IVD has been 

studied in murine [18], bovine [19] and ovine [20] models for injury and degeneration. These 

studies have briefly investigated the overall glycosylation motif expression using lectin 

arrays. There is a gap in the field to investigate the human glycome with both glycosylation 

motifs and compete N-glycan species identification and quantification. 

For all these reasons, it is hypothesised that healthy (foetal and adolescent) IVD tissues 

distinguish their glycoprofile at the level of specific sialic acid and mannose-related 

structures from that of the aged, degenerated adult IVD. The investigation of the N-glycan 

species of the IVD and relative abundances may give insight into the spatial and temporal 

regulation of glycoproteins throughout the disease process.  

It was also hypothesised that the N-glycome of the human IVD is dysregulated in IVD 

degeneration. Proteomic expression can be correlated with altered glycomic expression in 

IVD degeneration. The IVD glycan expression pattern between healthy and degenerated IVD 

was evaluated by lectin histochemistry and lectin microarray. A comparison was made 

between the N-glycosylation pattern in human AF and NP in health and degeneration by 
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Ultra performance liquid chromatography-mass spectrometry (UPLC-MS) and Weak anion 

exchange chromatography (WAX-HPLC). The proteomic expression of the human AF and NP 

in health and degeneration was examined, and the findings correlated with glycomic profiling 

in IVD degeneration. 

2.2 Materials and Methods 

2.2.1 Material and Reagents 

!ŎǊƻtǊŜǇϰ !ŘǾŀƴŎŜ фс-filter plates and 10-kDa MWCO microcentrifuge filtration 

ŘŜǾƛŎŜǎ ǿŜǊŜ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ tŀƭƭϯ [ƛŦŜ {ŎƛŜƴŎŜǎΣ ¦{!Φ tǊƻǘƻƎŜƭϰ ǿŀǎ ǇǳǊŎƘŀǎŜd from 

bŀǘƛƻƴŀƭ 5ƛŀƎƴƻǎǘƛŎǎϰΣ CǊŀƴŎŜΦ лΦпр ҡƳ aƛƭƭŜȄ-LH filters and C18 ziptips were purchased 

ŦǊƻƳ aŜǊŎƪϰΣ ¦{!Φ м Ƴ[ ǘǳōŜǊŎǳƭƛƴ .5 tƭŀǎǘƛǇŀƪ© precision syringes were purchased from 

Medguard®, Ireland. Polypropylene 2 mL deep 96-ǿŜƭƭ ōƭƻŎƪǎ ŀƴŘ tƘȅbŜȄǳǎϰ Ǉhytip® 

ŎƻƭǳƳƴǎ ǿŜǊŜ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎϰΣ ¦{!Φ {ƛƭǾŜǊǎŜŀƭϰ ŀƭǳƳƛƴƛǳƳ ǿŜǊŜ 

purchased from Greiner Bio-One®, Austria. Plate seals were purchased from Cruinn 

Diagnostics®, Dublin. Sealing Mats were purchased from Phenomenex®, USA. Radio 

immunoprecipitation assay (RIPA) buffer, optimal cutting temperature (OCT) compound 

embedding medium and Superfrost plus slides were purchased from Thermo Fisher 

{ŎƛŜƴǘƛŦƛŎϯΣ ¦{!Φ !ƳƳƻƴƛǳƳ ƘȅŘǊƻȄƛŘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ IƻƴŜȅǿŜƭƭ CƭǳƪŀϰΣ 

USA. Leucine encephalin standard was purchased from Waters®, USA. All lectins were 

purchased from Vectors labs®, USA. PNGase F was purchased from New England Biolabs®, 

USA. All exoglycosidases were purchased from either New England Biolabs® or Prozyme®, 

USA. All other reagents were purchased from Merck®, USA unless otherwise specified.  

2.2.2 Collection and Processing of Human Tissues  

Human tissues were collected from three hospitals in Galway: Galway University Hospital, 

Merlin Park Hospital and Bon Secours Hospital, and from Our [ŀŘȅΩǎ /ƘƛƭŘǊŜƴΩǎ IƻǎǇƛǘŀƭΣ 

Crumlin with ethical approval from NUI Galway Ethics Committee, Health Service Executive 

and Crumlin Research Ethics Committee. All participants signed consent forms prior to tissue 

collection. In instances where the patient was under the age of 16, a consent form was signed 

by the parent or guardian of the patient. In cases where the child was between the ages of 

16 and 18, an assent form was signed by the child and a consent form by a parent/guardian. 

Degenerated intervertebral discs were harvested from patients with diagnosed 

intervertebral disc degeneration. These discs were procured during discectomy and 

microdiscectomy procedures. Healthy intervertebral discs were procured from adolescent 

patients undergoing spinal realignment surgery. Microdiscectomy is often performed in the 

lumbar disc levels along with facetectomy in order to increase lumbar mobility prior to 
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pedicle screw fixation. The AF and NP were identified by the surgeon and segregated into 

different sample cups, wrapped in damp gauze and stored at 4°C until collection within four 

hours. Foetal samples were received from the Netherlands. Collection of intervertebral disc 

specimens adhered to medical ethical regulations set out by University Medical Centre 

Utrecht (Utrecht, The Netherlands). 

Tissues were further processed in a tissue culture hood. Samples were washed three 

ǘƛƳŜǎ ǿƛǘƘ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ όI.{{ύ ŦƻǊ ǘƘǊŜŜ ƳƛƴǳǘŜǎ ŜŀŎƘ ǿŀǎƘ όǘƻ ǊŜƳƻǾŜ 

residual blood/plasma, which would interfere with glycan analysis). 100 mg of tissue was 

transferred to 1 mL RIPA buffer with protease inhibitor cocktail (1%), stored at 4°C for one 

hour, and then frozen at -80°C. 100 mg was flash frozen, and the remaining tissue was used 

for cell isolation. The portion of the tissue with the highest level of integrity was reserved for 

flash freezing for potential histological analysis. 

Once all samples were collected for N-glycan analysis, the RIPA stored samples were 

thawed at 4°C. A stainless steel bead was added to each Eppendorf® and the tubes were 

ŀŘŘŜŘ ǘƻ ǘƘŜ vƛŀƎŜƴ ¢ƛǎǎǳŜƭȅǎŜǊ [¢ϰ ǎŜǘ ŀǘ ǎǇŜŜŘ рл IȊΣ ŦƻǊ ŀ ŘǳǊŀǘƛƻƴ ƻŦ ул ƳƛƴǳǘŜǎΦ LŦ ǘƛǎǎǳŜ 

was not completely homogenised after 80 min, homogenisation was continued for further 

30 minutes. Once homogenisation was complete, Eppendorf tubes were spun at 16000 g for 

нл ƳƛƴǳǘŜǎ ŀǘ пϲ/Φ {ǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǎŜǇŀǊŀǘŜŘ ŦǊƻƳ ǘƘŜ ǇŜƭƭŜǘ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ [ƻ.ƛƴŘϰ 

9ǇǇŜƴŘƻǊŦ ǘǳōŜΦ  {ǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŘǊƛŜŘ ƛƴ ǾŀŎǳǳƳ ŎŜƴǘǊƛŦǳƎŜ ό{ŀǾŀƴǘϰ {t5мом55! 

{ǇŜŜŘ±ŀŎϰ /ƻƴŎŜƴǘǊŀǘƻǊΣ ¢ƘŜrmoFisher®) and stored at -80°C. This soluble fraction of tissue 

homogenate was further processed for N-glycan isolation.  

2.2.3 Glycan Isolation ς In Gel Block for Low Abundant Samples 

Gels were made around the dried tissue homogenate to immobilise the glycoproteins made 

up from 64.7% Protogel, 32.30% Gel buffer (1.5M TRIS pH8.8) and 3% of 10% sodium dodecyl 

sulphate (SDS) solution. Gel volume was added until the homogenate completely dissolved 

όмлл ˃[ ŦƻǊ ǎŀƳǇƭŜύΦ Ammonium peroxisulphate (APS) and bΣbΣbΣbΩ-Tetramethyl-

ethylenediamine (TEMED) were added to the gel solution at a ratio of 1:35. Gels were 

allowed to set for 20 minutes. They were then transferred to the freezer for 10 minutes for 

ease of cutting in next step. Gels were chopped into 1 mm3 pieces on a clean glass plate using 

a clean scalpel. Gels were washed with 20 mM sodium bicarbonate solution and acetonitrile 

to wash impurities and unreacted gel components. The gels were reduced and alkylated 

using dithiothreitol (DTT, 0.5M) and iodoacetamide (IAA, 100 mM), respectively. This step 

removed disulphide bonds across peptides to expose N-glycan linkages to the peptide to be 

cleaved by PNGase F. The gel was further washed through dehydration and rehydration 
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washes and PNGase F (1,250 units/mL) was added to each gel and incubated at 37°C 

overnight. Next, the glycans were eluted from the gels through several sonication steps and 

ǿŀǎƘŜǎΦ ¢ƘŜ Ŝƭǳǘƛƻƴ ǿŀǎ ŦƛƭǘŜǊŜŘ ǳǎƛƴƎ ŀ лΦпр ˃Ƴ [I aƛƭƭƛǇƻǊŜ ŦƛƭǘŜǊ ŀƴŘ ŀ м Ƴ[ ǎȅǊƛƴƎŜ ŀƴŘ 

dried overnight in the vacuum centrifuge. Dried glycans were reduced in formic acid for 40 

minutes and resuspended in 2-aminobenzamide (2AB) solution and incubated at 65°C for 30 

minutes for labelling through reductive amination [21]. The solution was then transferred to 

Whatmann 3MM chromatography paper and excess 2AB is washed away with acetonitrile 

[22]. The glycans were eluted with water and dried in the vacuum centrifuge.  

2.2.4 Analysis of Human N-glycome on Hydrophilic Interaction Liquid Chromatography/ 

Ultra Performance Liquid Chromatography (HILIC-UPLC) 

¦t[/ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ .9I DƭȅŎŀƴ ŎƻƭǳƳƴ όмΦт ˃Ƴ ǇŀǊǘƛŎƭŜǎ ƛƴ нΦмȄмрл ƳƳΣ ²ŀǘŜǊǎύ 

on an Acquity UPLC equipped with a temperature control module and an Acquity 

fluorescence detector. Solvent A and B were composed of 50 mM formic acid adjusted to 4.4 

pH with ammonia solution and acetonitrile (Sigma-Aldrich Acetonitrile E CHROMASOLV for 

HPLC, far UV), respectively. The column was maintained at a temperature of 40°C. Solvent A 

was applied using a linear gradient from 30-47% over 30 minutes followed by 47-70% A and 

finally 30% A to complete each run [22]. Samples were prepared in 70% acetonitrile. 

Excitation wavelength was set at 330 nm with detection at 420 nm. Calibration was 

performed using a hydrolysed and 2AB labelled glucose oligomers as an external standard 

creating a dextran ladder that was used for every run [23].  

2.2.5 Weak Anion Exchange (WAX) ς UPLC Determination of Sialylation 

WAX ς UPLC was completed using a Waters Acquity UPLC separations module complete with 

an Acquity HPLC fluorescence detector through Empower Chromatography Workstation. The 

analytical column used was a Waters DEAE anion exchange column (75 x 7.5 mm, 10 µm 

particle size). Mobile phase A consisted of 20% v/v acetonitrile in water, (Milli-Q water, 

ǉǳŀƭƛǘȅ Ҕ муΦн aʍΣ ¢h/ ŎƻƴǘŜƴǘ ғ р ǇǇōύΦ aƻōƛƭŜ ǇƘŀǎŜ . ŎƻƴǎƛǎǘŜŘ ƻŦ лΦм a ŀƳƳƻƴƛǳƳ 

acetate buffer pH 7.0 in 20% v/v acetonitrile. A linear gradient of 0 to 5% solvent A over 12 

ƳƛƴǳǘŜǎ ŀǘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ м Ƴ[κƳƛƴ ǿŀǎ ŀǇǇƭƛŜŘΣ ŦƻƭƭƻǿŜŘ ōȅ рҍнм҈ ǎƻƭǾŜƴǘ ! ƻǾŜǊ мо ƳƛƴǳǘŜǎ 

ŀƴŘ ǘƘŜƴ нҍрл҈ ! ƻǾŜǊ нр ƳƛƴǳǘŜǎΣ улҍмлл҈ ! ƻǾŜǊ р ƳƛƴǳǘŜǎ ŦƻƭƭƻǿŜŘ ōȅ ŦƛǾe minutes at 

100% [23]. The standard used for charged state chromatogram annotation is 10% v/v fetuin 

N. Normal human serum (NHS) N-glycans labelled were used as an additional standard to 

ensure instrument is correctly calibrated. Fluorescence detection was set at excitation/ 

emission wavelengths of ˂ex = 330 nm and ˂em = 420 nm, respectively. 
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2.2.6 Exoglycosidase Digestions 

Exoglycosidases were procured from Prozyme (San Leandro, CA) or New England Biolabs 

(AMF, BKF, GUH) (Hitchin, Herts, U.K.). The isolated 2AB-labelled glycans were digested for 

18 hours ŀǘ отϲ/ ƛƴ мл ҡ[ рл Ƴa ǎƻŘƛǳƳ ŀŎŜǘŀǘŜ ōǳŦŦŜǊΣ ǇI рΦр όŜȄŎŜǇǘ ƧŀŎƪ ōŜŀƴ ʰ-

mannosidase (JBM) digestion which requires 100 mM sodium acetate, 2 mM Zn2+, pH 5.0). 

The following enzymes were used: almond meal -hfucosidase (AMF, EC 3.2.1.111), 40 

mU/mL; Arthrobacter ureafaciens sialidase (ABS, EC 3.2.1.18), 0.5 ¦κƳ[Τ ōƻǾƛƴŜ ƪƛŘƴŜȅ ʰ-

fucosidase (BKF, EC 3.2.1.51), 800 ¦κƳ[Τ ōƻǾƛƴŜ ǘŜǎǘŜǎ ʲ-galactosidase (BTG, EC 3.2.1.23), 1 

¦κƳ[Τ ʲ-N-acetylglucosaminidase cloned from S. pneumonia, expressed in Escherichia coli 

(GUH, EC 3.2.1.30), 8 U/mL (Prozyme) ς 400 U/mL (NEB); Jack bean hexosaminidase (JBH, 

3.2.1.52), 10 U/mL; Jack bean mannosidase (JBM, EC 3.2.1.24), 60 U/ mL; Streptococcus 

pneumoniae sialidase (NAN1, EC 3.2.1.18), 5 U/mL; Streptococcus pneumoniae -̡

galactosidase (SPG, EC 3.2.1.23), 0.4 U/mL. Glycosidases were removed after incubation by 

filtration through 10 kDa protein-ōƛƴŘƛƴƎ 9½ϰ ŦƛƭǘŜǊǎ όaƛƭƭƛǇƻǊŜ /ƻrporation). N-Glycans were 

then analysed by UPLC as previously described [23]. 

2.2.7 Liquid Chromatography-Mass Spectrometry-Fluorescence of N-glycans 

Glycan profiles were obtained by negative ion nanoelectrospray LC-MS, performed by 

Acquity® UPLC system through a BEH Glycan Column (150 x 1.0 mm i.d., 1.7 µm particles), 

coupled to a Waters® Xevo® G2 QTOF system. The data acquisition was performed with the 

instrument set as previously described with augmentation as outlined in Table 2.1 [24]. Data 

ŀŎǉǳƛǎƛǘƛƻƴ ŀƴŘ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ aŀǎǎ[ȅƴȄϰ ό²ŀǘŜǊǎ®, Milford, MA, USA). The 

FLD excitation/emission spectra were set to 320 nm and 420 nm, respectively. Sample 

injection was 8 µL (75% MeCN). The flow rate was set to 0.15 mL/min and column 

temperature was maintained at 60 °C. A linear gradient was applied as follows; 0.0 min 28% 

A 72% B, 1.0 min 28% A 72% B, 31.0 min 43% A 57% B, 32.0 min 45% A 55% B, 36.0 min 28% 

A 72% B, 40.0 min 28% A 72% B. 

2.2.8 Proteomic Evaluation of Human IVD 

After N-glycans had been released during glycan isolation, the gels were rehydrated, washed 

and dried in a vacuum centrifuge. 200 µL of trypsin in 50 mM ammonium bicarbonate (ratio 

enzyme: substrate 1:50) was added to each sample and incubated at 37°C overnight. The 

digested peptides were eluted by 1% formic acid 50% AcN: H2O through multiple washes and 

sonication steps. Trifluoroacetic acid (TFA) was added to the sample to a final concentration 

of 0.1% prior to purification with a C18 Zip tip. Samples were dried to approx. 10-20 µL 

volume and frozen at -20°C until LC-a{ ŀƴŀƭȅǎƛǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ Ǌǳƴ ƻƴ ŀ v 9ȄŀŎǘƛǾŜϰ IȅōǊƛŘ   
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Table 2.1 Full-scan data for IgG N-glycans were acquired over m/z range of 450-2500 as an 

external control and verification of calibration.  

Polarity ES (-) 

Analyser Sensitivity Mode 

Capillary 1.8 kV 

Sampling Cone 50.0 

Extraction Cone 4.0 

Source temperature 120 °C 

Desolvation temperature 400 °C 

Cone Gas Flow 40.0 L/H 

Desolvation Gas Flow 600 L/Hr 

Collision Energy 6.0 V 

Detector 2450 
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Quadrupole-hǊōƛǘǊŀǇϰ aŀǎǎ {ǇŜŎǘǊƻƳŜǘŜǊ ό¦/5 /ƻƴǿŀȅΣ 5ǳōƭƛƴύΦ .ǊƛŜŦƭȅΣ ǎŀƳǇƭŜǎ ǿŜǊŜ 

dissolved in 0.1% formic acid and loaded onto a fused silica emitter (75 µm ø), pulled with a 

laser puller and packed with reverse-phase media. An increasing acetonitrile gradient was 

applied over 47 minutes at a flow rate of 250 nL/min. The instrument was operated in 

positive-ion mode with a potential of 2,300 V applied to the frit and a capillary temperature 

of 320°C. A high-resolution (70,000) MS scan across 300ς1,600 m/z was performed with Q 

Exactive to identify the eight most-intense ions, followed by MS/MS analysis with higher-

energy collisional dissociation. Protein identification was performed by searching the raw 

data against the Homo sapiens (Human) subset of the UniProt Swiss-Prot database 

(UP000005640_9606.fasta) using MaxQuant computational platform (Max-Planck-institute 

of Biochemistry). Label free quantification was performed based on specified peptides with 

specified enzymatic cleavage for Trypsin/P with fixed modification of carboxymethylation 

and deamidation, as outlined previously [25]. Each peptide used for protein quantification 

was subject to FDR filtering of <1% to be accepted for analysis. MaxQuant data was exported 

to Perseus® software for complete proteomic analysis [26]. The output of differentially 

expressed proteins was further investigated using Ingenuity Pathway Analysis® (IPA; 

Qiagen®, Redwood City, USA). Data was also independently analysed using PEAKS studio 

(Bioinformatics Solutions® Inc.) for peptide identification and label-free quantification to 

validate MaxQuant identification and quantification.  

2.2.9 Sectioning of IVD Tissue for Histological Examination 

Discs from foetal and degenerated tissue were obtained from Utrecht University in the 

Netherlands. Collection of IVD specimens was according to the medical ethical regulations 

(protocol 12-364) of the University Medical Centre Utrecht (Utrecht, The Netherlands). 

Isolated discs were fixed in 10% formalin for 48 hours, decalcification of the vertebral bones 

was performed using Kristensen's decalcifying solution (18% (v/v) acetic acid/3.5% (w/v) 

sodium formate) at 4°C. Following decalcification, samples were then washed in running tap 

water for 12 hours, and transferred to 20% (w/v) sucrose solution until submerging at 4°C. 

Optimal cutting temperature (OCT) compound was used to embed tissues, which were then 

snap-ŦǊƻȊŜƴ ƛƴ ŀƴ ƛǎƻǇŜƴǘŀƴŜ ōŀǘƘ ǿƛǘƘ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ ҍулϲ/ ǳƴǘƛƭ 

sectioning at 10 µm on a cryostat (Leica CM1850). 

2.2.10 Lectin Histochemistry 

2.2.10.1 Lectin Staining  
Lectin staining was carried out as previously described [18]. Briefly, the staining was carried 

out at room temperature. The tissue section was initially washed in TBS-T (Tris-buffered 
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saline, with 0.05% Triton X-100). TBS is an isotonic, non-toxic pH stabilising solution used for 

membrane washing. Triton X is used as a detergent to permeabilise cell membranes within 

the tissue to promote lectin binding intracellularly. The section was then blocked with 2% 

Bovine serum albumin Sigma® A7638 (BSA) for one hour. Bovine serum albumin is a 

concentrated protein buffer used to compete with lectins for non-specific epitope binding in 

the sample. High concentrations of protein competitors out-compete lectin binding and 

reduce background noise during imaging. From this point onwards, darkness was maintained 

for lectin staining. Eight lectins; Sambucas Nigra agglutinin-I (SNA-I), Maackia Amurensis 

agglutinin (MAA), Wheat germ agglutinin (WGA), Concanavalin A (Con A), Ulex europaeus 

agglutinin-I (UEA-I), Wisteria floribunda agglutinin (WFA), Datura Stramonium agglutinin 

(DSA) and Peanut agglutinin (PNA) (either Fluorescein isothiocyanate (FITC)-conjugated or 

Tetramethylrhodamine (TRITC)-conjugated, EY labs) were prepared in TBS-T and incubated 

for one hour in the tissue samples (lectin specificity outlined in Table 2.2). These lectins were 

chosen to investigate various glycosylation motifs common to human cells, including 

mannosylation, sialylation, galactosylation, fucosylation and GlcNAcylation to capture an 

overall impression of the glycosignature of these cells. The lectin concentration was first 

optimised in human IVD tissue with results outlined in Figure A.1, Appendices. The tissue was 

rewashed and counterstained with 0.04% 4',6-diamidino-2-phenylindole (DAPI) 1:2000, a 

fluorescent stain that binds to A-T regions in DNA, thus highlighting the nucleus of the cell in 

imaging. The slides were washed in TBS-T before coverslip mounting with ProLong® Gold 

Antifade Mountant (Life Technologies®). Imaging was performed within five days. Washes 

were performed for five minutes each time and repeated twice between incubations unless 

otherwise stated. TBS used was a modified solution consisting of 20 mM Tris-HCl, 100 mM 

NaCl, 1 mM CaCl2, 1 mM MgCl2,  with pH adjustment to 7.2 with concentrated HCl. TBS-T was 

prepared by adding 0.5 mL Triton X-100 (0.05%). 

2.2.10.2 Inhibition Controls 

Haptenic sugar inhibition controls were carried out in parallel. A haptenic sugar is a 

monosaccharide or disaccharide that can inhibit binding of a lectin. 100 mM solutions of the 

appropriate sugar in Tris-buffered saline with 0.05% Triton X-100 were co-incubated with the 

corresponding lectin for one hour to verify that the lectin binding was glycan-mediated. 

2.2.10.3 Lectin Histochemical Analysis and Stereological Quantification 

Stereological quantification was adopted to calculate the percentage (%) volume fraction of 

detectable lectin binding in each tissue sample. Lectin histochemical binding fluorescence 

were obtained from at least five microscopic views of each slide with three technical and two 

biological replicates using FIJI/ ImageJ software version 1.51 (NIH, Bethesda, MD, USA). 
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Confocal images were converted to 8-bit format and a threshold was automatically applied 

to positive staining and total tissue area. Volume fraction (Vv) was calculated by quantifying 

the area fraction of the positively stained matrix component divided by the total area and 

converting into a percentage (%) as per Equation 2.1. 

           (Equation 2.1) 

2.2.11 Lectin Microarray Analysis 

2.2.11.1 Glycoprotein Sample Labelling  

Standard procedure used for the glycoprotein labelling: 50 µg by protein of each sample was 

added to 10 µL of 10X phosphate buffer (500 mM, pH 8.3) and diluted to 99 µL with PBS. 

Afterwards, the solution was treated with 0.3 µL of Alexa-647 NHS ester (10 µg/µL in DMSO) 

for one hour at room temperature. The excess of dye was quenched by the addition of 0.7 

µL of 1 M Tris buffer. The fluorescently labelled glycoprotein solutions were not purified and 

directly used in the lectin array analysis.  

2.2.11.2 Lectin Array Incubation  

Printed slides stored at -20°C were retrieved and quenched by immersion in a 50 mM 

ethanolamine solution in borate buffer (50 mM, pH 8.5) for 45 minutes at room temperature, 

and the quenched surface was then passivated by incubation in PBS containing 0.5% Tween-

20, 0.4 mg/mL BSA, 1 mM CaCl2, 1 mM MgCl2 and 1 mM MnCl2 for 45 minutes at room 

temperature. The slide was dried by centrifugation. The glycoprotein samples were added to 

the corresponding wells and the incubation was carried out for 3.0 h at r.t. Samples were 

then aspirated and the slide washed with PBS for 5 minutes and dried by centrifugation and 

scanned. Microarray data interpretation: The images obtained from the G265BA microarray 

scanner (Agilent Technologies®) were analysed with Pro Scan Array Express software 

(PerkinElmer®) to determine fluorescence intensities. For each subarray, all fluorescence 

values were normalised to the highest single fluorescent value before combining lectin 

replicates to a single value. From six printed lectin spots per subarray, the maximum and 

minimum values were removed to generate an average from the media four values. Values 

from duplicate analyses for each sample were then combined for the average and standard 

deviation values. 

2.2.12 Histology  

IŀŜƳŀǘƻȄȅƭƛƴ ŀƴŘ Ŝƻǎƛƴ όIϧ9ύ ǎǘŀƛƴƛƴƎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ ǎǘŀƛƴƛƴƎ ǎŜŎǘƛƻƴǎ ƛƴ aŀȅŜǊΩǎ 

haematoxylin for six minutes followed by washing in running tap water. The sections were 

then stained in eosin for two minutes and rinsed in tap water. The sections were dehydrated  
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Table 2.2 Lectin panel and specificities of the lectins included in the array. The haptenic monosaccharide is used as a blocking monosaccharide to validate 

specific lectin binding. Structural abbreviations denoting glycosylation motifs and monosaccharides are as follows: GalNAc ς N-acetylgalactosamine, GlcNAc 

ς N-acetylglucosamine, Glc-Glucose, Gal ς Galactose, Lac ς Lactosamine, LacNAc, N-acetyllactosamine, Fuc ς Fucose, Man ς Mannose, h -L-fucose ς alpha 

linked left enantiomer fucose, ̡-(1,4)-GlcNAc ς beta linked N-acetylglucosamine in (1,4) position, NeuNAc ς neuraminic acid, IgM ς Immunoglobulin M, 

Thr/Ser ς Threonine/Serine. 

Abbrev. Lectin Specificity Haptenic monosaccharide 

AAA Anguilla anguilla  -hL-fucose a-L-fucose 

AAL Aleuria Aurantia Fucose Fuc 

ABL Agaricus bisporus b -Gal(1-3)GalNAc, T antigen Gal 

ACA Amarantus Caudatus Galb1-3GalNAca-Thr/Ser) Gal 

AHP Arachis hypogaea AHA b -Gal(1-3)GalNAc, T antigen Gal 

AIA/JAC Artocarpus integrifolia (Jacalin) T antigen GalNAc 

AOL Aspergillus orzyae Fucose Fuc 

ASA Allium sativum  -h1,3-mannose Man 

BPL Bauhinia Purpurea Galb-1,3 or 1,4, bGalNAc Gal 

BS-I/GS-I Griffonia simplicifolia I -hGal Gal 

BS-II/GS-II Griffonia simplicifolia II Terminal GlcNAc GlcNAc 

CAL Cicer arietinum Fetuin, Lac, IgM Lac 

CFL Codium fragile GalNAc GalNAc 
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Abbrev. Lectin Specificity Haptenic monosaccharide 

ConA Concanavalin A -haŀƴΣ ʰ-Glc Man 

DBL/DBA Dolichos biflorus -hGalNAc GalNAc 

DSL Datura stramonium (GlcNAc)2, LacNAc GalNAc 

ECA Erythrina Cristagalli A Gal, GalNAc GalNAc 

EEA Euonymus Europaeus Lac, blood groups B and H Gal 

GNA Galanthus Nivalis ǘŜǊƳƛƴŀƭ ʰ -1,3-mannose Man 

HAL Helix aspersa GalNAc GalNAc 

HMA Homarus americanus LAg1 NeuNAc. LAg2: GalNAc Sialic acid, GalNAc 

HPL Helix pomatia -hGalNAc terminal GalNAc 

LBA Phaseolus lunatus GalNAc-ʰмΣоώCǳŎ-ʰмΣнϐDŀƭ GalNac 

LEL Lycopersicon esculentum (GlcNAc)3 GlcNAc 

LTL Lotus tetragonolobus ¢ŜǊƳƛƴŀƭ ʰ-Fuc, Lex Fuc 

MAL-I Maackia amurensis I -h2,3-SialLacNAc Sialic acid 

MAL-II Maackia amurensis II LacNAc Gal 

MOA Marasmium oreades agglutinin Gal-ʰмΣоDŀƭ ŀƴŘ Gal-ʰмΣоDŀƭ-ʲмΣпDƭŎb!Ŏ a-Gal 

MPA Maclura Pomifera ¢ ŀƴǘƛƎŜƴΣ ʰDŀƭb!Ŏ Gal 

NPL Narcissus Pseudonarcissus Terminal and internal mannose Man 

PAL Pseudomonas aeruginosa PA-I Gal Gal 
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Abbrev. Lectin Specificity Haptenic monosaccharide 

PHA E+L Phaseolus Vulgaris agglutinin Oligosaccharides Lac 

PNA Peanut agglutinin T antigen, Gal(b-1,3) GalNAc Gal 

PSA Pisum sativum Fuc h  -1,6GlcNAc and h -mannose Fuc 

PT-I Psophocarpus tetragonolobus I  h-GalNAc GalNAc 

PT-II Psophocarpus tetragonolobus II  h-1,2-fucosylated LacNAc Gal 

PWA Phytolacca americana (GlcNAc)3 GlcNAc 

RCA120 Ricinus Communis agglutinin, b-Gal, Lac, LacNAc Gal 

SBA Soybean agglutinin  hGal-GalNAc GalNAc 

SJA Sophora japonica GalNAc GalNAc 

SNA Sambucus nigra -h2-6 sialic acid on LacNAc Sialic, Lac 

SSA Salvia sclarea lectin Terminal GalNAc linked to serine GalNAc 

STL Solanum tuberosum (GlcNAc)3, LacNAc GalNAc 

UEA-I Ulex Europaea Aggl -h1,3Fuc. L-fucose Fuc 

VFA Vicia faba lectin -hMan, Glc, GlcNAc Mannose 

VVL Vicia villosa B4 GalNAc GalNAc 

WFL Wisteria floribunda GalNAc GalNAc 

WGA Triticum Vulgaris (GlcNAc)n, sialic acid GalNAc 
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in 50% ethanol for ten seconds, then 70% ethanol for ten seconds, 90% ethanol for two 

minutes (twice) and finally 100% ethanol for two minutes (twice).  

 Alcian blue staining involved staining sections in Alcian blue (pH 2.5) for 30 minutes 

followed by washing under running tap water. The sections were then counterstained with 

nuclear fast red for ten minutes and subsequently washed in running tap water. Sections 

underwent the same dehydration protocol described for H&E staining. 5ǳǊƛƴƎ aŀǎǎƻƴΩǎ 

Trichrome staining, sections were initially oxidised in 0.5% (w/v) potassium permanganate, 

0.5% (v/v) sulphuric acid for two minutes, briefly washed in tap water and then bleached 

with 2% (w/v) Sodium metabisulfite for two minutes. Sections were washed in tap water and 

тл҈ ŜǘƘŀƴƻƭ ōŜŦƻǊŜ ǎǘŀƛƴƛƴƎ ǿƛǘƘ DƻƳƻǊƛΩǎ ŀƭŘŜƘȅŘŜ ŦǳŎƘǎƛƴ ŦƻǊ ƻƴŜ ƳƛƴǳǘŜΦ ¢Ƙƛǎ ǿŀǎ 

followed by quick rinses in water and 95% ethanol, after which sections were stained with 

Celestine blue for four minutes. Sections were further washed in tap water and then stained 

ǿƛǘƘ aŀȅŜǊΩǎ ƘŜƳŀƭǳƳ ǎǘŀƛƴ ŦƻǊ ŦƻǳǊ ƳƛƴǳǘŜǎΦ {ŜŎǘƛƻƴǎ ǿŜǊŜ ǿŀǎƘŜŘ ǿƛǘƘ ǿŀǘŜǊΣ 

differentiated in acid alcohol for twenty seconds and washed in water again before staining 

ǿƛǘƘ aŀǎǎƻƴΩǎ ŎȅǘƻǇƭŀǎƳƛŎ ǎǘŀƛƴ ŦƻǊ ƻƴŜ ƳƛƴǳǘŜΦ {ŜŎǘƛƻƴǎ ǿŜǊŜ ŘƛŦŦŜǊŜƴǘƛated in 1% (w/v) 

dodeca-molybdophosphoric acid, and finally counterstained with Fast Green FCF, 

differentiated in 1% (v/v) acetic acid, and dehydrated as previously described.  

 After all histological staining, sections were cleared in xylene twice for 10 minutes 

each time.  DPX mounting medium was applied to the tissue with a coverslip. The sections 

were placed in an oven at 37°C for several hours to cure the mounting medium before 

imaging under a light microscope at 4x magnification to be graded (Leica, Germany). 

2.2.13 Classification of Disc Degeneration 

2.2.13.1 Thompson Grading 

The Thompson grading system is the most used to assess IVD degeneration, based on NP 

morphology, AF and end plate intactness as well as osteophyte formation (Table 2.4). 

Thompson grading was employed for samples received from The Netherlands for the 

preliminary lectin histochemical-based pilot study, where MRI images were not available to 

assess IVD degeneration using Pfirrmann grading. 

2.2.13.2 Pfirrmann Grading 

Sagittal T2-weighted magnetic resonance (MR) images of the lumbar spine were used to 

grade morphologic disc degeneration based on MR signal intensity, disc structure, distinction 

ōŜǘǿŜŜƴ !C ŀƴŘ btΣ ŀƴŘ ŘƛǎŎ ƘŜƛƎƘǘΦ tŦƛǊǊƳŀƴƴΩǎ ƎǊŀŘƛƴƎ ǎȅǎǘŜƳ ǿŀǎ ŜƳǇƭƻȅŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ 

extent of disc degeneration according to the following table where grade varies from I to V 
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(Table 2.5). This grading system was used for samples collected in Ireland that were 

subsequently used for N-glycan analysis. 

2.2.14 Statistical Analysis 

2.2.14.1 N-glycan Analyses 

UPLC data represents the relative percentage derived from chromatogram peak areas. 

Therefore, this compositional data relies on relative amounts of glycan structures per sample 

rather than absolute quantity. All statistical analysis was performed using GraphPad 

Software© (La Jolla, CA, USA). First, normality was confirmed using Kolmogorov Smirnov test. 

The logit transformation was used to map the data more accurately towards a Gaussian 

distribution according to the below function where p represents peak area in decimal format 

[27]Φ ! ƳǳƭǘƛǾŀǊƛŀǘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test to 

determine significance of individual peaks across samples. To perform principal component 

analysis (PCA), pooled glycan samples with breakdown of individual glycan abundance were 

used. A scree plot was generated, described by eigenvalue & %cumulative of the data.  

 

                (Equation 2.2) 

2.2.14.2 Lectin Staining 

Statistical differences in lectin-histochemical quantification were analysed by GraphPad 

Software© (La Jolla, CA, USA). All error bars indicate standard error of the mean (S.E.M). One 

way-!bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test was carried out. Statistical significance was 

set at p < 0.05. 

2.3 Results 

2.3.1 Altered Glycosylation Motif Expression in Degeneration 

Lectin histochemical analysis was used to assess the overall glycomic expression of human 

IVD tissues to reveal significant changes in the expression of accessible glycosylation motifs 

(Figure 2.1). Healthy foetal and degenerated adult tissue was used to initially investigate the 

glycome in a pilot study. Foetal tissues showed the highest intensity of staining. The 

extracellular structure (lamellar arrangement in the AF) was easily observed with high 

cellularity through the both tissue types, AF and NP. Concanavalin A (Con A - -h mannose, 

glucosamine and GlcNAc) had little binding specificity for the ECM structures, showing strong 

staining in the intra/peri-cellular glycome. Ulex Europaeus Agglutinin (UEA - h -Fuc), similarly, 
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lightly stained the ECM while all other lectins: Sambucus nigra-I (SNA - -h(2,6) sialylation), 

Maackia Amurensis-II (MAA - -h(2,3) sialylation) and Wheat germ agglutinin (WGA ς 

sialylation, GlcNAc) produced strong ECM staining throughout all tissue samples. Thompson 

Grade III/IV tissue showed staining with all lectins. All lectins stained strongly for the ECM 

structures except Con A. The structure of the AF appeared completely deranged with 

decreased cellularity. The NP also had decreased cellularity, and granulomatous type 

structures were observed in the tissue. A granular pattern of staining was observed with Con 

A staining. 

2.3.1.1 Oligomannose 

Con A had little binding specificity for the ECM structures in foetal tissue, showing strong 

staining in the intra/peri-cellular glycome while in diseased tissue Grade III and IV, there is a 

higher intensity of uniform ECM staining in the AF with granular patterns also observed in 

both AF and NP. The volume fraction of positive staining in the AF (27.49% ± 6.73 vs. 18.39% 

± 7.45) and NP (23.39% ± 5. 11 vs. 11.33% ± 6.83) tissue was higher in degeneration and 

distribution of staining is visibly changed (Figure 2.1A). Con A lectin binds to oligomannose 

glycans and increase in the expression of oligomannose structures are typically regarded as 

a undifferentiated cell marker [28], progenitor cell marker [29] and is associated with 

molecular events such as cell transformation [30] .  

2.3.1.2 Fucosylation 

UEA-I demonstrated moderate-staining intensity, with a lamellar pattern is seen in AF of 

foetal tissue and a peri-cellular pattern in NP (Figure 2.1B). In this study, fucosylation motif 

expression trended towards a reduction in degenerated tissue, although not significantly 

reduced (Figure 2.1G). 

2.3.1.3 Sialylation 

2.3.1.3.1 MAA  

High-intensity staining with MAA, ό-h(2,3)-sialylation), was observed uniformly across the 

ECM in both AF and NP of healthy IVD with sharp demarcation observed in the NP. The 

degenerated samples stained differently to the foetal tissue; the ECM of the AF is 

disorganised, shows sharp demarcations and appears more friable than foetal AF (Figure 

2.1D). The NP stains with a granulomatous cluster of cells observed and granular staining in 

the ECM with strong peri-cellular staining. Binding of MAA was higher in the NP of 

degenerated tissue compared to healthy foetal tissue. This is consistent with other studies 

that correlate an increase in h -(2,3)-sialylation with tissue inflammation [18].  
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Table 2.3 Demographic data of healthy and degenerated intervertebral disc samples. 

 Healthy Degenerated 

Age 9-16 years 36-72 years 

Sex 3 male, 3 female 3 male, 3 female 

Spinal level L4/5, L5/S1 L4/5, L5/S1 

Pfirrmann Grade I IV-V 
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Table 2.4 Thompson grading is a gross morphological classification used to classify 

degeneration in the IVD [31]. 

Grade Nucleus Annulus Endplate Vertebral 

body 

I Bulging gel Discrete fibrous 

lamellae 

Hyaline, uniformly 

think 

Margins 

rounded 

II White fibrous 

tissue 

peripherally 

Mucinous material 

between lamellae 

Thickness irregular Margins 

pointed 

III Consolidated 

fibrous tissue 

Extensive 

mucinous 

infiltration: loss of 

annular-nuclear 

demarcation 

Focal defects in 

cartilage 

Early 

chondrophytes 

or osteophytes 

at margin 

IV Horizontal clefts 

parallel to 

endplate 

Focal disruptions Fibro cartilage 

extending from 

subchondral bone, 

irregularity and focal 

sclerosis in 

subchondral bone 

Osteophytes 

less than 2 mm 

V Clefts extend 

through nucleus 

and annulus 

- Diffuse sclerosis Osteophytes 

greater than 2 

mm 
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Table 2.5 Pfirrmann grading system is used to characterise MRI images for the intervertebral 
disc [32]. 

Grade Structure Distinction 

of NP/AF 

Signal intensity Height of IVD 

I Homogenous, bright 

white 

Clear Hyperintense, 

isointense to 

cerebrospinal fluid 

Normal 

II Inhomogeneous with 

or without horizontal 

bands 

Clear Hyperintense, 

isointense to 

cerebrospinal fluid 

Normal 

III Inhomogeneous, grey Unclear Intermediate Normal to 

slightly 

decreased 

IV Inhomogeneous, grey 

to black 

Lost Intermediate to 

Hypointense 

Normal to 

moderately 

decreased 

V Inhomogeneous, black Lost Hypointense Collapsed disc 

space 
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2.3.1.3.3 WGA 

Very high intensity staining was recorded with WGA, specific for h -(2,3/6)-sialylation. The 

positive staining is restricted to the fibres, which reflects the lamellar arrangement of the 

tissue. Degenerated tissue had strong staining of AF demonstrating a deranged pattern of 

ECM structures. The NP was stained weakly, with possible granulomatous structure observed 

(Figure 2.1E). 

2.3.1.3.4 SNA  

Staining for SNA-ōƛƴŘƛƴƎ ǎƛǘŜǎΣ ʰ-(2,6)-sialylation, of healthy and degenerated IVD revealed 

ǎǇŜŎƛŦƛŎ ǇŀǘǘŜǊƴǎ ƻŦ ōƛƴŘƛƴƎΣ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ a!! όʰ-(2,3)-sialylation) and WGA (h-(2,3/6)-

sialylation) staining (Figure 2.1C). Degenerated AF and NP demonstrated a greater volume 

fraction of positive staining than healthy tissue (AF - 45.39% ± 7.45 vs. 33.49% ± 6.73 and NP 

- 34.33% ± 6.83 vs. 23.39% ± 5.12, respectively). SNA staining in the foetal NP demonstrated 

high-intensity peri-cellular pattern of staining, and low intensity staining throughout the 

ECM. Degenerated tissue shows high intensity staining of the ECM in the AF although a 

lamellar formation cannot be observed.  Low cellularity and altered staining pattern was 

seen. The AF and NP stains strongly in the degenerated tissues where higher levels of 

sialylation in degenerated disc were observed, in agreement with previous expressions of 

ƛƴŎǊŜŀǎŜŘ ʰ-(2,6)-sialylation in inflamed or degenerated human chondrocytes[33,34].  

2.3.2 Lectin Microarray  

2.3.2.1 Sample Optimisation 

{ŀƳǇƭŜǎ ǿŜǊŜ ƭŀōŜƭƭŜŘ ǿƛǘƘ !ƭŜȄŀ CƭǳƻǊϰ спт bI{ ŜǎǘŜǊ and diluted to concentrations of 10, 

50 and 100 µg/mL with incubation buffer before applying to microarray slides for incubation. 

Upon scanning, it was quickly evident for all samples that a concentration of 100 µg/mL was 

best for achieving strong fluorescence signals whilst avoid saturation. Some lectins did not 

show fluorescence at lower concentrations. 

2.3.2.2 Complete Sample Analysis 

{ŀƳǇƭŜǎ ǿŜǊŜ ƭŀōŜƭƭŜŘ ǿƛǘƘ !ƭŜȄŀ CƭǳƻǊϰ спт bI{ ŜǎǘŜǊ ŀƴŘ ŘƛƭǳǘŜŘ ǘƻ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ 

100 µg/mL with incubation buffer before applying to duplicate microarray slides for 

incubation. Fluorescence scanning revealed successful binding in each well and scans were 

progressed to the quantification stage. 

 Strong binding was observed for a wide range of lectin targets for all samples, again 

indicating a high level of glycosylation for each (Figure 2.2). The binding to DSL, STL and LEL 

reveals the presence of complex, multi-antennary N-glycans, but generally decreased PSA 

binding for this sample set shows a lessened fucose content. Furthermore, 2,6-sialylation is   
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Figure 2.1 The glycosignature of healthy foetal and degenerated adult IVD tissue are 

distinctly different. (A) Mannosylation, (B) Fucosylation and (C-E) Sialylation motif 

expression in healthy foetal tissue and degenerated adult tissue using lectin histochemistry. 

Graphs indicate a change in the % volume fraction of lectin binding sites in degeneration 

relative to healthy IVD. Confocal images of mannose were detected by Con A, -h(1-2/3)- 

fucosylation by UEA and h-(2,6)-linked sialic acid, h -(2,3) sialylated galactose, N-

acetylglucosamine and sialic acid by SNA, MAA and WGA respectively. (F) Mannosylation and 

(G) fucosylation trended towards a decrease in expression. (H) -h(2,6)-linked sialylation was 

increased in degenerated tissues while total sialylation trended towards an increase. Two-

way ANOVA with Tukey's post-hoc test, data presented as the mean ± standard error of the 

mean. Scale bar = 50µm.  



Glycomic profiling of human IVD 

115 

 

 

 
 
 

ConA NPL VFA ASA GNA
0

1

2

3

4

5
Man

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

WGA PWA BS-II LEL STL
0.5

1

2

4

8

16

32

64

128
GlcNAc

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

AFH

AFD

NPD

NPH

SNA MAL-I HMA
0.25

0.5

1

2

4

8
Sial

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

 

 
  

A 

B

 

C

 

 
A 

 
A 



Glycomic profiling of human IVD 

116 

 

 

 

UEA PSA LTL AOL AAL AAA
0.5

1

2

4

8

16

32
Fuc

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

VVL JAC ABL ACA MPA
0.5

1

2

4

8

16

32
T antigen

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

AFD

NPD

AFH

NPH

PT-II BS-I EEA Moa
0.25

0.5

1

2

4

8

16
a-Gal

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

D

 

E

 

 
A 

F

 

 
A 

 
A 



 

 

 

 

 

 

 

 
 

1
1
7 

G
lyco

m
ic p

ro
filin

g o
f h

u
m

a
n
 IV

D 
 

HPL SJA SBA PNA DBL DSL WFL SSA PT-I BPL LBA CFL HAL
0.25

0.5
1
2
4
8

16
32
64

128
GalNAc

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

RCA ECA PHA CAL MAL-II PA-I AHP
0.25

0.5

1

2

4

8

16

32

64
Gal, LacNAc

N
o

rm
a

li
s

e
d

 F
lu

o
re

s
c

e
n

c
e

AFD

NPD

AFH

NPH

 
Figure 2.2 Lectin binding profile for pooled IVD samples. Lectins were grouped by glycosylation motif specificity: A) Mannose B) GlcNAc C) Sialic acid D) 

CǳŎƻǎŜ 9ύ ¢ ŀƴǘƛƎŜƴ Cύ ʰ-Galactose G) Gal, LacNAc and H) GalNAc. Fluorescence signals for individual lectin spots were normalised to the highest individual 

signal for each sample before combining replicates. These values were then combined from duplicate assays to give the average values and standard 

deviations shown here. Healthy AF (AFH), Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD).  
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Figure 2.3 Heat map demonstrating hierarchal clustering of lectin binding intensity across healthy and degenerated human IVD tissue. High intensity lectin 

binding is indicated in red while low intensity binding is indicated in blue/black. Pooled samples (n = 6); Healthy AF (AFH), Degenerated AF (AFD), Healthy NP 

(NPH), Degenerated NP (NPD).
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Figure 2.4 Principal component analysis plots of lectin microarray profiles from AF and NP 

of healthy and degenerated samples on PC1 and PC2. A) Scatter plot of IVD samples, where 

lectin-binding value input resulted in the presented contribution and separation. B) Top 

lectin binding profiles with greatest contribution to healthy phenotype based on presented 

principal components are highlighted.

A 

B 
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also confirmed for these samples, along with the presence of T antigen epitopes. There is 

limited binding to the mannose-specific lectins, indicating low mannosylation of these 

samples. Samples also showed strong binding to RCA and weak binding to ECA, again 

indicating the presence of terminal ̡- galactose residues and absence of GalNAc residues. T-

ŀƴǘƛƎŜƴ ŜǇƛǘƻǇŜǎ όDŀƭʲм-оDŀƭb!Ŏʰ O-glycan) were also present as suggested by binding to 

lectins JAC, ABL, ACA and MPA. Sample glycosylation signatures are fairly conserved across 

this sample set. However, there were some differences between degenerated and healthy 

binding patterns where H group samples show less binding to mannose-specific lectins, AAL 

and MOA than D group lectins. The converse is seen with increased binding to HPL, SBA and 

PNA, indicating a lessened N-Acetyl galactosamine content (Figure 2.3). Overall, principal 

component analysis revealed greatest separation of healthy NP from all other samples, with 

healthy AF separated by PC2 (Figure 2.4). 

2.3.3 N-glycome of Human IVD 

Initially, a robust glyco-analytical platform was developed to investigate the N-glycome of 

the human IVD. The N-glycome from pooled healthy IVD samples was released using the 

previously described method [22]. Six biological replicates from healthy and degenerated AF 

and NP were run undigested, where biological covariance varied from 5% to 70% (average 

below 20%) (Figure 2.5). The peaks with over 20% covariance were small and at the beginning 

or end of the profile with very low intensity signal, where the small errors account for a 

greater proportion of peak error increasing the covariance.  

To structurally assign peaks with glycan species, several techniques were employed. 

Each profile was then digested by ABS and run to confirm cleavable sialic acid content and 

highlight the presence of acetylation or other modifications of sialic acid that ABS does not 

digest. Pooled profiles were also digested by a range of exoglycosidase enzymes to 

determine structure and isomer of glycans in each assigned peak (Figure 2.8). 283 unique 

glycan species were identified in total with 270 species common across all N-glycan 

populations (Figure 2.6). These were assigned to 48 glycan peaks with a summary of all 

assigned glycans and relative percentage abundance based on exoglycosidase digestion 

profiles and confirmed by LC-MS (GP1 ς GP48; see Table A.16, Appendices) and significant 

differences in peak area were observed in GP6, 7, 10, 23 and from 23 ς 32 (Figure 2.9). All 

allocated glycan species were confirmed by isoform mass using mass spectrometry (Table 

A.15, Appendices). The covariance of the peak areas across individual patient samples and 

pooled replicates was measured. A large peak covariance was observed across individual 

patient samples indicating heterogeneity across the glycosignature in individuals. 
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The N-glycome from the soluble fraction of the IVD proteome from 12 patients was 

analysed. The amounts of total branching, sialylation, outer-arm fucose, oligomannose, 

LacNAc, GalNAc and substituent features of glycans were calculated based on composition 

of these 48 peaks UPLC-MS analysis revealed specific trends in glycan species across the AF 

and NP in healthy and diseased tissues (Figure 2.11A). Overall, sialylation increases 

significantly in degenerated tissues vs. healthy IVD, with sialylated glycans increasing by up 

to 77% depending on linkage. (Figure 2.12). Outer arm fucosylation increases in degenerated 

AF and NP vs. healthy controls, with increases in up to 65% in given outer arm fucosylated 

glycans (Figure 2.15). Conversely, oligomannose decreased in degenerated tissues indicating 

a shift from branched high-molecular weight glycans to small monoantennary and 

biantennary glycan species (Figure 2.14A). Specifically, biantennary glycans in degenerated 

AF and NP were significantly higher than in healthy tissue (36.83% and 36.60% vs. 30.76% 

and 30.58%, respectively), with corresponding decrease in triantennary and tetra-antennary 

species (Figure 2.11B). Core fucosylation and galactosylation were not significantly altered. 

Lactosylated (Gal-GlcNAc-Gal) motifs are reduced in degenerated IVD from 8.74% and 

10.14% in AF and NP to 6.04% and 6.41%, respectively (Figure 2.14B). Substituent 

modifications, such as sulphation and acetylation, were identified throughout all glycan 

profiles in varying abundances (Figure 2.16). Putative Lewis X/A and Sialyl Lewis X/A were 

quantified (Figure 2.17), which indicated a significant increase in Sialyl-Lewis X/A in 

degenerated AF vs. Healthy AF (p < 0.05). Sialylation linkages were characterised by 

differentiating bŜǘǿŜŜƴ b!bм ŀƴŘ !.{ ŜȄƻƎƭȅŎƻǎƛŘŀǎŜ ŘƛƎŜǎǘƛƻƴǎ ǘƻ ŘƛǎŎǊƛƳƛƴŀǘŜ ʰ-(2,3) vs. 

-hόнΣсύ ƭƛƴƪŀƎŜǎΦ {ƛŀƭȅƭŀǘŜŘ ʰ-(2,6) linkages were increased in degenerated IVD tissues from 

19.57% and 19.46% in healthy AF and NP to 24.05% and 23.09% in degenerated AF and NP, 

respectively (Figure 2.12). Glycans were separated on Weak Anion Exchange (WAX)-HPLC to 

confirm the proportion of sialylation in each profile (Figure 2.13). To gain a global overview 

of the glycomic data, PCA was performed on the complete set of 283 glycans. The first two 

principal components described a combined variance of 81.6%, with PC1 and PC2 

contributing 49.7% and 31.9%, respectively (Figure 2.18). Clear demarcation was observed 

between healthy NP, healthy AF and degenerated tissues. PC1 provides a strong separation 

of healthy NP, where M5 glycan is a very strong contributor (>0.5 of component). M6 is a 

strong contributor to PC2 (>0.4) which separates healthy AF from degenerated tissues. 
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Figure 2.5 Overview of HILIC-UPLC chromatograms for human IVD N-glycome. A+B) Glycan 

peak area coefficient of variance for n = 6 samples for AF and NP of healthy and degenerated 

IVD. Covariance (Coefficient of variation, the relative standard deviation) varies from 5-70% 

where the largest deviations in peak area where observed at the end of the profiles where 

intensity is low and background is more significant. C) Representation of HILIC-UPLC 

chromatograms for sample cohorts where peaks represent relative abundance of 2AB-

labelled N-glycans. AF and NP glycan isolates from healthy and degenerated biological 

replicates all produced similar, reproducible chromatographic profiles with the same number 

of peaks. Two peaks in the healthy annulus fibrosus are highlighted demonstrating similar 

peak areas across biological replicates.
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Figure 2.6 HILIC-UPLC profile of N-glycans released from human IVD. The scale of glucose units (GU) is based on the elution of the 2-AB labelled dextran 

ladder. Only the major glycans, those most abundant in each peak, have been shown in this figure (Healthy AF shown). Shown here are 48 of the 283 N-

glycans identified in IVD. 
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Figure 2.7 Alignment of HILIC-UPLC-MS chromatograms. (A) HILIC-UPLC and (B) mass spectrometry LC chromatograms are initially aligned. (C) Peak spectra 

are searched for to produce a total ion chromatogram (TIC) for glycan assignment. (D) Known ion mass/charge ratios can be searched for prevalence in the 

TIC to localise the ion peak, which is confirmed by (E) a charge error of less than 20 ppm and tandem 1.0 m/z charge shifts for singly charged ions.
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Figure 2.8 Detailed structural analysis of human IVD using exoglycosidase digestions. Representative HILIC-UPLC chromatograms of 2AB labelled N-glycans 

from healthy AF before (undigested, UND) and after exoglycosidase digestion. For simplicity, only the digestion of one glycan structure is shown here. The 

combinations of exoglycosidases and subsequent shift in GU of each peak area is compared against known incremental GU changes for each monosaccharide 

and linkage. Combinations of exoglycosidases are used for sequential digestion of residues i.e. for galactose to be removed it must first be accessible through 

the removal of terminal sialic acid. Thus, ABS (sialidase) and BTG (galactosidase) are used in combination.  
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Figure 2.9 Comparative analysis of N-glycome across disease status and tissue type. A) AF 

and NP from healthy and degenerated HILIC-UPLC chromatograms and separation into 48 

peaks and relative differences between tissue types and disease state represented by heat 

map. Blue indicates relative decrease in expression while red indicates relative increase in 

expression. Glycan peaks numbered GP1-GP48 are listed Table A.11 (Supplementary). B) 

Significant changes in peak area were observed in healthy vs. degenerated NP at GP6, 7, and 

10 and from 23 ς 32. The disparity in total GP (32 vs. 48) is due to the reduced number of 

common peaks across individual samples vs. pooled samples. Data presented as the mean ± 

standard deviation. MANOVA of log (peak/(100-ǇŜŀƪύ ǘǊŀƴǎŦƻǊƳŜŘ Řŀǘŀ ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ 

post-hoc test was carried out. n = 6, *p < 0.05. C) Principal component analysis of HILIC-UPLC 

glycan peak values on PC1 and PC2.
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Figure 2.10 Overview of relative changes in glycan expression represented by UPLC 

chromatogram peaks in the AF (A) and NP (B) of degenerated IVD tissue compared to 

healthy IVD.  There is a decrease in larger glycans at the end of the chromatogram with all 

peaks after GP25 being reduced in size while there is an increase in biantennary peaks from 

GP6 to GP13. Data presented as the mean ± standard deviation. MANOVA of log (peak/(100-

ǇŜŀƪύ ǘǊŀƴǎŦƻǊƳŜŘ Řŀǘŀ ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test was carried out. n = 6, *p < 0.05. 
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Figure 2.11 Overview of glycan features characterised by assignment of N-glycan profiles 

of IVD. A) There is an overall increase in sialylated motifs with a corresponding decrease in 

oligomannose and LacNAc features in degeneration. B) The distribution of degree of 

branching across N-glycan profiles. There is an increase in biantennary glycans with 

subsequent reduction in tri- and tetra-antennary and oligomannose characterised in Figure 

2.14A. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ 

error of the mean.
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Figure 2.12 Overview of N-glycan sialylation profiling of human IVD. !ύ .ǊŜŀƪŘƻǿƴ ƻŦ ǎƛŀƭƛŎ ŀŎƛŘ ƭƛƴƪŀƎŜǎ ƛŘŜƴǘƛŦƛŜŘ ŀƴŘ ǉǳŀƴǘƛŦƛŜŘΣ όоύ Ґ ʰ-(2,3) linkage, (6) 

Ґ ʰ-(2,6) linkage. (3,6) = 1x ς h -(2,3) linkage, 1x ς h -(2,6) linkage, etc. B) Summary of total ς h -(2,3) linkage and ς h -(2,6) linkage across all glycans. C) Degree 

of sialylation present on all N-glycans calculated from the assigned structures, validated by WAX-HPLC (Figure 2.13). One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ 

test, data presented as the mean ± standard error of the mean.
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Figure 2.13 IVD glycans were separated according to number of sialic acids on Weak Anion Exchange (WAX)-UPLC. A) Undigested WAX-UPLC chromatogram 

(S1 = one sialic acid present, separated by negative charge of the ion; S2 = two sialic acid residues present; S3 = three sialic acid residues present; S4 = four 

sialic acid residues presentύΦ .ύ !.{ ŘƛƎŜǎǘŜŘ ŎƘǊƻƳŀǘƻƎǊŀƳΦ {мΩ ǊŜǇǊŜǎŜƴǘǎ ǎƛƴƎly charged glycans that are not digested by ABS e.g. glycans containing 

acetylated/sulphated sialic acid. C) Chromatograms for each pooled sample, undigested and ABS digested, labelled according to legend provided. D) Relative 

quantification of charged glycans in each pooled sample. All data represented from pooled sample assignments with relative quantification, n = 6.
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Figure 2.14 The distribution of oligomannose (A) and LacNAc (B) across N-glycan profiles. 

A) Oligomannose decreases in degenerated tissue, most prominently M5 and M6, which are 

the most abundantly expressed oligomannose structures. B) LacNAc decreases in 

degenerated tissues across all levels of branching. All data represented from pooled sample 

assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ 

± standard error of the mean. 
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Figure 2.15 Summary of outer-arm fucosylated structures, represented with core-

fucosylated motifs distinguished (A) and non-distinguished (B). All data represented from 

pooled sample assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ 

presented as the mean ± standard error of the mean. 
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Figure 2.16 The distribution of substituents, sulphation and acetylation (A) and GalNAc (B) 

across N-glycan profiles. A) Substituents and B) GalNAc were found to be expressed in all 

tissues with no altered expression in degeneration. All data represented from pooled sample 

assignments, n = 6. One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ 

± standard error of the mean. 
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Figure 2.17 Putative abundance of Lewis X/A and sialylated Lewis X/A motifs. These motifs 

were calculated based on the presence of outer arm fucose with free galactose (Lewis X/A) 

or sialic acid terminated galactose (Sialyl-Lewis X/A). Localisation of outer-arm fucosylation 

is theoretical. All data represented from pooled sample assignments, n = 6. One-way ANOVA 

ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘΣ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ƻŦ ǘƘŜ ƳŜŀƴ
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Figure 2.18 Principal component analysis plots of N-glycan profiles from AF and NP of healthy and degenerated samples on PC1 and PC2. A) Scatter-plot of 

PC1 and PC2 derived from pooled sample profiles where input values were individual glycans. B, C + D) Specific glycosylated motifs and structures are 

highlighted to indicate individual motif contribution to each eigenvector.
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2.4 Exploratory Data Analysis of the Human IVD 

2.4.1 Principal Component Analysis 

PCA was performed to gain a global overview of the proteomic data on the complete set of 

filtered proteins. The first two principal components described a combined variance of 

47.3%, with PC1 and PC2 contributing 29.7% and 17.6%, respectively (Figure 2.20). Clear 

demarcation was observed between healthy NP, healthy AF and degenerated tissues. PC1 

provides a strong separation of healthy and degenerated tissues, where C-type lectin Domain 

and HA binding protein were found to be the greatest contributors to PC1 and PC2. Proteins 

related to the regulation of the glycome such as CLEC3A, CLECT2, HHIPL2 and XYLT1 were 

previously found to be highly upregulated in healthy tissue in previous studies [35,36]. 

Aggrecan and Chondroadherin were found to contribute strongly to the healthy IVD 

phenotype, delineated by low negative values on PC1. Both of these proteins are highly 

expressed in healthy human IVD [37] 

2.5 Dysregulated Protein Expression and Altered Pathway Activation 

Protein expression of the human IVD in degeneration was analysed by LC-MS/MS. Healthy 

tissue digests contained more proteins than degenerated tissues. A total of 1,590 proteins 

were identified across all samples (Figure 2.21). 427 of the 1,590 were verified across three 

or more samples per group. The heat map in Figure 2.19 shows the relative expression of all 

proteins quantified normalised to total protein content with intensity derived from the sum 

of all corresponding peptide intensities. A PERL script is employed to calculate theoretically 

observable peptides through in silico digestion to normalise protein intensities. Inclusion 

parameters for all tryptic peptides were set at 6-30 amino acids while missed cleavages are 

excluded. The full list of all proteins with significantly altered expression is summarised in 

Table A.17, Appendices. In IPA, the ςlog threshold was set to 1.3 (log10 (p = 0.05)-

transformation), to determine significantly dysregulated signalling cascades from the dataset 

of 318 altered proteins. Key dysregulated cellular pathways, including the inflammatory 

response, endoplasmic reticulum (ER) activity, cell adhesion, mitochondrial function and 

ECM remodelling, were further evaluated given the role of these pathways in IVD 

degeneration (Figure 2.23). 

It was found that pathways involving acute-phase response, unfolded protein 

response (UPR), Liver X Receptor-Retinoid X Receptor (LXR/RXR) activation, phagosome 

maturation, glycolysis, mitochondrial dysfunction and integrin signalling were activated as 

elucidated by the differentially expressed proteins (Figure 2.24). IPA predicted the activation 

ƻŦ ǳǇǎǘǊŜŀƳ ǊŜƎǳƭŀǘƻǊǎ ƛƴ ǘƘŜ ƘǳƳŀƴ bt ǎǳŎƘ ŀǎ a¸/Σ ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲм ό¢DC-
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ʲмύΣ ŀƴŘ ¢ǇроΦ ¢ƘŜǎŜ ƳƻƭŜŎǳƭŜǎ ǿŜǊŜ ǇǊŜŘƛŎǘŜŘ to be activated in degenerated NP tissue 

compared with healthy controls (Figure 2.24). Integrin signalling pathway was upregulated 

in degenerated NP and AF (Figure 2.26). The acute inflammatory response involves IL-мʲΣ L[-

6, and TNF-  h(among many other factors), all of which were shown to be upstream regulators 

of activated pathways in both AF and NP tissues. These mediators are pro-inflammatory, 

driving catabolic enzyme secretion in AF and NP tissues (Figure 2.27).  

2.5.1 Glycosaminoglycan Synthesis is Inhibited in Degeneration 

ECM components such as collagens (COL1A2, COL2A1, COL3A1 AND COL18A1) and 

proteoglycans (Aggrecan (ACAN), Hyaluronic acid (HA) ς proteoglycan link), were significantly 

decreased in degenerated tissue, whereas collagenase, serine proteases, aminopeptidases 

and tenascin showed corresponding upregulation (Figure 2.28). This is consistent with tissue 

degradation and remodelling in disease. XT-1 was found to be downregulated in degenerated 

NP tissue, indicating a reduction in proteoglycan synthesis and maturation. The inhibition of 

proteoglycans was found to be regulated upstream by UGDH. UGDH, UDP-Glucose 6-

Dehydrogenase, converts UDP-glucose to UDP-glucoronate and thereby participates in the 

biosynthesis of glycosaminoglycans such as hyaluronan, chondroitin sulphate, and heparan 

sulphate. Signalling molecules such as SERPINA5, TIMP-3 and CD44 were significantly 

reduced in degenerated NP and AF tissue while Anosmin-1, Matrillin 3/4 and Chordin-like 

protein 2 were upregulated (Figure 2.28). 

2.5.2 Altered Metabolism of Polysaccharides  

Further to the activation of UGDH, protein expression of regulators of carbohydrate 

metabolism was altered in degenerated NP. CD44, a hyaluronic acid receptor involved in cell-

cell interactions, cell adhesion and migration, is implicated in polysaccharide metabolism. 

CKM, a cytoplasmic enzyme involved in energy homeostasis, and CHST3, a carbohydrate 

sulphotransferase responsible for sulphation of chondroitin, are downregulated in 

degenerated IVD along with UDP-Glucose Pyrophosphorylase 2 (UGP-2). These findings 

suggest carbohydrate metabolism is modulated by nutritional deficiency and activation of 

inflammatory pathways (Figure 2.29). 

2.5.3 Loss of Notochordal Cell Marker Expression in Degeneration 

Several notochordal cell markers, such as THBS2 (Thrombospondin-2), CXCL12 (C-X-C Motif 

Chemokine Ligand 12) and LGALS3 (Galectin 3) have been identified as notochordal specific 

markers [38,39]. In this study, CXCL12 and LGALS3 were upregulated in healthy NP while 

THBS2 was downregulated (Figure 2.30). Sclerotomal markers that have been previously 
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validated, were also shown to be expressed in healthy NP tissue [39]. COL11A2, CHAD and 

CHST3 were upregulated in healthy NP while PLA2G2A was downregulated, and SERPINA3 

expression unchanged. Inhibition of these upstream markers implicates the activation of 

ANXA1/2 (annexins), which play important roles in innate immune response as effectors of 

glucocorticoid-mediated responses and regulators of the inflammatory process and cell 

growth [40]. 

2.5.4 Cell Movement and Integrin Signalling 

Cell movement and migration pathways were significantly activated in the degenerated AF 

and NP. Proteases and degradative enzymes are implicated in this pathway (ANXA1 ς annexin 

A1, SERPINE2 - Serpin Peptidase Inhibitor, Clade E, Member 2, and ANPEP - Alanyl 

Aminopeptidase, Membrane). The h-V integrins bind to glycoproteins such as fibronectin, 

laminin, vitronectin, matrix metalloproteinase-2 and thrombospondin. They recognise the 

sequence of arginylglycylaspartic acid (RGD) in a vast number of ligands to promote cell 

adhesion [41]. Integrin h  -V (ITGAV) is upregulated in degenerated IVD. Cytoskeletal proteins 

such as Actin-4 (ACTN4), Filamin-A (FLNA), LaminA/C (LMNA) and Fascin actin-bundling 

protein 1 (FSCN1) are upregulated in NP of degenerated tissue, which are associated with 

cell migration and mechanosensing (Figure 2.26).
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Figure 2.19 Heat map of total protein expression across healthy and degenerated human IVD tissue (A), with top 20 most highly expressed proteins 

highlighted (B). Most highly expressed proteins are indicated in red while low expression is indicated in blue. n = 6 per experimental group; Healthy AF (AFH), 

Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD).
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Figure 2.20 Principal component analysis plots of proteomic profiles from AF and NP of healthy and degenerated samples on PC1 and PC2. A) Scatter plot 

of all 24 samples, where proteomic expression value input resulted in presented contribution and separation. Dotted-line represents >90% separation of 

healthy and degenerated samples based on PC1 and PC2. B) Top ten proteins negatively correlated with PC1 based on presented principal components are 

highlighted: CHAD; Chondroadherin, FGFBP2; Fibroblast Growth Factor Binding Protein 2, HAPLN1; Hyaluronan And Proteoglycan Link Protein 1, LECT2; 

Leukocyte Cell Derived Chemotaxin 2, PCOLCE2; Procollagen C-Endopeptidase Enhancer 2, ACAN; Aggrecan, SERPINA1; Serpin Family A Member 1, XYLT1, 

Xyloglucan 6-xylosyltransferase 1; HHIPL2, Hedgehog Interacting Protein-Like 2;COL11A2, Collagen Type XI Alpha 2 Chain. C) Top ten proteins positively 

correlated with PC1 based on presented principal components are highlighted: DHX9; DExH-Box Helicase 9, CLTC; Clathrin Heavy Chain, MVP; Major Vault 

Protein, HNRNPA3; Heterogeneous Nuclear Ribonucleoprotein A3, TLN1; Talin 1, PHB2; Prohibitin 2, ANPEP; Alanyl Aminopeptidase, Membrane, PLEC; Plectin, 

SND1; Staphylococcal Nuclease And Tudor Domain Containing 1, UQCRC2; Ubiquinol-Cytochrome C Reductase Core Protein 2. 
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Figure 2.21 Proteomic analysis of human IVD. A) Schematic of workflow in proteomic 

analysis using Perseus. Output data from Maxquant is uploaded to Perseus for further 

processing. Data is filtered for valid protein expression and imputation of expected values 

within normal distribution. B) and C) are volcano plots indicating no significant difference in 

protein expression in AF and NP. D) Normal distribution of proteins demonstrated by 

histograms of total protein content in each sample. Healthy AF (AFH), Degenerated AF (AFD), 

Healthy NP (NPH), Degenerated NP (NPD); n=6 per group.
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Figure 2.22 Volcano plot of differential regulation of proteins in the AF (A) and the NP (B) 

from mass spectrometry analysis using Perseus. Proteins indicated in red to the left 

represent significantly downregulated expression (log2 (fold change) < -1.5) and proteins to 

the right represent significantly upregulated proteins (log2 (fold change) > 1.5) when 

comparing degenerated tissues vs. healthy tissues. p < 0.05. FDR =1%. Healthy AF (AFH), 

Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD). Detailed statistical analysis 

available in Appendices: Supplementary ς Table A.12. n=6.
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Figure 2.23 IPA analysis generates a canonical pathway list in which the y-axis represents 

the top cellular functions based on differentially expressed genes while the x-axis 

represents the confidence interval of pathway activation. Most highly activated canonical 

pathways in degeneration in the NP (A) and AF (B) are indicated here. The dashed line 

indicates a threshold of ςLog (p-value) of 1.3, corresponding to p = 0.05, the minimal 

confidence level required to determine if a canonical pathway was significantly detected. 

The dotted yellow markers indicate the ratio across groups. Columns coloured in orange/red 

represent upregulated pathways while columns in purple/blue indicate downregulated 

pathways. Uncoloured columns represent activated pathways without a significant z-score 

indicating differential regulation across groups. 
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Figure 2.24 Overview of differentially regulated proteins expressed by their constituted 

biological networks in degenerated IVD tissue. Most highly activated biological networks in 

degeneration in the NP (A) and AF (B) are indicated here. The dashed line indicates a 

threshold of ςLog (p-value) of 1.3, corresponding to p = 0.05, the minimal confidence level 

required to determine if a biological network was significantly detected. The dotted yellow 

markers indicate the ratio across groups.
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Figure 2.25 IPA revealed ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Ψ!ŎǳǘŜ-phase Response SƛƎƴŀƭƭƛƴƎΩ ƛƴ ŘŜƎŜƴŜǊŀǘŜŘ ƘǳƳŀƴ bt ǘƛǎǎǳŜ ŦǊƻƳ ǘƘŜ ǇǊƻǘŜƻƳƛŎ ŘŀǘŀǎŜǘΦ A) 

Upregulated intra-nuclear and plasma proteins are shown here. Red symbols indicate identified and upregulated activation of acute phase proteins from 

degenerated tissue that were presented in the signalling pathways associated with inflammation and matrix dysregulation. B) A z-score normalised chart of 

protein expression for acute phase signalling proteins. C) Heat map of differentially expressed proteins identified in acute phase signalling cascade by IPA. 

Most highly expressed proteins are indicated in red while low expression is indicated in blue. Upregulated: AHSG, Alpha 2-HS Glycoprotein; SERPINE1, Serpin 

Family E Member 1; CFB, Complement Factor B; AGT, Angiotensinogen; SOD2, Superoxide Dismutase 2; SERPINA3, Serpin Family A Member 3; C4, 

Complement C4; HPX, Hemopexin; HP, Haptoglobin; TF, Transferrin.
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2.6 Discussion  

To date, reports of extensive cellular glycosylation analyses on the human IVD have been scarce. 

Developmental morphological processes may be correlated with changes in carbohydrate expression 

on cell surface and the ECM. Non-human studies have extensively analysed lectin binding in these 

developmental processes [42]. It has also been indicated that any disturbance in the normal 

characteristic of glycosylation may play a role in developmental malformation in rat and human 

models [7,43,44]. It has been speculated that through structural modifications, oligosaccharides are 

involved in the complex morphological transformation process that leads to the development of the 

axis in vertebrates [45]. However, few studies have characterised the glycosylation patterns in human 

vertebral morphogenesis [46]. Changes in lectin binding patterns have been described through late 

embryonic and early foetal stages of vertebral column development [5]. Additionally, the human axial 

mesenchyme has also been analysed in specific lectin binding studies to characterise the glycome [6]. 

The work presented in this chapter shows similar trends in lectin binding in inflammation to 

the IVD model created from bovine tissue, which demonstrated increases in sialylation, mannosylation 

and galactosylation when stimulated by IL-мʲ [47]. The results of initial lectin histochemical analysis 

in this study were also consistent with previous glycosylation profiling in an injury model in the rat IVD 

where higher levels of sialylation in injured disc were observed (Figure 2.1) [18]. The study showed 

that surgically induced IVD injury is associated with altered glyco-profile and degenerative changes in 

the disc, including neurotransmission, inflammation and an imbalance of catabolism and anabolism. 

The results of the rat-tail model study further validated an ovine animal model of degeneration that 

showed similar findings in changes of glycosylation in aged degeneration [20]. The study reported that 

specific spatial and temporal glycans patterns throughout maturity were observed and specific glyco-

markers were identified which allows distinction between NP and AF tissues and cells [20].  

Initial lectin histochemistry results demonstrating differential regulation of glycosylation 

spurred the N-glycan characterisation of the human intervertebral disc in degeneration. The current 

study describes first analysis of N-glycan structure and abundance in the human IVD. Remarkably, 

principal component analysis of both lectin microarray and N-glycan profiling results revealed starkly 

similar results, where the greatest variance in glycosignature is observed in the healthy NP, distinct 

from the healthy AF, both of which are different to degenerated AF and NP (Figure 2.4). 
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Figure 2.26 Lt! ƻŦ ΨLƴǘŜƎǊƛƴ {ƛƎƴŀƭƭƛƴƎΩ ƛƴ ŘŜƎŜƴŜǊŀǘŜŘ ƘǳƳŀƴ bt ǘƛǎǎǳŜǎΦ A) Heat map of integrin related proteins. Most highly expressed proteins are 

indicated in red while low expression is indicated in blue. B) Z-score normalised protein expression across tissues. C) Red symbols indicate identified and 

upregulated activation of proteins in each signalling pathway from degenerated associated ΨIntegrin SignallingΩ. Upregulated proteins in Integrin signalling in 
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