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Chapter 1

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 cor
The nerve root exits the spinal canal through the intervertebral foramen............ 7

Figure 1.2 Glycans of the mammalian cell. Constituampresent 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 inditteesilfation pattern on the GAG
chains. Examples of compkype and oligomannos&-3f @ Ol ya H1AR> O2NB b
glycansO-mannose O-fucose, andD-glucose structures are illustrated. Glycan linkages
I NB RSy2GdSR o0& h 2N i {a&ionffHe Hadddr Sabchatidé S | y 2
and the number couples e.g.-6) describes the ring position of the acceptor sugar. GPI
anchor and glycosphingolipid examples are included. N, asparagine; S, serine; T,
threonine, GIcNAc; N-acetylglucosamine, GalNAd\-acetybalactosamine, GIcN;
glucosamine, GIcA;-Blucuronic acid, IdoA; iduronic acid, Glc; glucose. Created using
BIOTENUEI®........o et e e 19

Figure 1.35cheme oN-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®........ 23

Figure 1.4 Schematic of the changes involved in degeneration of the intervertebral disc at
biochemical and molecular level. (FTNFY (1 dzY2 dzNJ Yy SONR &aA & FI OG 2 NJ
growth factor; MMPs: Matrix metalloproteinases; AMTs; a disintegrin and
metalloproteinases; TIMPs: tissue inhibitor of metalloproteinases). Created using
2 1o €= T L= £ PP 35

Figure 1.5 &gittal T2weighted MRI image of male patient presenting to Galway University
Hospital in 2017. MRI demonstrates mudtvel IVD degeneration (L4/5 and L5/Sh3
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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

Figure 1.7 Overview of mechanisms regulating glycosylation in human intervertebral disc.
LYYZ LS.-S1XybdASDTSbRI CFOG2NJ . T aés5yys aé&Sftz2a
regponse 88; IRAK, Interleukinreceptorassociated kinase 1; TRAF6, Tumour necrosis
factor receptorassociated factor 6; GIcNA&-acetylglucosamine. Created using
BIOTENUEI®.......cci ittt e e s e e e e nrrree e 61

Chapter 2

Figure 2.1 The glycosignature of healthy foetal and degenerated adult IVD tissue are
distinctly different. (A) Mannosylimn, (B) Fucosylation and ) 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 healthyyD. Confocal images of mannose were detected by
Con Ah-(1-2/3)- fucosylation by UEA ant-(2,6)}linked sialic acid}-(2,3) sialylated
galactoseN-acetylglucosamine and sialic acid by SNA, MAA and WGA respectively. (F)
Mannosylation and (G) fucosylation trended towards a decrease in expressidh. (H)
(2,6)}inked sialylation was increased in degenerated tissues while total sialylation
trended toward an increase. Twaay ANOVA with Tukey's pdsbc test, data
presented as the mean + standard error of the mean. Scale bar = 50um........ 114

Figure 2.2 Lectin binding profile for pooled IVD samples. Lectins were grouped by
glycosylation motif specificity: A) Mannose B) GIcNAc C) Sialic acid D) Fucose E) T antigen
C v-Gdlactose G) Gal, LacNAc and H) GalNAc. Fluorescence signals foalridotidu
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).........cccoovvieeiinieenennnnnn. 117

Figure 2.3 Heat map demonstrating hierarchal clustering of lectin bindtegsity 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 §);
Healthy AF (AFH), Degenerated AF (AFD), Healthy NP (NPH), DegeNE&gNPD).

Figure 2.4 Principal component analysis plots of lectin microarray profiles from AF and NP of

healthy and degeneratksamples on PC1 and PC2. A) Scatter plot of IVD samples, where
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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 amponents are highlighted...........ccccco . 119

Figure 2.5 Overview of HIEUPLC chromatograms for human IMBlycome. A+B) Glycan
peak area coefficient of variance for= 6 samples for AF and NP of healthy and
degenerated IVD. Covariance (Coefficient of variation, the relative standard deviation)
varies from 570% where the largest deviations in peak area witdrgerved at the end
of the profiles where intensity is low and background is more significant. C)
Representation of HILIGPLC chromatograms for sample cohorts where peaks
represent relative abundance of 2A&belledN-glycans. AF and NP glycan isolatesf
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
=T 0] [or= (=S PP 124

Figure 2.6 HILIOPLC profile of-glycans released from human IVD. The scale of glucose
units (GU) is based on the eluiof the 2AB 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 283jlycans identified in IVD....................... 125

Figure 2.7 Alignment of HILWPLEMS chromatograms. (A) HIEWPLC 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..........ooooiiiii 127

Figure 2.8 Detailed structural analysis of human IVD using exoglycosidase digestions.
Representative HILIGPLC chromatograms of 2AB labelidlycans 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 br 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............ccccee oo 129
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Figure 2.9 Comparative analysisNbflycome across disease status and tissue type. A) AF
and NP from healthy and degenerated HIURLC 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-G8 are listed Table A.11
(Suppémentary). B) Significant changes in peak area were observed in healthy vs.
degenerated NP at GP6, 7, and 10 and fromg 23. The disparity in total GP (32 vs. 48)
is due to the reduced number of common peaks across individual samples vs. pooled
samplesData presented as the mean + standard deviation. MANOVA of log (peak/(100
LIS 10 GNY yaT2NXSR RI thoc te$tvastcatrizdSornh =62%p <¢ dz] S
0.05. C) Principal component analysis of HURCC glycan peak values on PC1 and PC2.

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
allpeaks 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/(100LIS 1 0 G NI yaF2NX¥SR R thoc tedt dvds catrigdoRt. 0 &
=6, 5P < 0.05. ..ot e et e et ettt ee et e e ee et st en et ee e 133

Figure 2.11 Overview of glycan features characterised by assignmirglgéan profiles of
IVD. A) There is an erall increase in sialylated motifs with a corresponding decrease
in oligomannose and LacNAc features in degeneration. B) The distribution of degree of
branching acrosi-glycan profiles. There is an increase in biantennary glycans with
subsequent reductio in tri- and tetraantennary and oligomannose characterised in
Figure 2.14A.0ng | @ ! bh+! gAGK ¢dzl Se8Qa LRad K20
* standard error of the MeaN...........oo e 134

Figure 2.12 Overview ®&-glycan sialylation profiling of human IVD. A) Breakdown of sialic
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1x¢ h-(2,3) linkage, 1x "-(2,6) linkage, etc. B) Summary of to¢dl-(2,3) linkage and

¢ h-(2,6) linkage across all glycans. C) Degree of sialylation present glatlans
calculated from the assigned structures, validated by V\RXC (Figure 2.13). Oway
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Figure 2.13 IVD glycans were separated according to number of sialic acids on Weak Anion
Exchange (WAXJPLC. A) UndigestaVAXUPLC 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
RA3ISaidSR OKNR Y semt2shdlyiciarped{glycens tha adNddt 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 offarged glycans in each pooled sample. All data represented
from pooled sample assignments with relative quantificatios,6....................... 137

Figure 2.14 The distribution of oligomannose (A) and LacNAc (B) Blegbssan 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,Nn=6.0fd & ! bh+! gAGK ¢dz] SeQa Lkaid K
as the mean = standard error of the mean............cccccoociiiiii e 138

Figure 2.15 Summary of outarm fucosylated structures, represented with cere
fucosylated motifs distinguished (A) and ndistinguished (B). All data represented
from pooled sample assignmentg,=6.Ones I &€ ! bh+! GgAGK ¢dzl SeQa
data presented as the mean * standard error of the mean...................ccccuees 139

Figure 2.16 The distribution of substituents, sulphation and acetylation (A) and GalNAc (B)
acrossN-glycan profiles. A) Substituents and B) GalNAc were found to be expressed in
all tissues with no altered expression in degeneration. All data represeirasddooled
sample assignments,=6.0neg @ ! bh+! gAGK ¢dzl SeQa LkRaid K
as the mean = standard error of the mean.............ccccooiieinii e 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 (Sihftis X/A). Localisation of outerm
fucosylation is theoretical. All data represented from pooled sample assignnment,

Onegl & ! bh+! $gAGK ¢dzl SéQa LRad K20 GSads R
EITOr Of tNE MBAML.....ceii i 141

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

and degenerated samples on PC1 and PC2. A) Spaitesf PC1 and®2 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 t0 ach EIgENVECION...........uuiiiiiiiieeiieieereeeeee e 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 bluen = 6 per experimental group; Healthy AF (AFH), Degenerated AF
(AFD)Healthy NP (NPH), Degenerated NP (NPD)..........cccoiiiveiiriniiiiiieeeee 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. Dottedine represents >90% separation of healthy and degenerated
samples based on@ 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, LECT2kbeyte Cell Derived Chemotaxin 2, PCOLCEZ2;
Procollagen €Endopeptidase Enhancer 2, ACAN; Aggrecan, SERPINAL; Serpin Family A
Member 1, XYLT1, Xyloglucarxybosyltransferase 1; HHIPL2, Hedgehog Interacting
ProteinlLike 2;COL11A2, Collagen Type Xl AlphHaahCC) Top ten proteins positively
correlated with PC1 based on presented principal components are highlighted: DHX9;
DExHBox Helicase,CLTCClathrin Heavy ChaiMVP;Major Vault ProteinHNRNPAS3;
Heterogeneous Nuclear Ribonucleoprotein ABN1Talin 3 PHB2Prohibitin 2 ANPEP;
Alanyl Aminopeptidase, Membran®LECRIlectin SND1Staphylococcal Nuclease And
Tudor Domain Containing WQCRC2jbiguinotCytochrome C Reductase Core Protein
2 e e — et e e e e e et ettt b L r e e e e e aeee e et b e e e 149

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. Dta 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 ly histograms of total protein content in each sample. Healthy AF (AFH),
Degenerated AF (AFD), Healthy NP (NPH), Degenerated NPr#&’p8r 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 expressi@ng2 (fold change) <1.5) and

proteins to the right represent significantly upregulated proteins (log2 (fold change) >

XVI



1.5) when comparing degenerated tissues vs. healthy tispue8.05. FDR =1%. Healthy
AF (AFH), Degenerated AF (AFD), Healthy NR)(IBegenerated NP (NPD). Detailed
statistical analysis available in Appendices: Supplemegt@able A.12n=6.......... 152
Figure 2.23 IR analysis generates a canonical pathway list in which-thas/represents the
top cellular functions based on differentially expressed genes while tagisx
represents the confidence interval of pathway activation. Most highly activated
canonical pathwys in degeneration in the NP (A) and AF (B) are indicated here. The
dashed line indicates a thresholdgifog (pvalue) of 1.3, corresponding fo= 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-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 afLog (pvalue) of 1.3, corresponding o= 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
CAIdZNBE HPHp Lt! NBGSItSR -KRBXKSEABRKEBIRY a&S{ k Dy
degenerated human NP tissue from the proteomic dataget.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 ixnatr
dysregulation. B) A-gcore 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 indiceged in
while low expression is indicated in blue. Upregulated: AHSG, Alpt&aQlycoprotein;
SERPINE1, Serpin Family E Member 1; CFB, Complement Factor B; AGT,
Angiotensinogen; SOD2, Superoxide Dismutase 2; SERPINA3, Serpin Family A Member
3; C4, Complemer@4; HPX, Hemopexin; HP, Haptoglobin; TF, Transferrin....157
CAAdzZNBE HdHc Lt! 2F WLYGSANARY {AIylrtftAy3aQ Ay
integrin related proteins. Most highly expressed proteins are indicated in red while low

expression is indicated in blue. B¥@re normalised protein expression assdissues.
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C) Red symbols indicate identified and upregulated activation of proteins in each
aAdyFEtftAy3ad LI GKglre FNRY RSIASYSNIGSR |aazoa
LINPGSAYyAa AY LYGSaINRY &-ktEyit CALRANGARFKANL +5 RS3ISyYyS
b ] [ ECTIN oottt ettt ettt et n et er e, 159

Figure 2.27 Inflammation network in the degenerated AFCJAand NP tissue {B),
determined by IPA of the adaset of differentially expressed proteins in the
experimental groups. Central objects are predicted upstream regulators where an
orange/red colour predicts activation.-iLi X6 ahd[ TN® GSNB Fff LINBRAOGSR
activated in degenerated tissue. Uprdgied proteins are highlighted in red while
downregulated are highlighted in green, where the colour intensity indicated the
degree of ug/down- regulation. The colour of the dotted line indicates the predicted
regulation of the upstream molecule: regupregulated, blueg downregulated, yellow
CINCONSIStENE fINAINGS....uiiiiiiiiiiee e 161

Figure 2.28 ECM components were downregulated in degeneratéd)fdnd NP (B) tissue.
IPA generates Proteito-protein interaction networks to demonstrate proteins that are
significantly altered with high confidence (>2 fold changes 0.05) Upregulated
proteins are highlighted in red while downregulated are highiéghin green, where the
colour intensity indicated the degree of #gown- regulation. These are represented
according to their cellular localisation. C,D) Collagen expression is presenteddora Z
normalised plot and corresponding heat map. E,F) @@®nd enrichments for
glycosaminoglycans are summarised iscdre 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; KeratifsiBifdnectin, 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 domagaontaining protein, OMD; Osteomodulin..165

Figure 2.29 Carbohydrate synthesis and catabolism is altered in degenerated IVD. A) IPA
identified components of polysaccharide metabolism presented-@org normalised
expression. B) IPA generates Profiirprotein interaction networks to demonstrate
proteins that are significantly altered with high confidence (>2 fold chapge0.05).
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 ofdagvn-
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regulation. Central objects are predicted upstream regulators where an orange/red
colour predicts activation.C) -&£ore normalised protein expression of proteins
implicated inN-glycan synthesis. D) Heat map ofjiMcan synthesigelated proteins.

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

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) Sclerotomatkers 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 iIN BIUE...............cc i 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. Doubleeaded arrows indicate pathways with both highly
upregulated and downregulated PrOCESSES.........uuuriviiriiiriiriireieereeeeeeeeeeeeaaeenns 171

Chapter 3

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 cdilshware specific for sialylation,
fucosylation and mannosylation respectivgby<(0.001)..........ccccceeeriiiiiiriieennnnnns 195

Figure 3.2 Characterisation of lectin profiling of human NP cells through passaging. A)
Stability of glycosylation motif expression in human nucleus pulposils tbeough
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,
respectivelyn = 3. Scale bar = 50 um. Gway ANOVAp > 0.05. Data esented as the
mean * standard error of the MeaN.............ccccoiiiiiiiie e 197

Figure 3.3 Viability study of NP cells after treatment with varying conceémtisf 3Fax
peracetyl NeuSAc and Aferacetyl 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@adation with no
significant difference across groups= 3. Onewvay ANOVAp > 0.05. Data presented

as the mean x standard error of the Mean.........covv i, 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-MA23) and SNA
-honZc 0 {285)Gidlyayich was feduced significantly by %48 a concentration
of 300 M of BFakJS NI OSiG et bSdzp! O I FGUSNI mn RI-éa 2F GNBI
(1,6) expression as measured by AAL decreased with increased concentration of 2F
peracetyl fucose to ~70% reduction at 300 uM of inhibitor. 3. Or-way ANOVAp <
0.01. Data presented as the mean * standard error of the mean..................... 199
Figure 3.5 Lectin cytochemistry for sialylateatihexpression in NP cells. A) Optimised
inhibition of sialylation in nucleus pulposus cells by 3b@racetyl Neu5Ac. Confocal
AYF3Sa RSY2Y&AUNI GS y2 OKIy3aS Ay QB6f Y2NLK2f 2
sialylation (SNA) is significantly decread®) ¢ f nenamo 0@-28)Nnsk: BKALS
sialylation (MAA) expression remains unaltered &) 3. Scale bar = 50 um. 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 byp8Facetyl Fucose. Confocal
images demonstrate/ 2 OKI y3S Ay OSfft Y2NLK2@83e Ay GNBI
fucosylation (AAL) is significantly decreased (Bj ( n®nnm0 o6&-1ADT w> HBKAE S
fucosylation (UEA) expression remains unalteredn(€)3. Scale bar = 50 um. Student
t-test, data presenteds the mean + standard error of the mean...................... 201
Figure 3.7 Schematic af vitro model design. A) Cells were seeded for 24 hoursallyiti
before being cultured for up to 168 hours with sialyltransferase/fucosyltransferase
inhibitor (3Faxperacetyl Neu5Ac/ 2peracetyl fucose) and/or inflammatory cytokines
(ILmi 6ONF 0 @ aSOKE yAaY -pefacetyl Quioke2is’ shewd. BoThd E
screening process for glycosylation inhibitors is demonstrated. Cell migration and gPCR
results determined that only 3Fgeracetyl Neu5Ac was carried forward for further
investigation. Created using Biorender®...............oooiiiiiiiiiiiciiieeeeeeeeee 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-NB) IL K R (1 K S
most prominent effect after three days, increasing sialylation by 62%, whei¢gs T
and IL6 increased sialylation by 56% and 19% respectively. The cytokine combination
increased sialylation by 89%= 3. Scale bar = 50 um. Gway ANOVA, Data presented
as the mean £ standard error of the mean.............cccveeeii i 205
Figure 3.9 Effect of cytokine stimulation on NP cell glycosignature. A) Fucosylation response

to cytokine induced inflammation measured by AAL and UEA bindingwB) IL LIN2 R dzO S R
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the greatest fucosylation response of all the cytokines (35% increase) followed by TNF
h | yBR1L1% &nd 6% increases respectively. A combination of cytokines caused a 46%
increase in core fucosylation= 3. Scale bar = 50 um. Gway ANOVAData presented
as the mean + standard error of the mean............cccccoociiiiiie i 206

Figure 3.10 The glycosignature of human healthy NP cells inducediniidimmatory
cytokines. The altered binding specificity of SNA and AAL was increased on day three in
the cytokine treated group. n = 3. Omey ANOVA, Data presented as the mean +
standard error Of the MEAN...........coiiiiiiiii e 207

Figure 3.11 Expression of ECM proteins in healthy and degenerated NP cells. Collagen |
expression was the same in both cell types while Collagen Il and Aggrecan were reduced
in degenerated NP cells. Expression of all ECM proteins was reduced in cekslinduc
with cytokines after three days = 3. Oneway ANOVA, Data presented as the mean *
standard error of the Mean.............coooiii i 208

Figure 3.12Attenuation of hypersialylation response using Neu##kdb. A) Inhibition of
hypersialylation in cytokinehduced inflammation treated with 3Fgeracetyl Neu5Ac.
Initial baseline sialylation in degenerated nucleus pulposus cells was higher than healthy
NP cellsf§ < 0.05). B) Binding of SNA was increased in thel IL6ITINFh ~ I NR dzZLJ | FG S
72 hours p < 0.001). This hypersialylation response was inhibited by-fBé&mcetyl
Neu5Ac in degenerated and healthy nucleus pulposus gef(001)n = 3. Scalbar
=50 um. Onavay 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...........cooi e 209

Figure 3.13 Attenuation of hyperfucosylation response using Ftiobde A) Inhibition of
hyperfucosylation in cytokin@duced inflammation treated with 2peracetyl fucose.
Initial baseline fucosylation in degenerated nucleus pulposus cells was lower than
healthy NP cellgp< 0.05). B) Binding of AAL was increased in thel ILK6[TINF" 3 NP dzLJ
after 72 hours |§ < 0.001). This hyperfucosylation response was inhibited by 2F
peracetyl ficose in degenerated and healthy nucleus pulposus qeksQ.001)n = 3.
Scale bar = 50 um. Omeay ANOVAp < 0.05. Mean fluorescence intensity was
normalised per cell using Harmony® High Content Imaging and Analysis Software and
data presented as the ean + standard error of the mean...................ccceeeeees 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 Jleaacetyl Neu5A treated group
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versus inflamed groupp(< 0.001).n = 4. Scale bar = 50 um. Oway ANOVA, Data
presented as the mean * standard error of the mean...................cccoccvvivnnnnnee, 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) 2fperacetyl fucose treatment further inhiteid the decrease in cell migration
in inflamed group§ < 0.05)n = 4. Scale bar = 50 um. Gway ANOVA, data presented
as the mean = standard error of the mean.............ccoocee i 212
Figure 3.16 Collagen gene expression was measured by gqPCRirirvitne inflammation
model. A) 3Faperacetyl Neu5Ac treatment increased collagen Il expression iR non
inflamed cellsig < 0.01). No significant differene@eas seen in inflamed groups. B) The
ratio of COL2:COLL1 expression, a marker of NP cell phenotype, was maintained in 3Fax
peracetyl treated cells, although total gene expression was decreased-peyafetyl
fucose did not affect healthy NP cells and ferthreduced collagen |l expression in
inflamed NP cells. D) COL2:COL1 ratio is further lost-pei2i€etyl Fucose treated

inflamed cells. Twavay ANOVA, data presented as the mean + standard error of the

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
supplementa with 5 mM glucose and 2 mM glutamine and consecutively injected with
2t A32Y@0AY O6mM >avX C//t o6mMdp >avI FYGAY@OAY 01
ECAR values (mpH/min) (A) and OCR values (pmoles/min) (B) are shown. The-% of ATP
linked OCR was calated as ATHinked OCR/basal OCR. < 0.05, *p < 0.01, **p<

0.001.n = 3. Oneway ANOVA. Data presented as the mean + standard error of the

Figure 3.18 Ingenuity pathway analysis (IPA). A) Overview of protein regulation in VD
degeneration coupled with predicted modulation of glyeozymes in cytokine
stimulated conditions. B) Highlighted interactions between kites and induced
glycoenzyme predicted by IPA analysis in the IVD microenvironment............ 219

Figure 3.19 Comparative analysis of mRXpgr&ssion 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 grdlgbrev: H_COMRhealthy cells control, D_CON
¢ degenerated cells control, H_CYTKREalthy cells + cytokine cocktail, H_TREAT
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healthy cells + cytokine cocktail + Neu5dohib, D_TREAT degenerated cells +
NEUSAEGINNID. .....ooiiiie 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. Badicdicates
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_CQ@Mealthy cells control, D_CQij\legenerated cells
control, H_CYTKNhealthy cells + cytokine cocktail, H_TREA&althy cells + cytokine
cocktail + Neu5Acinhib, D_TREAJdegenerated cells + NeuSAahib.................. 224
Figure 3.21 A) 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, tHkerstha
corrected p value, the biggerlogl0 (correctedp 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) healthy cells control, Control ([%) degenerated cells
control, Cytokine (H) healthy cells + cytokine cocktail, Cytokine + NeubAib (H)g
healthy cells €ytokine cocktail + Neu54&g@nhib, Neu5Aédnhib (D) ¢ degenerated cells
S N\ (=0 LY X o o 11 o 226
Figure 3.22 GO Enrichment scatter platsmonstrating upregulated processes across
groups. AE) 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 inadsdthree main branches: cellular component,
molecular function and biological process. GO terms with< 0.05 are significant
enrichment. Abbrev: Control (ld)healthy cells control, Control ([Q)degenerated cells
control, Cytokine (H) healthy cellst cytokine cocktail, Cytokine + Neu5Ahib (H)g
healthy cells + cytokine cocktail + NeuSs#thib, NeuS5Aédnhib (D) ¢ degenerated cells
F NEUSAENNID ... e 229
Figure 3.23 KEGG enrichment scatter pleE)XEGG (Kyoto Encyclopaedia of Genes and
Genomes, http://www.kegg.jp/) collects manually curated databases containing
resources on genomic, biologigathway and disease informatio[33]. Pathway
enrichment analysis identifies significantly enriched metabolic pathways or signal

transduction pathways associated with differentially expressed genes, comparing the
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whole genome background. KEGG terms wgitlh < 0.05 are significant emhiment.
Abbrev: Control (HY healthy cells control, Control () degenerated cells control,
Cytokine (H} healthy cells + cytokine cocktail, Cytokine + Neulhib (H)¢ healthy
cells + cytokine cocktail + Neu5Aimhib, Neu5Adnhib (D) ¢ degeneratedcells +
NEUSAEINNID. ... 233

Figure 3.24 Overview of signalling pathways modulated according to reactome analgsis. A
The Reactome (tp://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 ad cellular biology. Reactome terms withag < 0.05 are significant
enrichment. Abbrev: Control (l4)healthy cells control, Control (Q)degenerated cells
control, Cytokine (H) healthy cells + cytokine cocktail, Cytokine + Neuidhib (H)¢
healthy cdls + cytokine cocktail + Neu5&inhib, Neu5Adnhib (D) ¢ degenerated cells
+ NEUSAEGNNID........eeiie 236

Figure 3.25 The differentiall ELINE & &SR 3ISySa | aa20A1GSR 6AGK (K
hNBFYAalGA2yQ Dh GSNXYo .0 Ly GKS KSIF{ YI LE NBR
blue indicate a lower gene eXPreSSION..........cooveiiiieeciiciii e e ee e 237

Figure 3.26The differentially expressed genes associated with glycan synthesis and specific
terminal glycosylation, identified through GO term enrichment. A) Overview of
differentially expressed genesvolved in Nglycosylation and terminal modification
presented as Bcore normalised values. B) Distribution of significantly altered gene
expression. Ralues are indicated as< 0.05, **-<0.01, ***- <0.001. Red indicates a
significant increase in genexpression while blue indicates a significant decrease in
EXPIESSION.....ceiiieeeeee e et e e e e e aaaaaaaaaaaans 239

Figure 3.27The differentially expressed genessociated with Interleukit 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 + NeuS5Aib (H) presnted as a &core normalised heat

map. Red indicates a significant increase in gene expression while blue indicates a
Figure 3.28 Protein expression of (A) MiUPand (B) ADAMT&as measured by ELISA was

decreased by glycosylation inhibition. = 3. MMP13 and ADAMT8 expression
increased by Wi k6ITINFM & . 2 (ipkracetyC Nebd5Ac and Aseracetyl fucose
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inhibit MMP-13 and ADAMT8protein expression. Onaay ANOVAp < 0.05. Data
presented as the mean * standard error of the mean........................ccooeeenns 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 loioirs. B) Diagram representation of
experimental results highlighting the described mechanism of action for glycosylation
INNIDITOTS ... e e e e 244

Chapter 4

Figure 4.1 Schematic representation of crisked HA hydrogel. Crodisking reaction of
hyaluronic acid initiated by DMTMM producing a reactive ester species that further
reacts with PEG to form a crefisked product. *design DMTMM schematic and cross
linked product schematic. Microspheres on Teflon tape...........cccccccvvvvvevnnneee. 260

Figure 4.2 Optimisation of crofisking system using different concentrationsa#n PEG
amine/DMTMM:HA equating to a molar ratio of 0.5, 1 and 2. A) Degrauaficross
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 aftercross Ay {Ay3dd b2 5ataa ol a dzZASKwisy O2yil
decreased with increasing of DMTMM concentration. *Significant statistical different
for different concentrations of PE@nine. 6 = 3, oneway ANOVAp < 0.05). Data
presented as the mean * standard error of the mean......................cccoeeinnns 267

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. @RTMM/PEG:HA ratio. D)
Summary of final hydrogel properties. Gelation was observed when the storage
Y2RdzZ dzda o0DQUO &dzN1lJ aaSa GKS @I ftdzS F2N G6KS f
sweep. There was a significant increase in storage modulus and lahdunafter
completion of gelation in hydrogels of higher degree of ciloddng < 0.001).1§= 3,

two-way ANOVAp < 0.001). Data presented as the mean + standard deviation of the

Figure 4.4 Scanning electron microscopy (SEM) images of HA hydrogel formulations. Surface
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f2FRSR 1! Ke@RNR3IASt YvYz2ald 2LIAYIEfe AYyKAOAGSR &j
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Figure 4.10 Overview of representative individual glycan pattern identified in canin€igD.
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Figure 4.11 MALBMS of canine IVD. Several glycan ions of oligomannose are specific to the
bone marrow (m/z = 933.330Q@ HexHexNAg 1079.3523¢ dHexHexHexNAg
1095.3861¢ HexHexNAg 1419.4981¢ HexHexNAg 1581.5021¢ HexHexNAg,
1743.6102; HexHexNAg 1905.6142; HexHexNAg). Scale bar =2 cm............. 280
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evaluation demonstrates the loss of specific glycans correlates with fibrotic changes and

Chapter 5

Figure 5. 1 Summary of experimental phases. UPLC chromatogram depicts overview of most
abundantN-glycan species in the human IMEu5Aeinhib non-competitively binds to
all sialyltransferase enzymes to inhibit the addition of sialic acid onto a terminal
galactose residue oN-glycansNeu5Aeinhib loaded HA hydrogel is depicted in situ in
the validded preclinical canine model of IVD degeneratian................cccvveeeee.. 296

Figure 5.2 Schematic representation of the regeneration of the IVD in dogedrevith
Neu5Aecinhib loaced 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 dgealr
formulations with/without Neu5Aeinhib are administered into degenerated discs.
Finally, after four further weeks, discs will be assessed by MRI and animals will be
euthanised for further iINVestigations............ccccciiiiiiiiiiiiiiiiieereer e 301

Figure 5.3 Potential pathway for glyfunctionalised HAased 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 | may not be needed
for intradiscal therapies. Direct entry to Phase Il or Phase Ill will be suitable and
appropriate for therapies that have a human physiological basis or derivationrrathe
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

Appendices

Figure A.1 Optimisation of glycosignature (sialylation) imaging in the foetal intervertebral
disc. A) Con ACpncanavalinA) B) MAA (Maackia Amurensis Agglutinin) C) SNA
(Sambucas Nigragglutinin) D) DSAD&tura Stramoniuragglutinin) E) PNA (Peanut
agglutinin)F) UEA({Ulex europaeuagglutinin G) WGA (Wheat germ agglutinin) H) WFA
(Wisteria floribundaagglutinin). Sialyl G A 2 y T a 4(2,3) libkkdysRl& actd. SNA
f SO0 A y-(2,6)Aigké&dzsialie acid. WGA bin#sacetytglucosamine (GIcNAc) and
AAFEAO | OAR® al yy 2-inked rhannos yglicosaiye and GENAY. R a
Galactosylation; PNA binds tol&a(1,3);GalNAc (Fantigen), > GalNAc > lactose > Gal,
G S NJY A B4l f nonsialylated. WFA binds GalNAc and chondroitin sulphate.
CdzO2z2aef I (A 2y F12Mieked furdse, Retminél Z5IcNAc; DSA bind#l+o
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acetylglucosamine andN-acetyllactosamineHighlighted concentration indicates best

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

CAIdzNE ! on [ SOGAY O2id20KSYAalG NE kel gialicA & I G A 2
acid. SNA.  t SO0 Mg, 6)binked Ridic dtid. WGA bind$acetytglucosamine
6Df Ob! O0 YR &ALl fAO I OA HzedanbryiosedlicdstrmingA 2 y T/
and GIcNAc.. Galactosylation; PNA binds td Ga| 3xGalNAc (Fantigen), > GalNAc
HB t I+ OG2asS BHGaDhobazA Iif SNM AlYS-R® i C dzO 2 -§1p2flihkédA 2 y T | ¢
fucose. Terminal GIcNAc; DSA bindbHacetylglucosamine andN-acetyllactosamine.
Highlighted concentration indicates best fluorescent image and concentration of lectin
used for remaining samples. Scale bar = 50.UM............ccooiciiiiiiiniininneeeeeee, 393

Figure A.3 Workflow for medical species mRNA sequencing data of standard bioinformatics
analysis (NOVOGENE, UK)........coo oot e e e e e e e e e e e e e 395

Figure A.4 Distribution of gene expression levels among different samples. Parameters of box
plots are indicated, including maximum, upper quartile, +wdue, lower quartile and
minimum. Abbrev: H_COhealthy cells control, D_CQf\degenented cells control,
H_CYTKRNhealthy cells + cytokine cocktail, H_TREA®&althy cells + cytokine cocktail
+ NeubAcginhib, D_TREAJdegenerated cells + NeuSAthib...............ccvvvveeeee. 398

Figure A.5 Correlation coefficient matrix: Bquare of Pearson correlation coefficient(R).
Abbrev: H_COMN healthy cells control, D_CQ\degenerated cells control, H_CYTKN
healthy cells + cytokine cocktal, TREAQ healthy cells + cytokine cocktail + NeuSAc
inhib, D_TREAJdegenerated cells + NeuSAthib. ...........ccccooiiiiiii 399

Figure A.6 Experimentsét 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 produceyclic 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. physiologicabntrols. 6 = 4, twoway ANOVAp < 0.001). Data presented
as the mean * standard error of the mean.............occcvveveiiii e 402

Figure A.7 Optimisation f SOG Ay KA a{i2O0KSYA Ol &@3)nkedy 3 F2N
aAl t A0 Ji®Hinked fugoBe was indicated by SNA and AAL lectin staining,
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Inhibitor control: The binding was diminished using prior incubation of lectins with
haptenic sugars, lactose and fructose at 100 mM..............ccccccccvvvnvnninnnnnn.. . 403

Figure A.8 Lectin histochemical staining of the IVD under physiological and degenerative
loading conditions. A) Disruption is evident in the AF in the degenerative condition. NP
of degenerative loading condition contains increased incidence of focal itiemnsf
SNA positive stained area. B) Lectin histochemical staining (AAL) of the IVD under
physiological and degenerative loading conditioms. 4. Tweway ANOVAp < 0.001.

Data presented as the mean +* standard error of the mean. Scale bar = 100..404
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Abstract

Low back pain (LBP) is a common health issue that imposes a significartcnwmic
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 discogenicTia molecular
processes involved in this disease cascade is made up of glycoprindismamatory and
degenerative processes in IVD degeneration produce altered expression patterns of
glycosylation, although the role of glycosylation and localisatinrglycoproteins in this
process is not well understoodAn 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 treatt 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 investiigg 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. Smalecule therapeutics have
demonstrated efficacy in modulaig glycomiebased targets. Nexgeneration bionaterials

will likely encompass muftmics functionalisation to address multiple disease targets,
increasing the specificity and efficacy of regenerative therafikes.altered glycomic profile

of the IVD degeeration may be targeted by specific inhibitors of glycosylafidre 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 titig 8ias

to characterise the alteretll-glycome of the IVD in degeneration and subsequently develop
an optimally crosdinked high molecular weight of HA hydrogel, functionalised with a small
molecule inhibitor of glycosylation to investigate the role ofcglgylation in degeneration.

In Phase |, theN-glycan profile of human intervertebral disc tissue was characterised by
UPL@VS. The characterisation of tidglycan profile of the IVD has uncovered the altered
expression of glycans in degeneration. The g¢eain the expression of glycans demonstrates
the dynamic regulation of glyeenzymes 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 needof 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 purifation from human IVD and further glycan isolation and
characterisation by UPHGS. In Phase llthe glycosignature of the NP cell in healthy and
diseased tissues has been characsgi 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 am vitro model of IVD degeneration and potential glycomic
based mechanisms of degeneration danlisease 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 sialylaticn. 3F
pereacetyl NeuSA@Neu5Aeinhib) may have a potential beneficial therapeutic effect in a
hydrogelloaded system in treating IVD degeneration. In Phasa Hkbased hydrogel was
optimally crosdinked with PEG@ree amine and DMTMM, exerted hydrolytic stability and
resistance to enzymatidegradation. No cytotoxic effect of NP cells was marked after
treatment with HA hydrogels for ten days. These findiimglicate that optimally stabilex
crosslinked HA hydrogel is an ideal delivery vehicle to trial glycosylation inhiliitoisa

The dficacy ofNeu5Aeinhib release from a HA hydrogel was determiriadvitro in canine

NP cells. Cytokine induced inflammation also increased sialylation expression in canine NP
cells and sialylation inhibition effectively restored the glycosylation exmesso
physiological levels. Furthermore, a canine-plieical modelusing beaglesvas validated

for determining the efficacy of glyeminctionalised materials by demonstrating a similar
modulation in the glycome of the canine IVD compared to humanggewmkration. These
findings pave the way for a pidinical trial using a sialyltransferase inhibitor, working
synergistically with HA hydrogel, to regenerate the IVD in canine IVD degeneration,
suggesting that glyemodulation and specifically sialylatioimhibition has a potential

therapeutic application for théreatment of IVD degeneration.
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Introduction

1.1 Introduction

The prevalence of low back pajbBPhas been reported to be between 1.4 to 20% with
incidences from 0.0Z.0% inEuropean UnionEU countries[1,2]. Other studies have
reported worldwide prevalence at about 31% in the general population i given time
and up to 80% of the population witiost likelyreport LBPat some point in their liveg3,4].
Men reported a higher prevalence diBPthan women (4.1%s. 3.4%). de, however, was
not found to be a risk factowith anequal proportion of people aged <65 vs. >65 reporting
incidence(3.7% vs. 3.8%%]. LBPis cited as the most common reason for visits to general
practitioners[6]. This complaint has an economic burden estimate&2&.3 billion in the
United StatesW9 attributed to direct care costfr] with afurther economic impact due to
decreased employee productivif§]. The World Health Organisation (WHO) estimates that
LBP is the leading morbidity accounting for the highest number of disaduiljtisted life
years worldwidg9].

LBPhas a multifactorial aetiology that is discussed in detail ldtés well understood
that it has a positive association withtervertebral disqIVD)[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 oftte IVD[11]. Low back pain was found to be strongly associated with
occupation [11], although this is complicatedby socioeconomic statug12]. Disc
degeneration has been shown to be the driving force behind and cause afegmdent
back pain, where a higher proportion of the incidence of LBP in people aged >65 is
attributable to disc degeneration and herniati¢is3].

The interverebral disc is a fibrocartilage joint, which connects two adjacent
vertebral bodies in the spinal columi4]. 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 classicalblemdlified ito the
inner nucleus pulposus (NP), a proteoglycah tissue surrounded by the outer annulus
fibrosus (AF), a fibrous collagenous tisqd&]. 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 propertieal for the absorption of compressive forces within
the spinal column and transmission of load into the [irfit§.

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 éopged period. The
progressionof IVD degeneratiolis characterised bgndplate thiclening, reduced nutrient

supply,lower oxygen tensionbuild-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 gendtic20].

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 dighthdue to
dehydration and ECM resorptio21]. ECM resorption is mediated by a shift in cellular
homeostasis towards catabolism. This altered activity is mediated by inflammatory
cytokines,most prominentlylnterleukinm i (IL-m ), and Tumour Necrosis Factdor TNF)
and Interleukin6 (L-6). These cytokines activate tHerotein kinase B/Mitogesactivated
Protein Kinase Akt/MAPHK, Nuclear Factor kapplight-chainenhancer of activated B csll
(NF¢ ), and Wntk icatenin pathways to upregulate the expression of collagenases and
aggrecanases (ADAMAISADAMTS, MMR1, MMP2, MMP3, MMPR-13 and MMP14)[22].

Inflammatory cytokines also induce thgpregulation of several glycosyltransferases
such as sialyltransferases and fucosyltransfer§agls These glycosyltransferases act in the
Golgi apparatus to add glycans to the peptide backbone of glycoproteins in the post
translational modification known as glycosylatiofi24]. This upregulation of
glycosyltransferases inzases the expression of sialylated and fucosylated glycans
throughout newly synthesised glycoproteins, altering their activity and fund@df The
altered expression of sialylation modulates cell surface receptors;taa@ell interactions
and enzymatic activity Rucosylation of glgoproteins plays a role in immune response, cell
adhesion and migration, inflammation and cell surv[i2&;27]. The role and importance of
this altered glycosylation in IVD degeneration has not previously been investigated
substantialy, however there has beetonsensu®n the trends in modulatiorseenacross
many studieg28¢30].

Clinical treatment ofmechanical LBP caused by IVdegeneration is largely
conservative and consists of symptomatic management. Patients may be prescribed
analgesics and rehabilitation to alleviate pain, while progressive and persistenapdin
associated radiculopathsnay require surgical interventiorrgent surgical intervention is
necessary focauda equina syndrome, which isargicalemergencywhere the lumbar and
sacral nerve roots are compressed, compromising skeletal and somatic furjdign
Pharmacological intervention is given in the form of rsderoidal antiinflammatory drugs
(NSAIDs)pioids and muscle relaxants. While routinely prescribed, theseasitevidence
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



Introduction

demonstrating mixed results, while new evidence suggests that glucocorticoid reeeptor
specific steroids may show efficaf88]. Failure of coservative treatment often leads to
surgical intervention. Spinal fusions are performedaffected spinal levels whereupon the

IVD is removed and the spinal segment is fused using a bone graft or cage. Spinal fusions are
approached anteriorly, laterallyr@osteriorly and may be open or percutaneous procedures
depending on the spinal levedffected, single or multiple levels, patient anatomy,
instrumentation availability and surgeon experience. These interventions are not
regenerative andmore importantly non-curative for the most part. Surgical strategies
further disrupt normal spine anatomy often leading to muscular dysfunction ana ddi

restore native disc structure and functi¢dd4].

Several approaches through tissue engineering to restore disc structure and function
offer potential as treatment strategies faBH35]. Tissue engineering approaches vary from
scaffold delivery with/without cellular therapy to total IVD replacemdg8b]. There is
growing consensus that scaffold delivery to the NP provides immediate functional recovery
of NP mechanicaproperties while offering a favourable microenvironment for cellular
integration, attachment and proliferation. Many materials have be@iledin this field with
a large proportion in the form ofrosslinked hydrogels[36,37] Hyaluronic aciqHA)is a
macromolecule, native to the disc, ubén tissue engineering that may be crédisgked to
form a hydrogein situ. HA-based hydrogels provide osmotic swelling pressure to diseased
NP tissue, restoring hydrostatic pressure while being biodegradabldalsidd hydrogels
may be functionalised witttherapeutic molecules for drug delivery to promote cellular
integration and proliferation while reducing inflammati¢@8]. Modulators of glycosylation,
such as smbamolecule 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 huimady. The spine functions to provide
structural support and balance while protecting the spinal cord. The segmented
configuration allows mukaxial movement through flexion, extension and rotational torsion.
The lumbar spine consists of five vertebraenier L1 to L5. Below is the sacrum, made up

of five developmentally fused vertebral bodieshich is followed by the coccyx. Coccygeal
segments are variable across individuals. This lower spinal complex makes up the
lumbosacral region and is the most commesite 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 betwreevertebral bodies.
These joints make up orhird of the height of the spinal columintervertebral 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), atlaslaxis (C2) and the sacral spine. These discs are
largest in the loaébearing lumbar spine and gradually decrease in diameter ros{Esly

The discs vary in height froeevento ten mm andmeasureup to four cm in the sagittal
plane[40,41] Macroscopically, the discs are complex organs that consist of an outer ring of
thick fibrous cartage, which encompasses a gelatinelilee central tissue known as the
nucleus pulposus (Figure 1.1). The nucleus pulposus is adjoined superiorly and inferiorly to

the vertebral bodies through theartilaginous endplate.

1.3.1 Annulus Fibrosus

The Annulus Fibsus (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 precedirg lay
[42]. This outer ring is anchored into the vertebral bodies supearat inferior to the disc
space. This ia unique characteristic of the tissue that is responsible for its Jbedring
properties. Elastin is integrated into the tissue between lamellae generating the elastic
properties of the disc during mobilisatiqi3]. The cells of the AF have several long, thin
cytoplasmic extensions, or podia, which are involved in mechanosensing and integrin
mediated sighal transductiof#4,45] The AF tissue is dividedanbuter 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 N#6].

1.3.2 Nucleus Pulposus

The Nucleus Pulposus (NP) is composed of randomly aligned collagen type |l fibres and
proteoglycans creating a hyated extracellular matrix ECM [47]. Notochordal and NP cells
make up less than 1% of tissuelwme, about 5000 cells/ min[48,49] NP cells are
characterised as being positive for specific cellular marRaised box 1FAXY), Forkhead

box F1 FOXF), Haemoglobin subunit HBB, Carbonic anhydras#2 (CA13, Cluster of
differentiation-24 (CD24 andOvostatin Homolog ZQVOSP[50¢54] while notochordal cells
express specific markers such Asgiopaetin-1 receptor Tie2 and Ganglioside G2GD2

[55,56] Notochordal cells are present up until aroune thge oten years in humans while

they persist throughout life in some animnsalsuch 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 admondrodystrophic (NCD) dogs (greyhound, Labrador
retriever, and Jack Russell terrieRpress notochordal cells throughout I[i9,60] They are
thought to be NP progenitor cells, committing to the NP cell lineagel are involved in
development of the tissue, directing chondrocytes at the endplates and stimulating
propagation of theECM,although consensus has not been reached on their origin and

function [61].

1.3.3 Cartilaginous Endplate

Fnally, the cartilaginous endplat¢CEPYelineates the margins of the IVD superiorly and
inferiorly. This is a thin horizontal layer of hyaline cartilage interfacing the vertebral body and
disc. Collagerl fibres within the hyaline cartilage of theendplate run horizontally with
projections into the disc, especially anchoring thg#H. TheCEP consists of chondrocytes,

as observed in articular cartilage, which secrete primarily collagen and proteng$&3.

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 IVIP63].

1.3.4 Extracellular Matrix

Both the NP and AF have low cellulariiativeto other tissues and are therefore composed
largely of ECM. These tissues are compasaihlyof water, proteoglycan and collag¢sv].
Aggrecan is a proteoglycan present in both AF and NP that keeps the tissue hydrated through
osmotic presure by chondroitin sulphate chains where the level of hydration is directly
proportional to the level of sphation in the chondroitin side chains. Collagen type | provides
the tensile strength in the outer AF while collagen type Il is found predominarithg inner

AF, NP an€ERof the vertebrag[65]. The ECM of the AF is made up te2Bblamellae of

collagen fibres in their unique conformation, as described above.

1.4 Pathophysiology of Intervertebral Disc Degemaion

Disc degeneration occurs invariably with ageing, beginning in the young adult. Disc
degeneration is characterised by an imbalaméeanabolic and catabolic processes in the
ECM, which is accelerated by numerous risk factors discussed below [6Z]&S].

pathogenesis of disc degeneration is summarised in Figure 1.4.

1.4.1 RiskFactors
A genetic predisposition to IVD degeneration has been confirmed by multiple large studies
such as TwinsURO0,67] Polymorphisms have been identified in 5A and 6A alletes

commonly occur in the promoter region of the gene that regulates M3vXpressiorn68],
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Figure 11 Schematic of spinal motion segment consisting of superior and inferior vertebra,
intervertebral disc (IVD) and bony processebBhe I\D 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 thetervertebral foramen.
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collagensynthesis[69¢71], Il-m isecrdion [72], and many other genel¥3]. 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 (AGESs) in the CEB,74,75] Obesity is a prominent risk factor, intrinsically linked

to metabolic syndromg76¢78]. Disc space narrowing is more frequent in women than in
men, while osteophyte formation is a more frequdinding on radiographic images for men
[79]. Smoking increases the risk of degeneration while-doade infection may also
contribute[80,81] No evidence has been found to suggest that injury or vibration inceease
the risk of IVD degeneratiof82,83] While it was previously hypothesid 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
diseasdq12,84]

1.4.2 Initiation of IVDDegeneration

Despite the long prevalence and high soeionomic impact of IVD degeneration, the
initiation and progression of this diseasesidl not well understood. The causal relationship
between biological and biomechanical mechanisms has been investigated witk so
investigatos hypothesizing that biomechanical stresses induce di§8ag87]. On the other
hand, loss of nutrition has also been implicated as an initiator dadtévedvascularisation
sclerosis of the subchondral bone @EPcalcification [88,89] However, these two
mechanisms of induction are not mutually exclusisdl it is likely that both initiate disease.
In fact, it is important to recogse the relationship between cellular physiology and
mechanical environment, encompassed by the study of mechanobi¢@®jyThe intrinsic
link between mechanics and cellular homeostasis has been established in th@l9P)
and shown to be instrumental in degenerative procesf83c97]. Geneticsalso plays an
important role in the disease process, governing celloddraviourand response to extrinsic

stressors and dictatgthe acceleration in degeneratidi@3].

1.4.3 Altered ECMActivity

The regulation of ECM biosynthesis becomes altered early in the disease process whereby
anabolism is decreased and catabolic processes are upregul@8dCollagen Il 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 senescenf®8,101] Thus, he rate ofde novoproteoglycan synthesis
decreases in theNP while macromolecules that aresynthesisedare smaller and less

aggregated102,103] The content of5AGds altered aghe concentration ofCSdecreass
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andthe ratio of KSto CSincreaseg104,105] Aggrecan ishie most abundant proteoglycan

in the NP, which is reduced and fragmented in degeneralid®]. Such proteoglycans have

a net negative charge, which creates an osmotic pressure of#i820nOsmol/kgkD[107]
Collagen deposition in the NP changes from collagen Il to collagen |, creating a stiffer
microenvironmen{108,109] Theboundarybetween the AF and NP becomes less distinct as
the two regions coalesc¢l10]. The collagen fibres of the AF lamellae become more
disorgansed with degeneration. The decreased proteoglycan content and increased collagen
bindingreduces the overall polarityf the proteoglycans availahldiminishing water binding
propertiesto create osmotic pressurd11]. TheNPbecomes progressively ériand stiffer,

increasing susceptibility to cracks and fissUf€9].

1.4.4 DegradativeEnzymes
Cells in the IVD respond to stressors by producing inflammatory cytokines suah as36 L |
I Yy R ¢1B2€114] These cytokines upregulate the expression of catabolic enzymes such
as matrix metalloproteinases (MMP) and A Disintegrin and Metalloproteinases with
Thrombospondin Motifs proteins (ADAMT8)15¢119]. In addition to altered MMP
produdion, the balance betweenatabolicenzymes andheir endogenous inhibitorftissue
inhibitors of metalloproteinasesTIMPs)saltered[120]. The production dIMPs andl'IMPs
appears to becorrelated such thatin more degeneraté IVD increased MMP levelare
associated with increase@MP 1 and TIMP, Zuggesting a complex mechanismtire
modulation of activitybeyond direct inhibition[119]. Nonproteolytic degradation also
occurs due to glycation and the advancement of A@E$]. Aggrecan fragments that are
cleaved by MMPs do not aggregate, reducingrtivater-binding capability122].

It hasalsobeen reported thatthe abovementionedcytokines mediate expression
of pro-angiogenic and neurogenic growth factors and neurovascular ingrowth into the disc.
IbLMmi  AYRdzOSR aA3IyAFAOIYyl AYONBlI&asSa Ay ySNBS
growth factor (VEGF) which cdybromote neuronal and vascular ingrowtt23]. While the
former has been demonstrated extensively, evidencelferlatter nerve ingrowth is sparse
[123127].

1.4.5 Structural andMechanical Changes

Appropriate loading of the AF relies upon adequate hydration of the NP. The intradiscal
pressure creates tension within annulus fibres and providespressive support for the CEP
[128]. Appropriate physiological loading is essential for preservation of native properties of
the 1IVD[129,130]while excessive degenerative loading has been shown to have deleterious

effects on disc homeostadit31,132] When a disc becomes deggrated,it is reduced due



Introduction

to dehydration and radial bulging increases, further stressing thgl38]. This increased

stress on the AF demonstrates disturbed stress distributia further damageshe tissue

[134]. A reduction in intradiscal pressure causes increased shear stresses on the AF and NP
under axial compressiol22]. The increase in the neutral zone in shear resultsfimther
increase in shear stresses in bending and torsiawisingremodellingof the nucleus and

ECM in responsg.35].

1.4.6 DiscogenidPain

Discogenic pain stems from IVD degration and nerveompressiorand accounts for 26%

42% of the patients with chronic LE¥®]. While the degree of disc degeneration correlates
with the incidence of low back pain, the pathogenesis of discogenic back pain is not well
understood ands likely to be multifactorial [136]. Back pain is most often located in the
lumbar regioncorresponding to low lumbar disc changes on magnetic resonance imaging
(MRI) (Figure 1.5). Furthermore, multilevel disc degenerationriskafactor for a higher
prevalence and increasesgverity of LBIPL37]. It is considered that localised inflammation
and nerve ingrowth and sengitition are major contributors to chronic LBEE36]. However,

it is hypothesised that this is due to the loss of lumbar lordosis with continuous segment
degeneration This leaddo increased fatigue of the postural muscliestheir attemptsto
maintainan upright posture, which ultimately causes pain in most c§k@8]. Restoration

and maintenance of sagittal lzaice is a key predictor in the incidencelL&Pand disability
[139]. When disc degeneration is severe, radicular pain may develop through nerve root
compression and degenerati¢gh40]. The greatest contributor to discogenic pain is a loss of
disc height causing disc spacarmowing and nerve root compression with kyphosis, loss of

sagittal balance and subsequent muscle fatigue.

1.5 Origin ofInflammation in the IVD andCanonical 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 activatdikellreceptor2 (TLR2)

and TLR4141,142] TLRA4, especially, has been implicated in the innate immesponse of
inflammatory degeneratior[143]. In the IVD, HA fragments activate the Tignalling
pathway to increase the mRN&pression of inflammatory and catabolic genes such-as IL

M i 36, IE8[ cyclooxygenase (CGX)MMR1 and-13, and IE6 [144]. IL-6 expression is TER

2 dependent, but independent of TLR4 aation [145]. The MW of HA alters the response
mounted by IVD cells. High MWAAIs protective against prapoptotic signals through the

NFS . LI GKgl @& gKAES 26 a2 || frohhidadgh&asthaty F€ F YY I G2 N
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secreteltmi YR @ KRER dzZAK GKS | OQGAGEFGAZ2Y 2F .GWI yaoON
L ¢ [146]. The disparity in results of activation of the same pathway can be explained by the
degree ofactivatior{146].

Many signallingpathways are crucial for the maintenance of IVD architecture. Shh
signallingn the NP is required for postnatal growth and maintenafie&7], which has been
shown to decrease with ag@48]® 2 ycateninsignallinglays a crucial role in maintaining
the notochordal cells of the IVD, but is also involved in tissue degeneration and regeneration,
highlighting its dual rol¢149]® -Ciatenin signalling mediates caatin-related cytoskeletal
organisation and cellular adhesi¢ib0].

Several studies have indicated that the IVD retains apsygulation of cells thia
possess an inflammatotike phenotype when activated, demonstrating phagocytosis and
CD68 positivity]151,152] Furthermore, resident NRells express specific inflammatory
cytokines such as-16, CCL2, CCL7 an@ I{CXCL8), even in basal conditifi3]. There is
a lack otonsensus on whether the IVD is the source of these inflammatory or inflammatory
like cells. Mvertheless, the pleiotropic effects of these cells include: induction of
downstream inflammatory mediators and enzymes, enhanced catabolism by MMPs and
inflammatory cell recruitmenfl54].

The NP is considered an immune privileged tissue as it is well contained and
avascular. In more advanced degeneration, the NP becomesedpo immune cells, which
respond producing an inflammatory stimulus arising from tears and clefts in the AF,
promoting neovasculasation [155]. The NP tissue is recogBiR | 83 SWyT2Qy 6 KSy SE LJ;
and this may account for the spontaneous regression of extruded NP material in disc

herniation[156,157]

1.5.1 KeylInflammatory Regulatosin IVD

Inflammatory mediators such as-M | y-R £ BEC (K NXdzignainghat
activates CCLA 58], ADAMTS! and-5 [159], NOTCH pathwg60] and inhibts Sox9 and
collagen type 1l[161]. The PI3KAkt signalling pathway is upregulated in human IVD
degeneration[162], and regulated by Sestriff263]. Sestrin expression, a p53 target gene,

is suppressed idegenerated\P cells. Sestrins inhibit streissluced cell apoptosis and ECM
catabolismthrough enhaned autophagy, modulatecoy mTOR activity{164]. mTOR is
upregulated with HIF1A to activate noncanonical autophagy under hypoxic conditions in
nucleus pulposus cel[465], although HIFL is activated in the NP under basal conditions
[166].
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1.6 ClinicalPresentationand Management

1.6.1 Pathophysiology and\etiology of Low Back Pain frora Clinical Perspective

Nerve root compression is the mazxtmmon 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 osteoarthifti67]. Other aetiologies include
spinal stenosis associated with degenerative spondylolisthesis, which describes the slippage
of the lumbar vertebral body over the adjacent bdd®8]. Nonskeletal causes may induce

nerve compression such asceral diseasenfection, inflammation and neoplasfi69].

1.6.2 PainGenerationin the Lumbosacral Region

There are a number of tissaén the lumbar spine that can generate paigrgls including
skin, facet and sacroiliac joints, ligaments, the periosteum, the dura mater and the
paravertebral musculature and vascular structufE#0]. It is importarn to note that thelVD
does not contain a significant number of pain fibndswever, many sources have identified
the ingrowth of nerveduring inflammation and degenerative diseabat this phenomenon

is largely disputefll23,127]

The classic presentation of radiating pdimom nerve compressionis mediated
through signalling fronproximal spinal nerves. Compression of a spinal nerve causes local
oedema, ischaemia and inflammati¢t71]. Localised lumbosacral paintigpothessed to
arise from the intraspinal structures. Suchociceptivesignals arise fromvasculature the
spinal cord sheathand intervertebral connective tissuethat are nnervated by the
sinuvertebral nerves where the neural foramina connects to the estiaal sympathetic
chain via the rami communicant§k72].

Nortlocalised, norradiating pain arises from the musculature, bone and ligaments
external to the spinal can@l73]. The vertebral column is surrounded by a ventral plexus
consistingof branches from the sympathetic trunk, rami communicantes and perivascular
nerves and innervates the aior longitudinal ligament bilaterallgnd adorsal nerve plexus
arising from the sinuvertebral nervés innervatethe posterior longitudinal ligamerji.24].

LBPmay also be caused by referred pain fronternal organs and tissuésnervated
at the same dermatomeThis may arise from the aorta, pancreagestines kidney and
genitourinary systenfil74,175] Disseminated diseagmay refer pain to the spine arause
disease that generaslocal pain such as in inflammatory skeletal disorders or secondary
neoplasmg151].

Pain generation in the spine is a multifaceted process with many aetiol@gids

variousperceptivefactors (e.g., anxiety, depressioand pairrelatedgenes}hat canimpact
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the duration, severity andremittanceof LBF176,177] It is important to identify patients
with true discogenic pairfthrough clinical examination and radiographic imagidgg to
compressive forces to identifthe altered biochemical markers in these tissues. Not all

patients with LBPwill have disc herniation or even degeneration

1.6.3 DegenerativeChanges

Nerve roots may be compressed as a result of degenerative changes thatnoasuoften

in the IVD the uncovertebral joints (G37) and thezygapophyseal or facet join{99].
Osteophytes (bony overgrowths) or disc herniation into the vertebrarf@ncan directly
compress the spinal cord or exiting nerve rodtg8]. This may also destals#ithe 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
changesandthe absence of others. Degeneratispondylotic changes are common in older
age [180]. LBPassociated with these degenerative changes is far more frequent than
radicular paif181].

Disc degearation 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 theAF[182]. A disc herniation describes a failure of the annulusrampture 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 contyarExtrusions may extend above and below the disc
spacepnce the material has been extruded laterdllg2]. Free fragments may also be found
where the disc material loses its connection to the main disc material and may migrate.

The AFbecomes less elastic and more fibrotic in degeneration. Calcification occurs
and fissures may develofd83]. As theNP becomes desiccated and loses proteoglycan
content, the annulus begins to buckle out and loading conditions are alf@éB3]. A tear of
the annulus is a degenerative loss of integrifyttee annular ring, which may not be visible
on MRI if there is no subsequent herniatifi84]. Degenerative changes in the vertebral
bodiesare also evident by fibrovascular change or fatty replacement of the bone marrow
[185]. The endplate undergoes sclerosis and thickening, which reduces nutritiondy sopp
the disc and reduction in removal of metabolites.

With the loss of disc space, osteopéry form,probablydue to alterecbiomechanics
and the contact between adjacent vertebral bodies in a narrower sphc8]. Facet joint

degeneration is common and associated with spondylotic changes. Altered biomexhanic

13



Introduction

due to degeneration and increased load on the facet joint is the likely mechanism for
degeneration186]. Osteophytes on facet joints may extend directly into the intervertebral
foramen causing nerve root compression.

Regeneative approaches$o disc prolapse and protrusicaim to restore functional

anatomy, reduce inflammation and inhibit pasignallingooth locally and systemically.

1.6.4 DiscProtrusionand Levelof Injury

Disc protrusion caaffectdifferent anatomical levels of nerve roots depending on the level
andpositionof the spinal rootaipon traversing the intervertebral forameithe lumbar and
sacral nerve roots areormed at the level of T12/L1, where the conus medullaris marks the
end ofthe spinal cord (sometimes lower). Tf@med roots continue in the spinal canal as
the cauda equina until exitinipe canalat their respective levdll87].

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 ispiaal
compression and individual anatomy. For example, L5 nervemnagtbe compromisetly a
central disc protrusion at the E2or L34 level, a paracentral disc protrusion at thed evel,
or far lateral disc protrusiorat the intervertebral foramen at the L&1 level. With the
presence of multiple spine roots in the cauda equina, presenting symptoms may involve
multiple levels bilaterally simultaneously. Further, injuries may bdiglaor complete,
adding to the complexity of clinical symptoms where incomplete myotomal involvement
makes it more difficult tadistinguishbetween radiculopathy and peripheral nerve injury
[187].

The lumbosacral spine is most susceptible to disc haomidiecause of its mobility
through flexion, extension and torsion. 75% of sagittal movement occurs at the lumbosacral
joint, 20% at L4/5 and 5% betweenL3[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 herg39]. While the L5/S1 joint has a higher mobility through the
sagittal plane, axial torsion is restricted and therefore a@@mparabé radiculopathy rate

to that of L4/5[39].

1.6.5 CurrentClinical 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, asouism multilevel
involvement and highepfirrmanngrade(MRI grading system based on T2 weighted images)

are more likely to experience pain and pain of greater sevérayn those with skipped level
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disc degeneration and lowPfirrmann grade [137,189] Patiens may experiencea
dermatomal pattern of pairdue 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 interventiori63]. Surgical discectomy may be indicated in radiculopathy and has
favourable clinicabutcomes measired bythe visual analogue scale (VAS) score for pain and
Oswestry Disability Index (OPut pain may persist post fusi¢h90].

Currently, mild and early stages of abgienic LBP argeated conservatively using
non-regenerative therapies. Conservative treatments include physical therapy,
pharmacological management and percutaneous intervention (PCI) minimally invasive
treatments [191]. Nonsteroidal antiinflammatories (NSAlDshave been shown to be
effective in reducing acute and chronic LBP vs. plaf&®b]. In the US, NSAIDs (lbuprofen),
COX2 inhibitors (Celecoxib), and muscle relaxants (cyclobenzaprine) accounted for 16.3%,
10%, and 18.5%, respectively, of total prescriptiond 8P in 2000192]. Muscle relaxants
have been shown to be effective in the management of-spacific LBP, but the potential
adverse effects requireformed prescribing193].

Other pharmacological treatments include opioids and benzodiazepines but do not
have longterm efficacy and should be prescribed fuy longer than four weeks due tihe
risk of tolerance and dependend&94,195] There is substantial evidence that a risk of
dependency can develop when using muscle relaxants, espebialbenzodiazepine class
of drugs[196]. Pharmacological adjunclike selective serotonin reuptake inhibitors (SSRIs)
have been trialled in chronic low back pain like many chronic pain disotu@neverthe
evidence with regard to their efficadyas been inconsister{il97]. Epidural and systemic
corticosteroids are also prescribed variably with clinical trials demonstrating mixed results,
while new evidence suggests that glucocorticoid recepimecific steroidsnay be more
effectivethan mineralocorticoietargeting steroidg$33].

Physical therapynay be efficacious reducing LBP, but little evidee exist foiits
longterm efficacy[198]. A Cochrane review concluded thatysical exercistherapy is no
more effective than inactivity or other active treatments in reducing acute LBP. Exercise
therapy was more effective than general practitioner advisaeg and equally effective as
conventional physiotherapy for chronic LBR9].

Spinal fusion techniques have gradually &edlto incorporate biologically active

constituents to promote bony fusion of the vertebral bodies with BMR®led cage systems

15



Introduction

[200,201] Focus has shifted to address the compensatory mechanthits occur in
response to degeneraté changes in the spine. The emphasis on adequate sagittal balance
canlimit the consequences of loss of lumbar lordosis on global sagittal alignfh@aj
While nonsurgical treatment for chronic LBP may be an effective treatment strategy in a
subpopulation of patients, lumbar fusion remaimere efficacious in diminishing pain and

decreasing disability than commoniged nonsurgical treatmerj202].

1.6.6 SurgicalApproachedor IVDDegeneration

Subacutd_BHs defined adack pain betweefour andtwelveweeksin duration and chronic
LBHs defined as pain that persists fovelve or more week$203]. Forpatientswith chronic
symptoms, treatment focles on pain managementand return to activities of daily living.
Surgical intervention may be indicated in this patient group to improve outco®pinal
fusion is thestandard surgical approadbr chronic, nonspecifit BR although randonsed

trials found that disabilityrelated outcomes betweensurgical fusion and norsurgical
managementfailed to inferclinicallyrelevant superiority [204]. A Cochrane review found
that surgical instrumentation in fixation approachiexreases fusion rates, bthe effect on
clinical outcome is unknowf05]. 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 {@sieh
Surgich and clinical outcomes have yielded heterogeneous results across cervical disc
replacement devices, where futuraulticentre efforts are needed to validate the efficacy of
these devicef207].

In patients with lumbar disieerniationand radiculopathypresenting withoutsevere
or progressive neurologic deficits, there ligle evidenceto suggest thatearly surgical
interventionimproveslongterm outcomes[208¢210]. Outcomes for patients who undergo
discectomyare improvedcompared with nonsurgical therapy oshortterm follow-up;
however,prospective followup after two years indicateequivalencqd209].

Minimally invasive discectomy techniquedfer a lower postoperative patient
morbidity and a reduced duration of hospital stay wittsmetic appeabut have not been
demonstrated to be superior to traditionaistectomy methods and may not be applicable
for many patientgwith complex spinal deformity, neoplastic infiltratiofi)80,211]

Surgery may be beneficial in patits with persistent symptoms related to spinal
stenosis. In the absence of spondylolisthesisvhich may destalise the spine post
laminectomy decompressin through laminectomy is preferred over fusioj212]. This

posterior approach is associated with similar paghef and functioral improvementwith a
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lower complication rate@ver fusion212]. For patients who undergo laminectomy compared
with nonsurgical therapy, outcomdavoursurgery at shorterm follow-up [213].
In patients with persistent symptoms related to isthmsfwondylolisthesisa process

in which one vertebrds 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 spinaésbtsiswho were treated surgically showed
substantially greatereduction in pain andmprovement in functionover patients treated
non-surgicallywithin a two-year followup period[214].

Patients with intractable back pain, who are not surgical candidates or in whom
surgery has not been successful, shoothsulta chronic pain specialist to addredise
following predictors of chronicityextendedfunctional deterioration reluctanceto engage

in physical activitypsychological conditiongndgeneralmalaise[215].
1.7 Glycans

1.7.1 Glycan Structure and Synthesis

Carbohydratesnamely glycan modificationare crucial regulators o¥arious biological and
physiological processes. ®eeglycansre present niversaly on thecell surface, forming

the glycocalyx of the cell. The pesanslational modification known as glycosylation is an
enzymatic process ahe addition ofglycan residueto lipids andpeptidesto form a highly
diverse array of glycoconjugee[216]. Glycans are podtanslational modifications coded

by over500 genes. Synthesis starts on the rough endoplasmic reticulum (ER) in-a non
template driven process coordinated lgjycosyltransferases and glycohydrolases (Figure
1.3). Many (glycosyltransferases exist and some are tissgpecific [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 soBdile.glycosyltransiases

and glycosidases regulatke biosynthesis and degradation of glycoconjugates in a tightly
regulated manner. These glycoconjugates participate in many key biological processes
including cell adhesion, molecular trafficking andachnce, receptor activation, signal
transduction, and immunomodulatioj218].

The IVD contains a vast carbohydrate complex that hydrates the tissue giving it
characteristic structural properties and considered inert. Glycans are a base unit of a
cellular carbohydrate complex much like nucleic acids in deoxyribonucleic acid (DNA).
Glycans are subategorsed based on their structure and compositioRive families of

glycans have been identfi: N-glycans,O-glycans, glycosaminoglycandyaplipids and
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glycosylphosphatidylinositol (GPlanchors (Figure 1.2J219]. They act as interface
molecules and facilitate communication on the cell surfaceisor 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 activatif#18]. Specific oligosaccharide
sequences participate in protein targeting and folding, and through the interactions with

receptorantibody, complexes can propagate infectious and inflammatory proc¢é226%

1.7.2 N-glycanSynthesis Pathway

N-glycans are oligosaccharide structures that@vealently linked to the asparagine residue
of a peptide backboné\-glycansall share a common corstructure, Mano h-3)Man-(" #6)
Man-( M)GIcNAegl m4)GICNAel ®A-X-Ser/Thr)and are further classed into three
separate groups: oligomannose, hybrid and comi2d9]. N-glycan synthesis occurs in two
separate stages, in two different cellular compartments in eukaryotes, the ER and the Golgi
apparatus.Synthesis begirie the ERn ahighly conservednd invariableprocess Here, an
oligosaccharide assembled on Bl (DolichoP-P-GIcNAgMansGlg) is transferred by
oligosaccharyltransferase tan Asnresiduein selected AsixX-Ser/Thr sequons of proteins
during translocation. GlcNAdan,Glgprocessingpegins with sequentialleavagef glucose
NB a A R dzS &-glucd3itia€es | and®ll (this process may be inhibited by castanospermine)
[221]. Glycoproteins exit the ER containidgylycans with @ mannose residueshere they

are transported to thecisGolgi to be trimmed to GlcNAdans. Biosynthesis of hybrid and
complexN-glycansoccursin the medialGolgiwith the addition of a GIcNAc residue to the
mannose coreby N-acetylglucosaminyltrarisrase called GIcNAE (MGAT1)Additional
branching is mediated by a hosthacetylglucosaminyltransferase enzymes. Maturation of
N-glycans occurs with further procésg by galactosyltransferases, fucosyltransferases and
sialyltransferases. GalNAc and LacNAc ornamentation also occurs imatiseGolgi
mediated byN-acetylgalactosaminyltransferaseBunctional studies df-glycans may be
investigated using inhibitors df-glycosylation such asumicamycin which preventscore
oligosaccharide addition to nascent polypeptid@22]. ComplexN-glycans are importarfor

the retention ofgrowth factor and cytokine receptorsn the cell surface, mediated by
glycanbinding proteins such as galectins or cytokimeg. transforming growth facto#
(TGH 0 Mglycans become more highly branchedvhen cells undergo malignant
transformation, facilitating metastasishrough epitope masking and creating repulsive

boundarieq219,223]

18



Introduction

Proteoglycans
Heparan sulphate Chondroitin sulphate

S
25 NS 2s NS . 4as 4as 4as 4
4a 48 4a 4 4 4 ®
B NGl OUN¢ O—0—s5
6S 6S 6S 6S

Hyaluronic acid

Glycoproteins ‘... Bie e (e g ia
L 2 ]
NE B ° e
o ©
L 2 ] g
[G) W@ SorY
_— om * é
N : . SorT n
2l oo o» sm Glycosphingolipids
] GPl-anchored [ 1
5°'T L 2 5 glycoproteins [
f * g 6 [ o= 2 SorT E :.
[} ¢ 7
) [ ] SovT ﬁ A’
{ = o e
B GicNAc [ GalNAc @ sialic acid ¥ Xylose o~
\ésm B ooieNAc
A  Fucose N GleN @ Mannose &  GlcA o< " W glycoproteins
SorT
O Galactose & IdoA O  Inositol @ alc

Figure 12 Glycans of the mammalian cellConstituents are present intracellularly,
integrated into the cell membrane and secreted into the ECM. Glycans are classified into
glycosaminoglycans  (GAGSs), 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 indisdke sulfation pattern on the GAG chains. Examples of
complextype and oligomannosN-3f @ O y &  Ky4RO-giPcans®-mannose, O-

fucose, and>-af dzO24S &G NHzZOGdzNB& | NB AffdzadNFI ISR
indicate the anomeric configation of the donor saccharide and the number couples eg. (1

6) describes the ring position of the acceptor sugar. GPI anchor and glycosphingolipid
examples are included. N, asparagine; S, serine; T, threonine, GNHdéetylglucosamine,
GalNAcN-acetyigalactosamine, GIcN; glucosamine, GlcAlGcuronic acid, IdoA; iduronic

acid, Glc; glucos€reated using Biorender®.
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1.7.3 Sialylation

Salic acid describes a family of negatively chargd@to acids with a ninearbon backbone

[224]. While more than fifty forms of sialic acids have been observed inreaiN-
acetylneuraminic acid (Neu5Ac), nrbaman 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 in€wdethyl,
O-lactyl, O-sulfo, O-phosphe, single or multipleO-acetyl derivatives to further add to the
compositional diversity225]. Sialic acigs mostly incorporatednto galactose or GalNAxs
terminal monosaccharides on glycan structures of glycoconjugates in the cell surface of
vertebrates It playsimportant rolesto modulate physiological and pathologicaktivities

such as neural tissue embryogenesis, immune system regulation, adaptive immune response
and cancer metastasiR26]. Sialyltransferases (STs) are part of the glycosyltransferase
enzyme family that play integral roles in the biosynthesis of sialylated ngyeand
carbohydratecontaining moieties. STs are bound to the Golgi apparatus by a

transmembrane anchor, orientated with the active site in the lurfiz2d].

1.7.3.1 Metabolism
Sialic acid is biosynthasd in the cytosol of the cells of vertebrates and higher invertebrates,
regulated by three enzymes. The subst, UDPGICNAC, is acted upon by GNE epimerase
and converted to ManNAc. The ManNAc is then phosphorylated by the kinase subunit of the
same enzyme, forming ManN#&eP. This product is then acted upon by Neu54h8sphate
synthase (NANS) and Neu5&phosphate phosphatase (NANP) to condense and
dephosphorylate the substrate, respectively, forming NeuRRad].
Once Neu5Ac is synthesd in the cytosol, it is transferred to the nucleus and
F OGA @I GSR -rnchopliddphadddakelyBeumminic acid (CMReu5Ac) synthetase
to form CMPNeu5Ac, 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 surfacd228]® { Al f A O -(P-®OG-R-c Y | -RR)Ecdhjudated to galactose. Sialic
acid linkage has been shown be modulated by the NF . LJF 6 KgF &8 3 dzLINB 3 dz | G Ay 3
Ywb! 2@3SNJ {¢oDFtb! O L+ Ywb! -BGELINSENNE A K25 OAF S Xl
(2-3) [229]® -(2-8) sialylation has been shown be crucial in osteoclast differentiation
[230].
Sialic acids are released from glycoconjugates by sialidases (e.g. NEU1) in the
lyposome during protein degradationiaic acid is released into the cytosol during this

process and can go through another cycle of glymojugation or may be degraded into
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ManNAc and pyruvatf231]. Four human sialidases havedn identified: NEU1 (lyposomal
sialidase)[232], NEU2 (cytosolic sialidasf33], NEU3 (plasma membrane associated
sialidase)234] and NEU4 (mitochondrial membramssociated sialidasg235]. Aberrant
regulation and expression of sialylation is associated with a malignant phenotype in

neoplastic cells, increasing the c&istential for metastasis and local invasif236].

1.7.4 Fucosylation

Fucose residue incorporation into glycan structures islgaed by fucosyltransferases in

which the fucose residue @onated byGDRFuc to acceptor molecules, which includeand

O-linked glycans oglycoproteins and glycolipids. Fucosyltransferases (FUT) can be classified

into two groups:enzymes which trafl8S NJ Fdz02aS (2 OF NI2KFRNI 4SS |
3)Z -(IM4)X  2(N6) Inkagesand enzymes which transféucoseto serine or threonine

residues of proteins by @inked glycosylatiofi237]. h-(1-H 0 ¥1-3YanR -(1-4) conjugation

adds a fucose residue to the outerNY 2 F | 3-(18)Pucosyltrankfdrdseés add

fucose to the core GIcNAc residue that is bound to the peptide backbone of glycoproteins

[238]. While 13 mammalian fucosyltransferases have been reporteddriterature, many

have putativefunctions in which acceptor substrates have not been clearly defi229l.

1.7.4.1 Metabolism
GDPFuc is synthesised in the cytoplasmdeynovosynthesis. GDRannose is converted to
GDPRFuc via GDhannose 4, @lehydrase (GMD) and GBBto-6-deoxymannaose 3,-5
epimerase/4reductase (FX protein) that contains dual activi{i240,241] GDPFuc is also
derived from a salvage pathway that utilises free cytosolic fucose from an extracellular
source or lyposomal efjradation as a substrate, accounting for about 10% of -BI2P
production[242].

h-(1-2) fucosylation, regulated by FUT1 and FU32esponsible for the Hntigen,
A- and Bblood antigen, and Lewis[243]. h-(1-3,4) fucosylation is present in glycosylation
motifs such as Lewis X/ Sidl@wis Xand governed by FUTB[244,245] Finally, core
FdzO2aef | GA 2y -(1RSfdcasdatidn iefdededly FUTS, is widely expressed in
mammalian tissues and ubiquitously expressed acmanry glycoproteins and glycolipids
[246]. FUCAL and FUCA2 have been identified as mammalian fucosid@sksact inthe
extracellularspace andyposometo supply the salvage pathwgg47].

Fucosylated motifs arpivotal inmodulatingessentialprotein activity inbiological
processes such as tairoliferation, migration, differentiation, celcell recognition and
interaction, and immune response [239]. Fucosylation by O-fucosel m-K-0

acetylglucosaminyransferase is crucial in maintaining ligareteptor interaction in the
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Notch receptor family proteins to transduce receptor sigfaks]. 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 citad date.

1.7.5 Methods for Glycomic Analysisf Human Tissues

Technological advances have enabled rapid glycomic analysis asfd O-linked glycans
released from oligosaccharides, glycoproteins and glycosphingolipids of tissues and bodily
fluids[250]. The diverse repertoire of glycoconjugates and the sensitivity of thgulagion

in pathological processes make glycomic analysis an attractive investigate tool for biomarker.
N-glycan analysis is well established usihglycosidase F (PNGase F) for glycan release from
tissues, whil@-glycosylation motifs are not readily eleed with an analogous enzyme as no
such enzyme has been found in nature. Therefore, fhglycome is the most routinely
analysed subset of glyanodifications among all glycoconjugati@s1]. High performance
liquid chromatography (HPLC) and ulperformance liquid chromatography (UPLC) based
techniques are well established fdd-glycan analysi coupled with MS for assignment
confirmation [252]. While MS alone cannot accurately quantify glycans without stable
isotopelabelled analogue standards, matassisted laser desorption/ionisatiofMALDI)
time-of-flight MS and liquid chromatography (LC)/electrospray ionisation (ESI) MS yield
results comparable with those of chromatography in the quantitation of oligosaccharides
[251,253] Even though MALBIIOF MS&pproaches are rapid and highroughput versus
traditional LGbased methods, they are still limited by the lack of anomeric resolution of
identified structureg254,255] Exoglycosidase digestionsupled with detection methods

are used to resolve anomeric configurations and to confirm tentative sequences. These
enzymes are specific to the sterebemical and anomeric configurations of the
Y2y 2al OOKI NA ROSHAIS @ Ay Od-(@A)Johadh Ahl £ A @ mIZGQA)B) hh
FYROMZIcO 02 dzy R-0 W Hz0 @-@,8) Poundigiactosi256]. The strategy of
glycan mass profiing by MAEDOF MS may be complemented by a coupling with
chromatographic profiling wittMS, since MALBIOF MS profiling alone is often unable to

discriminate isomerf256].

1.7.6 Glycosaminoglycans
Glycosaminoglycans (GAGs), or mucopolysaccharides, are linear heterogeneous
polysaccharides made up of repeating disaccharide a&3]. Four classes of GAGs have

been identified thus far: Heparan Sulphate (HS), Chondroitin Sulphate (CS), Keratan Sulphate
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Figure 13 Scheme ofN-glycanbiosynthesis pathwayThis pathway begins in thERwith

the transfer of a glucosylated oligomannose residue from dolichol pyrophosphate to an
asparagine residue in a peptide. This immature glysanviolved in protein folding before
transport to the Golgi for further trimming and extensibg glycosyltransferasde create

complex and hybrid glycan specigsteated using Biorender®.
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(KS), and Hyaluronic Acid (HA). HA is the onlysngphated polysaccharide in this class, the
importance of which will be discussed separately.

CS disaccharide®nsistof alternating 4f A y +dSGRA &nd 3dinked GalNAc units.
Subtypes of CS do exg@ich thatCSA is mostly 4ulphated at the GalNAc units, while-CS
is predominantly &ulphated[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 rexular weight (MW) of the molecule is based on the
commonest disaccharide structure ranging from¢B30 repeating units and 260 kDa
[259]. DS, which is also categamil as CS = K4+ &®2" dzy A ( a-d-QRAIESSNI G K| y i
attached to the peptide backbone of proteoglycans®lnked glycosylation. A xylose group
is added to the serine/threonine residue in the RRO]. Thisstructure is polymeged in the
Golgi apparatus by GalNAc transferases, GIcA transferase, chondroitin synthadé¢s, CS
acetylgalactosaminyltransferases | and Il, and CS glucuronyltransferases to produce the
polysaccharidg261]. CS has been implicated in thignallingfunctions of various growth
factors and chemokines, and plays a critical role in the developmeheaofentral nervous
system[259].

KS disecharides compriselternating 3t A y 1dSsRBl and 4 A y FdSSRNAC units
to make up the polysaccharide ch@#262]. KS sulphation occurs at GICNAc at th@o6ition
most often, however, this is a variable modification and may be present on either
monosacharide unif263]. The KS chain is made up of approximately 45 disaccharide units
with a MW around 20 kDE264]. KS is a functional component of proteoglycans due to its
hydrating properties. It also participates in developmental cuessiggibllingand migration
and ackas a barrier to neurite growtf263,265] The relative proportion of KS and CS bound
to aggrecan increases with age in the [266]. Fucosamodified KS is known to occur in NP
but not in other tissue sources of K&7].

HS and Hepari (Hp) consistof alternatingh-(1,4)-linked uronic acicandi 044 =
linked glucosamineunits [268]. HSGAGs bind specifically to morphogens, growth factors,
cytokines, chemokines and othsignallingmolecules to influence fundamental biolagi
processe$28,268]

HA consistsof repeating disaccharide units of alternatingd mlibked GIcA and
i 0 mlibked GIcNA§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 milliorawitater

degree of polymesation [270]. This high MW HA polysaccharide has high viscosity, even at
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low concentratiors [270]. HA is highly abundant in the NP and inner AF of the IVD
contributing to its biomechanical properti¢d71,272]

1.7.7 Proteoglycans andlink Proteins

Proteoglycans are heavily glycosylated proteins in which the M§drbbhydrate content is

greater than the MW of protein conterje57]1® . I aA O LINRGS23f &80Fy dzyAi
LINE (0 SA y & orgnbré Kovalnfly linked GAG chains, which may be classified into
aggregated and noaggregated groupgl03]. 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 chairedikelyto have asigrallingfunction[263].

HScontaining 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 (S[#W3]. Syndecans, a family dafansmembrane
proteoglycans in mammal274], interact with cell surfacéooundreceptors, such as growth
factor receptors and integrins, to activate downstreaignallingpathways, influencing
cellularbehaviour[275].

ECM proteoglycans are most abundanECMrich tissues such as cartilage, in which
aggrecarHA aggregates form a strong yet elastic maRix6]. This intricate ECM network
consists ofCS chims conjugated to the aggrecan core protelinis conformation creates a
bottlebrush appearance under atomic force microscopy, highlighting their packed
conformation [277]. Biglycan, lumican and decorin are examples of Small LeRathe
Proteoglycans (SLRH2Y8]. These are major bliogicallyactive constituentsof the ECM of
the IVD andare associated withcollagenfibrillogenesis,cell proliferationand apoptdic
signallingas well agissueremodelling[279]. Biglycan defiency has been suggested as a
mechanism of IVD degeneratiotausing aisruptionin the organgation of collagen fibres
and ECMarchitecture[280]. Understanding the complex mechanism of glycan expression
andan abilityto remodel e glycan populations in tisssimay offer a potential therapeutic

approach to target a specific cellular phenotype.

1.8 Glycosylation ofGlycoproteinsin the IVD

Glycosylation is a postanslational modification that has structural and functional roles in
protein synthesis, folding, trafficking and activi®81]. Most signallingmolecules in the
aforementioned inflammatory pathways are glycoproteins with glycosylated motifs on the
peptide backbonéTable 11). The role of glycgdation has been investigated in ADAMTS and
MMP species. ADAMTIS, a protease involved ithe von Willibrand factor, requires

terminal sialic acid motifs on the CUB metalloprotease domain to maintain ad@dg}.
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MMP-3 activity is modulated by an increased esgsion of O-glycosylated motifs in
rheumatoid arthritis[283]. TIMP1, a MMP inhibitor, is regulated by-glycosylation as
outer-arm fucosylation reduces MMP binding and catalytic activi2&d]. Oligosaccharide
transferase complex is required for TLR expression on the cell surface, as impaired
glycosylation retards TLR maturation and trafficKR8p]. TIR4 contains ninpotential sites

for N-linked glycosylation, at least two of which, A8ior Asrt’5, are essential for receptor
transport to the cell surfac286]. Receptor glycosylation is also required for efficient protein
complex activation with CD14 and MI)286]. However, the species of glycans at these sites
has not been ingstigated. Shi®-glycosylation was shown to be required for its activation in
anin vitromodel of breast cancer stem cells (BC$Z85)] while Wnt3a N-glycosylation is
required for its secretion and activity288]. Hypoxia indaible factorm h alhIHC A a
upregulated in cells expressing increased ST6GAL1L, a sialyltrang88keCell surface
receptorssuch as Major histocompatibilityomplex (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 dmerisation and tyrosine phosphorylation when hypersialylated and
hyperfucosylated290,291] The regulation of sialylation in the IVD is closely associated with
inflammatory pathways. This makes sialylation a potential target of glynctionalised

biomaterials.

1.8.1 PathwaysRegulatingthe Patternsof Pratein Glycosylation

Protein synthesis and activity may be regulated throdglinked orO-linked glycosylation

(Table 12.). The efficiacy of glycosylation enzymes is dependent on substrate availability

and results in heterogeneous populations of glycan species on mature proteins.

Glycoproteins with fewN-3f @ 02 aef F GA 2y &4 anfl BLUGLS espanB to¢ i wx [/ ¢ [ !
altered hexosamine carentration with switchlike responses, while highN-glycosylated

molecules (e.g., EGFR and PDGFR) respond in a hyperbolic release pattern with respect to

hexosamine concentratiorfi292]. Signalling molecules in turn also effect ghgezyme

expression Table 13). L1, a carbohydratearrying 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-m ] FyYyR ©aBDIBIdzA FGS | K2adg 2F 3Ftedz2aeft iNyyat
ST6GALNAC4, MGAT1, MGAT2, FUT3, FsiifpBand 6ulfoT[316,319] This altered
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Table 11 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| Lectin histochemistry | Upregulation of sialylation detected by MAA, SNA and WGA in injury group. Atteny [30]
induced IVD of inflammation and hypersialylation in treated group. Sialylation expression compg
degeneration, to control. Hypersialylation response is inhddt by the impantation of HAbased
Nucleotomy hydrogel
Human Patient Immunohistochemistry] O-GIcNAc and OGA/OGT expression correlate with IVD degeneration. Severity | [293]
samples degeneration is associated with increasi@GIcNAcylation in both utlear and
cytoplasmic proteins
Bovine In vitro Lectin histochemistry | Increased expression of sialylated and sialic-aoittaining glycan as revealed by SINj [294]
cytokine MAA and WGA lectin binding. In addition, PNoAnding to Gal -(1,3}GalNAc oNPI cells
induced showed a marked imease upon treatment with Hw i
inflammation
Ovine Tissue Lectin histochemistry | AF and NP cells were distinguishable using MAA;ISBBA and WFA lectins, which boy [28]
maturation to both NP cells and chondrocytes but not to AF cells. Chondrocytes were disting
from NP and AF cells with a specific binding of LTA and PNA teatimsndrocytes
Human In vitro gPCR, immunoblotting| 2-deoxyglucose (®DG), an inhibitor ofN-glycosylation, increases the expression| [164]
inhibition of immunohistochemistry| sestrins in human NP cells. Sestrins promote cell survival under stress conditio
glycosylation regulate AMPactivated protein kinase (ARK) and mammalian target of rapamyq
by 2DG (mTOR) signalling. NP cells stimulated wHRB@ undergo increased apoptosis, prom(
ECM degradation ahpositively regulate autophagy
Human Development, | Lectin histochemistry | The notochord appeared as a highly glycosylated tissue. Staining patterns did noj [295]
notochord striking temporal variationgxcept for SBA, which stained the cranial axial mesench
only in the early stage 12 embryo and for PNA, of which the staining intensity i
mesenchyme decreased with age. The axial perinotochordal unsegmented chysan
showed strong PNA binding
Human, Osteoarthritis, | HPLEMS, gRIPCR Alterations in highmannose typeN-glycans wee observed in both human OA cartila| [296]
Murine cartilage YR RS3INIRSR Y2dza§S Ol NINadetylgl8sbaminit@ns®rase
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Species Disease model Detection method Trends in glyco modulation Ref
(GIcNAE€eTI) mRNA, which converts higannose typeN-glycans, was significant
increased in degraded mouse cartilage. Mouse choaytes with suppressed GICNAt
expression had reduced levels of MMB and ADAMTS (aggrecanase 2) mRN
following stimulationwithimi @ Ly O2y (i N} 4GX Y2dzaS OK
Tl had increased levels of MMRB and ADAMTS mRNAdllowing stimulation with [twm |

Human IgG glycome | HILIGUPLC Consistent associations were observed between-pmd anttADCC glycans with LB [297]
characterised by decreased levels of core fucosylation and increased levi$ecfng
GIcNAc in 1gG glycans

Leporidae | Osteoarthritis, | HPLEMS Alterations in sialylation and fucosylation expression anterior cruciate ligamen| [298]

cartilage transection model of osteoarthritis. Outér N T dzO 2-€l B)fwhsidactgsedwhi
a Al f e {26)wasdngreased on F(6)A2GalNAc2
Human Fibroblasts, HILIC/ MADETOF MS, | Following deglycosylation of TIMR all forms of TIMR showed similar levels of MM| [284]
knockout ELISAased bindig binding and inhibition, suggesting that glycosylation is involved in the regulation of
study assays, WB TIMR1 activities. Further analyses showed that cleavage ofroatm fucose residue
from the N-glycans of TIMR or knockdown of both FUT4 and FUT7 (fucosyltransfer
that add outer arm fucose residueshbglycans) enhanced the MMBInding am catalytic
abilities of TIMPL

Human Chondrocytes,| RFPCR, LLESIMS t NAYINE KdzYly OK2yRNEROER (i §26)spediilS SATS Aayi [299]

in vitro I OO 2 NR-Ryp)rked Eialid¢ acid residues in glycoprot®Nrglycans. In contrast, th

cytokine LINS LJ2 ¥ R S N2,3)iGk8d s’ residues and, correspondingly, reduced leveéls

induced (2,6)specific SiaTs are associated with the altered chondrocyte phenotyp2&fZand

inflammation {2mMopo OSffad LYLRNIFIYGI-@3IH AYyDPEKaAREH
(2,3)specific SiaT mMRNA levels occurred in primary chondrocytes treatedL-m i
TNFh

Human Osteoarthritis, | RFPCRIL.GESIMS OA chondrocytes expressed oligomannosidic structures as well as momo and | [300]

cartilage disialylated complexype N-glycans, and core @-glycans. Reflecting BAGALNT3 mH

presence in OA chondrocytes, LacdiMéninated structures were detected
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Table 12 Glycosylation regulates protein function in the IVD. This table summarises the known function of glycosylation on prptsatedrin VD

development, homeostasis and degeneration.

Protein Glycan Function Altered Effect Ref

glycosylation

ADAMTSL3 10Nt A ¥y 1 Sk Responsible for the proteolysis { N-linked Terminal  sialic acid on  th) [282]

glycans, with four | von Willebrand factor (VWF) B terminal metalloprotease domain glycans a
sites presentin | cleavage at a spedifisite within| sialylation iYLRNIFYd F2NJ!'5! a
theTSP2 through | the VWF A2 domain

to CUB domains

that may

contribute to its

conformation.

MMP-3 O-GIcNAc Degrades proteoglycany O-linked Of A Y -5 6sialylation was increase| [283]
fibronectin, laminin, type 4 sialylation on MMPR3 derived from rhematoid
collagen and activates pidMPs arthritis patient sera

IgG¢ serum Fc region Immunoreactivity in| N-linked Increase in abundance of compli [301]
autoimmune disorders glycosylation glycangerminating in GalNAc

CD326 Asi’4, Asrit?, Involved in signalling even{ N-linked Mutants of EpCAM that substitut| [302]

(EpCAM) Asrt%of 314AA resulting in increased expressiq glycosylation asparagin€® for alanine showed ¢

protein of target genes such ashyc, decreased overall expression and h:
cyclins and others, eventual life of the molecule at the plasm:
conferring ells an oncogeni membrane
phenotype

D133 AC133 epitope Human hematopoietic stem an| N-linked CD133+ HSPCs demonstri [303¢305]
progenitor cell (HSPC) markg glycosylation upregulation olN-glycoenzymes. CD13
cancer stem cell (CSC) mark upregulation of | glycosylation is enhanced by oxyg
CD133is widely expressed il MGAT2 and depletion, which in turn promotes
gliomas ST3GALG6 cancer cell invasion and dista
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Protein Glycan Function Altered Effect Ref
glycosylation
metastasis, including that in gliome
Mutation of glycosylation site decreas
activity.
p65 O-GIcNAc p65, is an REkssociated proteirl HyperO- Increased the proliferation and mRN [306,307]
(The22and Th®%9) | involved in NF . K S (i S| GIcNAcylation | expression of prénflammatory genes ir
formation, nucler translocation synoviocytes stimulated by TNF
and activation
Sonic O-GIcNAc Proliferation of adult sem cells| O-GIcNAcylationn GALNT4nediated  glycosylation i [287]
Hedgehog (GALNT1) and cancer development required for SHH activation in BCSCs
Wnt-3a Asr’ and Asi% Regulates many stages | N-glycosylation | Inhibition of glycosylation inhibited th{ [288]
development, including secretion and activity of WrBa
patterning of the enbryo, the
initiation of axon gidance, and
synaptic formation
MMP-9 14 potentialO- Degradation of the extracellulg O-glycosylation | Alterations of these structures lead { [308]
glycosylation site | matrix; type IV collagen, gelati functional differences in the interaction
with TIMR1 and galectir8. Desialylatio
alters interaction with TIMP1
Epitope H O-GIcNAc Upregulation of the epitope H O-glycosylation | Involved in several cell processes, s| [309]
takes place in reactive astrocyte as cell cycle progression, apoptos
proteasome degradation pathways, aj
modulation of cellular function i
response to nutrition and stress
MHC Highly conserved | Present endogenus and| N-andO- Protein  stabikation and antiger [290]
N-linked andO- exogenous antigens to glycosylation recognition
linked lymphocyes for recognition ang

glycosylation sites

response
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Protein Glycan Function Altered Effect Ref
glycosylation
EGFR 12 N-linked Overexpressed in various kinds| Sialyltransferase Higher sialylation and fucosylation leve [291]
glycosylation sites| cancer cells and participates | s and FUT4 or | and resulted in lower dimerisan and
the regulation of cancer invasip| FUT6 tyrosine phosphorylation
metastasis, and angiogenesis
TIMP1 Asrt’, between Inhibits matrix| N-glycosylation, | Following deglycosylation of TIMR all | [284]
the first and metalloproteinases (MMPs) b FUT4 and FUT 1 forms of TIMPL showed similar levels (
daS5S02Yy R i |bindingata 1:1 stoichiometry MMP binding and inhibition. Furthe
and Asré, analyses showed that cleavage of ou
between the third arm fucose residues from the fglycans
YR F2dzNJ of TIMR1 enhanced the MM#Minding
sheets and catalytic abilities of TIMP
HIFm h A transcription factor thal N-glycosylation, | ST6Galcexpressing cells also had { [289]

responds to the local oxyge
tension andregulates glycolytiq
metabolign

sialylation
ST6Gal

increased pool of HIE "' NAw
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Table 13 Glycegenes are regulated by protein expression and carbohydrate pathway flux.

responds to the local oxygen

hypoxiaresponse
elements for GAL3

galactose binding

regulation. GaB a receptor of glycation
end products. It is a major nonintegrin

Protein/ Function Glycegene Altered Effect Ref
Pathway glycosylation
L1 Via L1 is a carbohydratearrying | ST6GALL Upregulation of Glycosylatiordependent enhanced cell | [310]
Phospholipase C| molecule in the nervous FUT9 sialylation and survivalmigrationand neurite outgrowth
system, where it is and fucosylation on cel
involved in many aspects of surface
neural development, glycoproteins
regeneration and synaptic
plastiaty
GolgiApparatus/ | The efficiencies of Golgi apparatus, Increased tHand | Glycoproteins with fewN-glycans (e.g., [292]
Hexosamine glycosylation enzymes is glycosyltransferase | tetra-antennaryN- | ¢ i w X -4/afnd GLUT4) exhibit enhanc
Pathway dependent on substrate genes glycans with cellsurface expression with switdtke
availability and results in increased responses to increasing hexosamine
heterogeneous stretures on hexosamine flux | concentration, whereas glycoproteins wi
mature glycoproteins. high numbers oN-glycans (e.g., EGFR,
IGFR, FGFR, and PBEB:&xhibit hyperbolig
responses
O-GIcNAcylation | Addition ofN-acetyl OGT/OGA Increasedd>- Attenuated the activation of the nuclear | [311]
Pathway Glucosamine to GIcNAcylation factor-* . Ob€ aAdIyl ttaAa
Serine/Threonine residues ol
cytosolic proteins
O-GIcNAcylation | Addition ofN-acetyl OGT/OGA Increasedd- Altered the expression and translocation [312,313]
Pathway/ Glucosamine to GlcNAcylation of members of the Be protein family
Glucosamine Serine/Threonine reidues on Increased tolerance to stress
Pathway cytosolic proteins.
HIFm h A transcription factor that Gal3 promoter Increased GeB Altered cell adhesion and cell cycle [314]
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Protein/ Function Glycegene Altered Effect Ref

Pathway glycosylation
tension andregulates fI YAYAYTMOAYRAY 3 LN
glycolytic metabolism with fibronectin and collagen inucleus

pulposus cells.

[L-m i I y-R | Induction of pre ST3GAL1 Increased Increased overall sialylation bf and O [315,316]
inflammatory mediators and | STGGALNAC4 antennary gycans¥ R Ay RdzOSR |- &
proteinaseghat promote the | MGAT1 MGAT2 glycosylaibn and | (2,3)-linked sialic acid residues in
destruction of cartilage FUT3 FUT4-&ulfoT | sialylation chondrocyte glycoproteins. Increased
matrix 6-sulfoT sialylation anl sulfation of Lewis X

epitopes
IL-6 and IL8 Pro-inflammatorycytokines | FUT11 FUT3 ST3GA| Increased outer Increased sialylated and/or sulphated [23]
ST6GAL2 CHST4 arm fucosylaibn Lewis X which regulates cédl-cell
and sialylation, recognition processes and mediates
sulphation inflammatory andextravasation of
immune cells.

[L-m P Producton of inflammation, | O-GIcNAc transferas€ Increasedo- Accumulation of5-GIcNAcylated proteins| [317]
as well as the promotion of | (OGT) an®- GlcNAcylation in OA cartilage, together with the
fever and sepsis GlcNAcase (OGA) dysregulation of the enzymessponsible

for this modification
IL-m i I YR | Induction of pre XT1 Catalysis binitial Inhibition of glycosaminglycan [318]

inflammatory mediators and
proteinases thapromote the
destruction of cartilage
matrix

step in GAG
synthesis

biosynthesis in NP cells
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expression of glycosyltransferases increases overall sialylatiow ahd O-glycans and

AYRdzOS& | &X3)liRked singldtionNidRcBondrocyte glycoproteif299]. TNFh

increases sialylation and sulphation of Lewis X epitopes, an immunogitdpe, which

plays a vital role in cetb-cell recognition processgxl6]. ILl-m i FyR ¢bha@&2 AYyKAOALU
xylosyltransferasd expressiona key regulator of GAG synthesis (CS and KS proteoglycan

extension from the core protein)318]. Il-6 and I8 also upregulate sialyltransferases

(ST3GALG6, ST6GAL2) and fucosyltransferases (FUT3, teUidriEase Lewis X expression

promoting celto-cell recognition processes and mediating inflammatif#8]. IL-m b

expression leads to accumulation d)-GlcNAcylated proteins in OA cartiladey
dysregulatingD-glycosylation.

Olinked glycosylation, specificallyp-N-acetylglucosamine GFGIcNAc), is the
attachment ofan N-acetylglucosamine to serine or threonine residues on cytosolic proteins.
O-GIcNACc transferase (OGT) andblcNAcase (OGA)dand removeN-acetylglucosamine
in a tightly regulated procesg20] and serve as a nutrient dnstress sensof321]. O
GlcNAcylation is also essential in inflammation as it is required for attenuated activation of
the NF¢ signallingpathway[311]. Furthermore O-GIcNAcylation alters the expression and
translocation of members of the B2lprotein family, increasing cell tolerance to str§3%2].

This multitude of actions highlights the diverse functions of this {@stslational

modification.

1.9 Altered Glycomics in Human IVD Degeneration and-Bimical Models
The IVD glycome consists of large macromolecules such as protamg)lgnd GAGs like
chondroitin sulphate, hyaluronic acid, keratin sulphate and heparin sulphate as well as
smaller glyco motifs in the form oN-glycans, O-glycans and GPI anchors and
glycosphingolipid§64]. Other glycemodifications also ast including the glycosylation site
on RNA$322]. These modifications are tightly regulated in tissues, and abeegpression
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 1gG glycome has been assessed using the Twiasidgeda
of 4511 twins. It was established that there is a correlation between LBP and glycosylation
trends that either promotes or blocks antibodgpendent celimediated cytotoxicity
[323,324] Twins with a higher proportion of nefacosylated glycans vs. fucosylated glycans
of 1IgG demonstratd a higher prevalence of systemic inflammatory disordeus no
association was foundowever between lumbar disc degeneration and glycans. A gerome

wide linkage and association study found that carbohydsatéotransferase 3 (CHST3), an
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metalloproteinases; TIMPs: tissue inhibitor of metalloproteinaseSyeated using
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enzyme that catalyses proteoglycanhdtion, was found to be a susceptibility gene for disc
degeneration[325]. Thers4148941regionin the gene, a potential MiRNA binding site for
mMiR513a5p is associated witkignificantly reduced»pression of CHST3 mRNAVDcells
where this allele was present.

GAGasre a crucial component of tH¥Dglycome as they maintain osmotic pressure
and hydration toallow the VD to withstandompressive load§326]. While chondroitin
suphate was the GAG in highest abundance followed by hyaluronic acid and heparin
suphate across all samples, alterat®were seen in the sphation patterns across aging
and disease attribible tothe dysregulation of sulfotransferases previously described
human 1VO327].

The glycome is regulated by glySoy T @ YSa YR Fdz2NIKSNJ aaSyaSRé
epitopessuch adectinsand antibodies Endogenous galactesinding lectins, or galectins,
serve assignallinginducing mediators in osteoarthritis where their involvement triggers a
pro-inflammatory microenvironment through N signalling[328]. The presence of
galectins-1 and-3 was correlated with IVD degeneration and galeeBirexpression was
further correlated withaging[328]. The binding of galectifh triggered a significdractivation
of functional disease markers such a$ JICXCL8 and MMEBin human IVD cell829].

O-glycosylation has kmn found to correlate with IVD degeneration. Increasing
severity of IVD degeneration ispositively correlatedwith augmented expression od-
GIcNAcylation in nuclear and cytoplasmic proteins with a corresponding increase in OGT
expression and reduced OGRpeessionn human 1V)293].

In pre-clinicalmodels of disc injury and degeneration, specific spatial and temporal
regulation of glycans has been observed. Sialylation and fucosylation demonstrate altered
regulation in an ovia model of aging and degenerati§8]. This regulation of increased
sialylated glycans in degeneration can be modulatec biomaterial intervention such as
hyaluronic acid hydrogels to restore sialylatioratphysiological healthy glycophenotype
a bovineexvivomodel[29] and a ratin vivomodel of IVD degeneratigf30].

Parallels are often dwn between IVD degeneration and osteoarthritis due to the
similarmatrixcomposition and cell phenotype diPcells and articular chondrocytes. Studies
in osteoarthritic cartilage demonstrate alterations in sialylation and fucosylation expression.
Outerarm T dzO 2 a & {(1l3)iviag gecréased while sialylatibr(2,6) was increased on
F(6)A2GalNAJ300]. Toegéet al.characterised théN-glycome of osteoarthritic cartilage by
Liqguid Chromatography Electrospray kation Mass Spectrometric LCESIMS) to
demonstrate the upregulation ® -0"H Z -@2(6)sitlylated N-glycans in severely
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degenerated human tissu¢300]. Highmannose expression conversely shifts towards
inhibition as sialylated and fucosylatedaibched glycans are more highly expressed. The
reduction in highmannose expression has been shown in human osteoarthritic cartilage and
degraded mouse cartilagg296]. Furthermore, chondrocytes directly stimulated with
AYTFELYYLFG2NE O (-R2plinke dialidakids With anlireredseNdRespression

2 T-(2,8)-specific sialyltransferase (SiaT) mRR®9]. Investigative studies into the role of
N-glycosylation in IVD are limited; howeyeone studyreports that inhibition of N-
glycosylation increases the expression of Sestrins, stress response molecules, in human NP
cells[164].

1.10 PreclinicalModels of Disc Degeneration

An appropriate preclinical model of IVD degeneration is crucial to provide insightstimgo
pathophysiology of human disc degeneration and to deterntime efficacy of potential
therapeutic targets though preclinical trials. Many prelinicalmodels have been used to
investigate the pathophysiology of IVD degeneratiballel.4). Each model has advantages
and limitations for experimental us&lurine 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, wdti is easier in terms of tissue processing. However, these small animal
models still present numerous gaps between experimental and clinical 1IVDD, from the
location of the anatomical site of the lesion to the behavioural and functional evaluation of
IVDD ad 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@gs 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 d@§€]. Ths is especially important
when investigating the efficacy of cell therapies in certainghneical models, where it may
be difficult to discern the regenerative potential of delivered cells in the presence of resident
notochordal cells. Many of these gclinical 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 genetiautations 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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Tablel.4 In vivomodels of IVD degeneration

Model type Species | Initiation Results Ref.
Spontaneous | Mouse Knockout: COL2A1 Heterozygous knockout of COL2A1 shows subtle early skeletal manifestat [330]
however, GAG content of the dishowed no sigificant change after 15
months
Mouse Mutation: COL9A1 Progressive joint degeneration and accelerated disc degeneration. Loss g [331]
phenotype, AF disruption and osteophyte riwaition observed
Rat HLAB27 andK dzY | ¥ i | Inflammatory changes in vertebral joints. Active bone resorption at the CH [332]
microglobulin gene AF junction with adjacent reactive periosteum. Overalltrrorgan
transgenic inflammatory response
Dog Chondrodystrophy Notochordal cellsemain present in nosthondrodystrophic dogs while they | [59,333]
disappear in chondrodystrophic dogs. Degenerative changes observed in
dogs after one yar and NCD dogs afterbyears
Macaque | Age related degeneration | Loss of disc space, osteophyte formation. Increased stiffness, decreased| [334]
energy absorptiorand increased natural frequency
Baboon | Age related degeneration | Loss of disspace, osteophyte formation, endplate clg@s and facet joint [335]
arthropathy
Instability Mouse Instability, resection of Detachment of the posterior paravertebral muscles from the vertebrae ang [331]
connective tissues resection of the spinous processes, supraspinous and interspinous ligame
Induced cervical spondylosis ensued withiiskage of NP and AF fissures
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Model type Species | Initiation Results Ref.
Rabbit Bilateral facet joint wSadzZ G§SREMY SEKdEYIR2W Ref 2t AaiKSaAaod|[336]
resection at L7/S1 sagittal rotation and degenerative disc changes obsé
Rat Facetectomy/capsulotomy | Loss of disc height, NP protrusion, rdpture and reduced cellularity [337]
torsional lumbar injury
Mechanical Mouse Tail bending Increased AF cell death, decreased proteoglycan expression, more promj [338]
in compressia vs. tasion of static loading
Mouse Bipedal Gross macroscopic skeletal changes. Chondrocytic proliferasisociated [339
with cartilage matrix depsition in the NP.
Rat Tail bending Radial ruptures on the concaaspect of the spinal curvature. [340]
Rat Bipedal rat Altered structure of the spinaiprocesses and dorsal kyphosis [341]
Rat llizarovtype apparatus Decreased disc diameter, axial compliaand angular laxity in [342]
(external fixation device immobilisation. Applied compressiénduced praeoglycan synthesis in the
used in orthopaedics) IVD
Rabbit External loading device Significant decrease in disc space, disorganised AF architecture, increthsq [343]
death
Rabbit Adjacent segment fusion Loss of AF organisation, fibrous transformation and AF teass of [344]

chondrocytes and notochdal cells in the NP

uonoNPoIU|



ov

Model type Species | Initiation Results Ref.
Biochemical | Rabbit Chemonucleolysis: Degradation of proteoglycans in the NP [345]
chondroitinase ABC
Dog Chemonucleolysis: Reduced disc height, lossrbteoglycan content in the NP [346]
chymopapain
Goat Chondroitinase ABC Mild degenerative changes. Loss of AF/NP demarcationppbtde formation | [347]
and AF rupture
Sheep Chondroitinase ABC Loss of dis height. Reduced signal on MRI [348]
Rhesus | Annulotomy collagenase Loss of disc convexity, osteophyte formation, fibrous changBin [349]
Monkey
Rhesus | Bleomycin injection of Reduced MRI signal. Loss of proteoglycan content and ulatéon of [350]
Monkey | subchondral bone inflammatory markers
Disc lesion Rat AF injury Annular rupture, reduced collagen content, NP cell clustering, wpagign of | [30]
painrelated markers
Rabbit AF puncture Significant disc space narrowing. Reproducible indnabdf progressive [351]
degeneration
Rabbit NP aspiration Degenerative changes in the AF were progressive. Decrease in progenitq [352]
in NP. Loss of NRfganisation ad condensation of matrix
Dog Annular injury with Loss of disc space, sclerosis of the vedébodies, osteophyte formation [353]

scalpel/drill
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Model type Species | Initiation Results Ref.

Dog Subtotal discectomy Loss of dis space and reduced MRI signal [354]

Dog Needle aspiration of NP Disc space narrowing and connective tissue invasion into th&sdRiced MRI| [355]
signal. Degenerate changes by Pfirrmma grading

Goat Drill bit injury/annulotomy | Moderate disc degeneration duced. NP condensation observed [356]

Pig Nucleotomy Moderate disc degeneration. Reduced disc space. Loss of AF/NP demarq [357]
Fibrous changes in NP

Sheep Partial thickness Progressive failure of AF. Deformatiand bulging of collagen fibres [358]

annulotomy
Sheep Annular incision and partial| Loss of disc height. Reduced signal on MRI. Reduced proteoglycan contg [359]

nucleotomy (simulated
microdiscectory)

reduced proteoglycan aggregation
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Disc size and geometry are important parameters ofgieical models, iad while
the sinilarity of disc geometriebetweenpre-clinicalmodelsandhumans havéeen studied
[363], the choice opre-clinicalmodel in a therapeutic setting is dependent on the 1ty
being applied. A larger animal model may here adequateto accurately and precisely
deliver a matrix or cebbased therapy to the NP without causing significant damage to the
AF.

Most preclinical models utilise quadrupedal models whereas the ardyural
bipedal models are nehuman primates, whickequiregreaterethical considerations. It was
previously considered that the major limitation pfe-clinicalmodels is that the IVD does
not undergo the same compressive forces as the postural loadlingn upright spine,
however, muscular contraction and connective tissue tension are significant contributors to
IVD loadind364]. It is now largely accepted that the load exerted on the lumbar spine in
guadrupeds is comparable, if not greater, than in humans due to the forces generated in
horizontal alignment and stalsiition of the spind360].

The preclinical model being utded must also be specific to encompass the disease
target being investigated. Whemmvestigatingaltered glycomic regulation antl-glycan
synthesis, many differences exist across human attterospecies. Humans cannot
synthesiseN-glycolylneuraminic acid (Neu5Gc), a common glycan modificatitwe irells of
other mammals, because of an irreversible inactivating mutation in the gene encoding CMP
N-acetylneuraminic acid hydroxylag865]® CdzNJi KSNX 2 NB> KdzYlya R2 y2i
linked galactose motif due to a mutation in ASiof human A3GALT2 completely eliminating
h¢(1,3) galactosyltransferase activity. This mutation creates issues of xenotransplantation as
DI £(1,3) Gahctivates an NK cethediated immune responsi66]. This must further be
considered especially in the study of cellular therapies, whether it be transplantation of
humanmesenchymal stem celMSC¥into a xenogereic model orxenogefic materials in
KdzYl y Of Ay A Ol-(1,3) Gal@pitopezhas baeiksBowD to initiate an inflammatory
reaction in biomaterials implanted into humass far as to induce anaphylactic reactions
[367,368] Removal of this epitope is best praetiin industrial processing of xenogeneic
heart valves. It isnclear whether this epitope would hawenegative effect in the immune

privileged microenvironment of the 1VD.

1.10.1 Canine Lupus as a Suitable Modelfor Biomateriatbased RegenerativelVD
Therapies

Multiple pre-clinicalmodelsthat demonstratespontaneous IVDBave been used in research

such aghe sand raff369], mice [330], baboon[370], andcanine mode[371,372] Unlike
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other animals usedh pre-clinical modelsdogsare commonlydiagnosed with natural IVD
degeneration andback pairand aretreatedin the veterinary clini373]. The dinicalfeatures
including radiculopathy and paraesthesiacroscopic and microscogindings, diagnostic
procedures andmanagementare comparabé in humans and dogi873¢376]. Dogs can be
sub-classifiednto chondrodystrophic (CD) and n@hondrodystrghic (NCD) breeds, where
in CD breeds, mdochondral ossifiation is disruptediuring developmentresulting in short,
bow-shaped extremities. This traltas been favoured in selective breeding for huntagg
well as burrow-dwelling animalsand is strongly linked with VDD for some breeds
(dachslinds and beagleqd377,378] CD dogs demonstrate degerative changes by 12
months of agg¢378]; while, NCOlogsremain largely disease fr¢g@77]. The IVDDBhat occurs
in CD dogs$sdue to genetic predispositigmvhileNCD dogs, especially the German shepherd
dog, are thought to have a disease reflective of the conditions dictating the digeas®st
humans[332]. CDdogs which predictably experience IVDBrewell suited forprospective
studiesto investigate the pathophysiology ¢¥DDdue to their predictive natureThese
breeds are also suitable fare-clinical studiesnvestigating potentibtreatmentswith the
aim of preventing or halting the course of sease with the caveat that these studies are
confounded by genetic predisposition

Bodenet al. showedthe common occurrence of asymptomatic degenerated IVDs in
dogs, just as in humaf379]. The GAG content in caninés was negatively correlated with
increasing Thompson grades, as previously described for human [B2LH30] Previous
canine studie$381,382]indicate a similar trend in dogs, supporting the use of the dog as a
translational model for studies of IVDD in humahise fact that dogs walk diour legs and
humans ortwo is often raised as a reasoot to usedogs 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 dof$83¢385]. The availability of veterinary IVDD patients as
a study population for prelinical trials has been ugkd[386]. This highlights the direct and
immediate clinical impaadf this model for translational therapies.

Relevantpre-clinicalmodels are needed to improve the treatment of IVDihile it
is accepted thanho pre-clinicalmodel can perfectly mimic the complex processes of IVDD in
humans[360]. Therefore, itis crucial to identifythe similarities and differences between
humans and animalsvhen consideringthe use of pre-clinical models and in making
inferences from collected resultPreclinical models of induced IVDRan 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 inducedpre-clinicalmodels to humansnustbe madewith cautionto avoiderroneous

conclusions.

1.11 TissueEngineeringor Disc Regeneration

Over the past decade, tissue engineering has offered biomatesised therapeutic
approaclesto discogenic pairMany 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.
Manyreparative approachelsave focused ofillingthe AF defect using voifiling hydrogels
made from PLA387], collager{388], silk[389]and hyaluronic acid (HA390] or other GAGs.
While these repeative methodsprovide 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 deviagageTo
loadrequirements, electrospinning391,392]andsilk-fibre winding[393] have been utilised

as well as organised structures to transrtie load appropriately through the motion
segment[394]. The focus of disc regeneration has been rmaltidal from initial voidHilling
methods for AF repair to NP regeneration with cell implantation. NP replacement devices
are beingormulated asnjectable 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, restre anabolism and facilitate native tissue ingrowth while also providing
stability and flexibility. HA of varying molecular weights has been widely studied as an
injectablehydrogel that forms diodegradable biomaterial to induce disc regeneration. HA
possesses hydrating properties to restore and maintain appropriate disc biomechanics, and
increases cell viability with no cytotoxicity in ADE25]. Isaet al. reported that the high
molecular weight of HA/PEGytirogel attenuated HU signalling molecules vitro [396]
and that its therapeutic efficacy alleviated inflammatory pain, hyipeervation 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 dowsregulates inflammatory markers; interferanduced protein with

tetratricopeptide repeats 3 (IFIT3) and papoptotic hsulinlike growth factofbinding
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protein-3 (IGFBP3), are downregulated while collagen | and aggegearpregulated after

HA treatment [29]. A HA/gelatin composed hydrogel exhibited viscoelastic properties
mimicking those of the native disc tissue avhchallenged with a complex shear modulus
within the physiological range (114kPa). This HA/gelatin hybrid hydrogel maintained NP
celkspecific morphology and cellular markers; collagen I, aggrecanca@[397]. HA may

be optimally crosdinked using 4staPEG or similar crodisker to achieve viscoelastic
properties similar to those of the AF or NP tissue. Tannic acid (TA) has been uzeditiorc

HA hydrogels to enhance the physical properties of the hydrogels. Improved mechanical
properties support both cell proliferation and attachment without cytotoxicity.iJalsoa
hyaluronidase inhibitor and antioxidant, improving the viabilityhef implanted biomaterial
[398].

Collagerbased hydrogels have been widely used as a restorative material in the IVD
because collagen | and Il 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 tha
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 structthrat can be
adapted to meet specific functional demands. Rustsal., recognising the potential benefits
of tuneable proteoglycatrased biomaterials, have developed a new proteoglycan
macromoleculecollaggrecan[399]. This group has previously shown that neoglycosylated
collagen matrices affect the neuroblastoma F11 cell line behay#@]. It is evident that
precise fabrication and functionalisatiorittvthe native tissue constituents provides a more
beneficial microenvironment for cell proliferation and tissue repair.

Combined annulus fibrosus and nucleus pulposus therai®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 approacheg401]. The combination of NP repair with HYADD4® injection and a
riboflavin crosslinked highdensity collagen patch was investigated by quantitative T2
magnetic resonance imaging and demonstrated the greatest improvement in NP hydration,
restoring hydration to prenjury values, andutperformingeach therapy when individually
applied which only restored hydration by 33§401]. In another study, e cartilaginous
endplate was fabricated using osslinked HA, chondroitin sul@tie and collagen 1l and
seeded with chondrocytes. The endplate demonstrated biomechanical and biociemic

properties similar to those of the native tiss[#02].
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Combining biomaterials with cells and/or therapeutic molesuoffess a potential
regenerative strategy to reversine disease process and relieve pakor instance,dw
cellularity and insufficient nutrients in a diseased IVD model may be restored by
incorporating growth factors on a biomaterial scaffoldépairthe microenvironment of the
disc[403]. Delivery of growth factors on a scaffold provides an optimal microenvironment
for cell adhesion and proliferatioss well agestoration of anabolic protein synthissin the
tissue laying the foundation for the emergence of new regenerative or reparative biological
treatments[404]. Although growth factors have been widely investigated in 1VDBcprécal
models so far, the furtonalisation of materials with other classes of small molecisibging
explored[405].

1.11.1 Potential Glycomiebased Tissue Engineering Approaches

Despite the depth of study investigating the role of glycosyltransferases and
glycosidases in pathology, few glyenzymes have been identified astential therapeutic
targets for modulation. Work over the past two decades has focused on metabolie glyco
engineering that focusesot only on the inhibition of glyceenzymes but alsmn the
incorporation of synthetic monosaccharide derivatives for addai functionality(Table
1.5). Functional groups such aeetone, -azide-thiol and calkyne groups can be added to
monosaccharides for incorporation into glycan structyegg].

Tunicamycin, an inhibitor oN-glycosylation, first identified inStreptomyces
lysosuperificusblocks the transfer oN-acetylglucosamind-phosphate (GIcNAg-P) from
UDRGIcNAc to dolicheP ¢atalysed by GIcNAc phosphotransferase; GPT), thereby
decreasing the formation of dolich&lRGIcNAG407]. Studies witltunicamycin and another
N-glycosylation inhibitorcastanospermine, inhibit cell surface expression -sekctin thus
inhibiting cell adhesiof221]. Tunicamgin inhibits globaN-glycosylation causing significant
ER stress in most cell typ@22] . Monosaccharide analogues targetifighibiting)terminal
enzymes in theN-glycosylation pathway, sialylinaferases and fucosyltransferases, do not
induce significant ER stress, demonstrating their potential for use in mechanistic studies
[408].

O-glycoylation inhibitors have also been developed to investigate the role of flux in
the O-GkNAcylation pathway and cellular stress resporjd89]. The aforementioned
modified monosaccharides all target and inhibit glycosyltransferases; however, glycosidase
inhibitors also exist. A specific NEU3 inhibitor has been developed to block glycolipid
processingn vitro with selective inhibition of NEU orthologues from murine brpi0].

While complete inhibition of glyeenzymes may be a desirable diseased¢irmanipulation
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of these enzymes to incorporate modified monosaccharides has boundless potential for
downstream epitope processing armbnjugation with exogenous probes. Azidmund
ManNAcutilisesNeu5Ac pathways to synthesise Neu5Az modifiedstefae glycans which

can be further processed by clitdbelling with fluorophoreg§411]. The Neu5Ac caunse

other modified neuraminic acid precursors such as 9AzNeu5Gc and 9AzKdn ty modif
sialylated epitopes on the cell surface, which in one instance can altasirtelinteractions,
decreasing binding affinity and virulenp&l2]. 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 surviva[415].

1.12 HyaluronicAcid Hydrogehs aDelivery Device

Hyaluronic acid, ohyaluronan is a non-sulphated glycosaminoglycan widely distributed
across connective, epithelial and neural tiss{#s5]. HA compses NS LIS G Ay 3 dzy A i a
13 Ay1 SR 3If dzOdzNH1yaNitked N-&cktidglucbsginiine (GIcNAJ@17].
Hyaluronan is synthesd in the cellular plasma membraf@l8]. 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 strut@63. Interactions

of this kind bind hyaluronan with proteoglycans to stabilise the structure of the matrix, and
with cell surfaces to modify cell behiaur. 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 lubication, water homeostasis, filtering effects and regulation of
plasma protein distributiorf416]. It is catabolised by receptanediaded endocytosis and

lysosomal degradation by hyaluronidases or hydrolytically clepd@H.

1.12.1 Hyaluronic Acid in Therapeutic Applications

The unique biophysical properties of HA have prompted its use in many tharapeu
applications in the treatment of ophthalmic disorders, respiratory disease, rheumatological
conditions, promotion of wound healing and immunomodulat{@32]. 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 ebbiged component
have been used in investigatjnVD regeneration. HA has been ctlisked with collagen I

using 4armPolyethyleneglycol (PEG) to improve cell viability of NPineligro[433]. HA
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Table 15 Smalmolecule modulators of glyeenzymes.

Smaltmoleculeglyco Target type Trends in glyco modulation Ref
integration
Defucosylation of Fc Region| N-glycan¢ monoclonal antibody Improvement in ADCC of therapeutic antibodies by defucosylal [419,420]
0§ KNR dzZAK &l 6 A RIRaadnflichsglafed EctcomplexS
Tunicamycin/ N-glycang P selectin Inhibited surface expression of$electin+reduced cell adhesion.| [221]
Castanospermine inhibition of N-glycosylation/
galactosylation
ManLev integration N- and O-glycans; ketone expression | HL-60 cells, which are nonadhesjattached to a poly[MP€o-n- | [421]
on cell surface butyl methacrylate (BMAgo-methacryloyl hydrazide (MH)]
(PMBH) stface following incubation
Ac(5)ManNtGc integration | Thiol expression on surface sialic acid i -catenin expression and altered cell morphology. Spontaneou| [422]
celkcell clustering and attachméto complementary maleimide
derivatised sbstrates on noradherent cells
AzideManNAc (ManNAz) Glycan intgration for conjugation with| To measure flux in ManNAc/Neu5Ac pathways and synthesis | [411]
exogenous probes through selective modification of cedurface glycans i
exogenous probes
2(E)3(A)DFNeu5Ac9N3 Bacterial sialidase Effective selective inhibition against pathogenic bacterial sialid{ [423]
from Clostridium perfringen@pNanl) an&ibrio cholerae
3'-Sialyllactose And &' Covalent conjugation to collagen filmg 3'-sialyllactose significantly upregulate the expression of RUNX [414]
Sialylactose and ALP, weknown markers of osteogenesis, whereas 6'
sialyllactose ugegulate the expression of chondigte marker
ACAN
Heparan Sulphate (Hs) Integrated by ST6GAL1 through HS oligsaccharide is functionally active, restores protein bindin| [424]
Oligosaccharide modified CMPNeu5Ac derivative and allows activation of cell signatl events of H8eficient cells
2-deoxy2,3-didehydre N- NEU3 human sialidase inhibitor Blocks glycolipid processing by NESitrowith selective [410]
acetylneuramini@cid inhibition of NEJ orthologues from murine brain
9AzNeu5Ac/ 9AzNeu5Gc/ | Sialyltransferases Incorporated into celsurface glycans to visualise eslirface and | [412]
9Azkdn glycoproteomic profiling by ick-labelling with fluorophores
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Smaltmoleculeglyco Target type Trends in glyco modulation Ref

integration

Tetracycline I (1,4)yN-acetylglucosaminyltransferas¢ Altered glycosylation pattern of chCE7, an antineuroblastoma | [425]

[l upregulation chimeric IgG1, to module ADCC activity

Maltose Neoglycoshation of Collagen matrices | Morphological and functional analysis showed that [400]
neoglucosylated collagen matrices induced cell differentiatioa i
F11 neuroblastoma cell line

3Faxperacetyl Neu5&/ 2F | Global metabolic inhibitors of sialyl Investigative tool to dissect the role of glycan modificatiorthiwi | [408]

peracetyl Fucose and fucosyltransferases complex biological systems

2,4,7,8,9pentaacetyd3Fax Global metabolic inhibitor of 3F~NeuAc administered to mice dramatically decreases sialylat{ [426]

Neu5AeCO2Me Sialyltransferases glycans in cells of all tissues. Deleterious "on target" effadiver
and kidney function when administered systemigall

GIcNAcstatin, A O-GIcNAcase Potent tool for the study of the role @-GIcNAdn intracelluar [409]

Glucoimidazoléased signal transduction pathways

Inhibitor

N-acetylglucosamine Hexosamine pathway Enhanced proteoglycan production frofdSCsrabedded in the | [415]
composite system

Ac4GIcNAz UDRGIcNACc pathway Produce celtlerived matrices with modified glycan species for | [427]
covalent bonding of molecules in downstream processing

Synthetic RB®lotif (A+B) Glycosphinglipid conjugation RBCs modified with different concentrations of synthetic [428]
glycolipids were able to give controllable serologisutes
exhibiting A and B motifs

SyntheticNeo-proteoglycans | Lipidfunctionalised glycoconjugates | Passively integrated lipid conjugated heperan sulphate GAGs \ [429]

incorporated into the cell membrane to induce differentiation off

embryonic stem céd towardsneural specification
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based composite hydrogelpromote ECM homeostasis and maintenance caflular
phenotype, increasing sathated GAG contenj434]. Hydrogel properties can be tuned to
match the mechanical properties of the local tissue. Enzymatically-inkesl hydrogels
have been showto withstand 1114 kPa under a complex shear modulus, similar to that of
the native tissug397]. These biodegradable hydrogels may be slowlyated over time,
allowing for natural tissugemodellingand support healing and regeneratigd35]. HA
attenuates inflammation in a complex mechanism through the CD44 recelptiralso
activates NF .signallingto regulate epithelial cell survival in an acute injury mojddi6].

This disparity in the response HA induces and its relationship M4 is not well
understood. Repair and regeneration of théDrequiresa certain leel of mimicof the disc
properties through use of biomaterials. Consensus suggests that a material should be an
injectable,in situcrosslinkable construct with a swelling pressure, ability to sustain complex
mechanical forces, and support a beneficiatménvironment to promote cell survival and
induce appropriate phenotypic cues. Biomaterialsould enable reconstitution ofthe
mechanicaproperties of the NP tissue, which can retain 80% of its own weight in water and
distribute up to 1.3 MPa of pressurevenly across the disc and transfer load to the AF
[436,437] The swellingcapabilities and tuneable mechanical properties l#based
hydrogels make them an attractiweaffold fortissue engineering approach for direct repair

of the disc or as a vehicle for cell therapy of smadlecule drug delivery.

1.12.2 Rationale for theUse of a Sialyltransferasénhibitor and Loading Mechanism

Hydrogels can provide spatial and temporal controlled release of various therapeutic agents,
including smalmolecule drugg438]. A noncovalent loading system relies on diffusion to
promote drug release. The degradation of the HA macromolecule by native tissue proteases
will also further releas¢éhe drug cargoThe releasenpfile must be tuned to determine the
loading concentration and effective dose delivered. The tissue in which a hydrogel is
implantedaffects the degadation and release profile of thdrug. A highly vascular tissue is
likely to recruit a higher immune rpsense leading to the secretn of MMPs and ADAMTS
enzymedo degrade the materigl39]. This also increases diffusion gradients and transports
the drug elsewhere to other tissues, reducing the effective dose and availdb8®} The

IVDis an avascular space with low diffusion rates. The cyclic loading of the disc promotes
nutrient diffusion in and metabolite diffusion o{440]. These mechanics favour the steady
release of a drug from the injected materialscharacterised in a stydoy Willemset al.

measuring the release of celecoxib from an injected hydrpgHl].
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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 investigatingpbtential efficacyof growth factors,
gene and celbased therapies, and biologically active matenaith the goal of translation
to the clinical settingTable 16) [442¢444). IVD repair, primarily via focused regeneration
of the NR has been successful in various {otaical modeld35]. The efficacy of some of
these approaches offer hope to patiens with debilitating low back pain, where
conventional treatment approaches have failed.
Celtbased therapies are the most widely trialled in the clinic, mostly consisting of
notochordal [445], chondrocytelike NP cell§446,447] and mesenchymal stromal cells
(MSCs})448]. Of twelve reports available on clinical trials using-loaied therapies for IVD
regeneration, ten utilise MSCs and seven of the trials henaed with results yet to be
posted Bone marrowderived (BM) MSCs have beenare widely investigatedn clinical
trials (NCT01290367, NCT01860417, NCT03011398, NCT03692221, NCT03340818) followed
by adiposederived MSCs (NCT02338271, NCT02097862, NCT034a3d88).outcomes
have been observed with MSC therapy vs. placebo, howekersample 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 suthea/D. 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 asitiflammatoly 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 evidersuggests the existence of progenitor cells in
the NP, albeit in small populations, that decrease with ageing and IVD degeng#dtibn
Several growth factors have been reported in clinical trials, with special focus en TGF
i ! oATEROFY FNIAYSYdHsIwE | Mink moySS v KMyOKS &R SR a;
at various concentrations with mixed resu[@52]. Twentyseven of the fifty participants
reported adverse effects mile mean ODI was reduced vs control (12.38 vs. 6.67 reduction).
Three ongoingthase Il trials (NCT01158924, NCT01124006, NCT01182337) investigating the
efficacy of GDF5 are documented but reports haveysdtbeen released as of 2023mali
molecule therpies are favoured over cetir growth factorbased therapies due to their low

degradability inside and outside the body, making them more econolji6al.
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Table 16 Clinical trials to treat discogenic low back pain.

Clinical TrialD Biological agent Source No. of Results
patients
NCT01290367, | BM-MSC + HA Allogenic | 100/360 No adverse effects; after 12 months, significant improvement in
(Phase 1I/1lI) | ODI and VAS; 10% (HA) VS 3.3% (18 M + HA) needed surgery
- BM-MSC Autologous| 26 Reduction of ODI (56.7 to 17.5) and VAS (82.1t0 21.9) and 1 ¢
(Open label) | improvement (40% patients); no adee effect
- Primed BMMSC - 5 No adverse effect report; seteported improvement in strength
(Open label) | andmobility
NCT01860417 | BM-MSC Allogenic | 25 Safet confirmed; Improved VAS score
(Phase II)
NCT03011398 | BM-MSC Autologous| 33 No serious adverse effect; NPS and SANE improverhéf20 disc
(Open label) | bulge size reduced
NCT02338271 | Adipose tissudlerived | - 10 No adverse effects; ODI VAS anéB6kmproved; 3 ptients
MSC + HA (Phase I) increased water content
NCT02097862 | (adiposederived stem | - 15 No adverse effect for up to 12 months; improvement in flexion,
cells) and plateletich (Open label) | VAS, PRInd SFL2; ODI and BDI trends positive
plasma (PRP)
NCT02320019 | YH14618 Drug 50 27 patients reported adverse effects; improvement in ODI and
(Phase 1/11) VAS; n change in DHI and MRI grading
NCT01124006, | rhGDF5 Drug 107 Unknown/inconclusive
NCT01158924, (Phase I1)
NCT01182337,
NCT00813813
NCT02379689 | Placental tissue extrag - 30 Unknown
(BioDGenesis) (Phase I/11)
NCT01771471 | Juvenile chondrocytes| Allogenic | 44 Terminated ¢ change in clinical strategy
(Phase 1)
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Clinical TrialD Biological agent Source No. of Results
patients

NCT03246399 | SM04690 Drug 18 Terminated (Studyerminatedciting commerciateasons,

following full enolment of the first dose cohoyt

NCT03737461 | BM-MSC Allogenic | 112 Recruitin
(Phase 11/111)

NCT03347708, | Discogenic cells and | - 60 Recruiting

NCT03955315 | hyaluronate (Phase 1)

NCT03340818 | BM concentrate - 6 Recruiting
(Phase 1)

NCT01640457 | Novocart Disc plus Autologous| 120 Active, not recruiting
(Phase I/11)

NCT02412735 | Rexlemestrocel + HA| Drug 404 Active, not recruiting
(Phase I11)

NCT03461458 | adiposederived MSCs| Autologous| 16 Active, not recruiting
(Phase 1)

NCT03263611 | AMGO0103 Nuclear Drug - Active, not recruiting

Tl OG2NIS .
oligodeoxynucleotide

NCT03708926 | Abaloparatide Drug 109 Not yet recruiting

NCT03692221 | BM-MSC Autologous| 24 Not yetrecruiting
(Phase 1)
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For example, abaloparatide, a parathyroid hormone (FE€l}ed protein analogualrug

usel to treat osteoporosis, has been shown to effectively attenuate IVD degeneration in a
pre-clinical model[454]. A Phasell clinical trial is underway to investigate its efficacy in
humans. SM04690, aAnt inhibitor, has also been investigated in clinical trials
(NCT03246399). While many potential small molecule inhibitors have demonstrated efficacy
in pre-clinical models, fevihave progressed to clinical trigé55¢457]. Smalmolecules are

not only desirable for dises® management but also in elucidating disease aetiology.

MSCs have been injectedinga HA carrier, as a combination therapy where the HA
carrier both maintains the MSCs and acts to restore disc biomechanitdydrating
properties andto attenuate infammation (NCT01290367, NCT02412735). The outsoime
these trials are pendings of 2021 Clinical trials involving combinationof therapies are
rare due to the need to determine the safety and tolerability of individual componéiuits
it is likely tha more trials will come to fruition in the in near futureGrowing interest in
glycomic targets has spurred several clinical trials using small molecule modulators of the

glycome to treat disease across many fields of stddple 17).

1.14 Conclusions

An understanding of IVD pathophysiology, specifically glycomic regulation in the IVD, is
necessary to develop clinically relevant treatment strategies. Giveratk 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 profgiis 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.
Smalmolecule functionéisation has demonstrated efficacy in modulating glycehdsed
targets. Nexigeneration biomaterials will likely encompassilti-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 HAvased hydrogel for IVD regeneratiorig thesis consists of three phases
(Figure 1.6): IN-glycan profiling and proteomic analysis of human IVD in degeneration
(Chapter 2) II) Establishment of aim vitro model of IVD degeneration and modulation of

glycosylation using smatholecule inhibiors (Chapter 3)and 1ll) The use ofldeu5Aeinhib-
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Table 17 Clinical trials with smaftholecule delivery for glycomitased enzyme and receptor targets across multiple specialties

Pulmonary Fibrosis (IPF)

Title Disease Phase Drug (MoA) Status Participants
Study of GMILO70 for the Treatment of Sickle Cell Disease | NCT01119833 GMF1070 rivipansel Complete 76
Sickle Cell Pain Crisis Phasdl (Selectin inhibitor)

Efficacy and Safety of Rivipansel (GMI Sickle Cell Disease | NCT02187003 GMF1070 rivpansel Ongoing 350
1070) in the Treatment of Vagdcclusive Phasdll (Selectin inhibitor)

Crisis in Hospitalised Subjeetih Sickle

Cell Disease

Study of ORILM in Patientswith CDGIb NCT03404869| ORELM (Dmannose) Ongoing 5
Congenital Disorder of Glycosylatiolp Phasd/ll (undefined mechanism) (recruiting)
(CDGIb)

Safety and Efficacy Evaluation\df/C1 Intrahepatic NCT03633773| Anti-Mucinl (MUC1) CAF Ongoing 9
CART in the Treatment of Intrahepatic Cholangiocarcinoma Phasd/Il T Cells (recruiting)
Cholangiocarcinoma

Phase Il Study of the Efficacy and Safe{ Renal Cell Carcinomal Phasdl D 5 n n odannddidase| Concluded 17

of Oral GD0039 in Patientgth Locally inhibitor)

Advanced or Metastatic Renal Cell

Carcinoma

A Study to Test the Efficacy and Safety IPF NCT03832946 TD139 (GaletH3 Recruiting 450
Inhaled TD139 in Subjeatsth Idiopathic Phasdl inhibitor)
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loaded HAbased hydrogel was validated for implantation in a canine model of IVD

degenerationChapter 4).

1.15.1 Phase |
OverallAim
To characterise theN-glycome and proteome of the human intervertebral disc in
degeneration to identify glycomilbased targets.
Hypotheses
TheN-glycome of the AF and NP is altered in IVD degeneration.
A differential expression Md-glycanscorrelates with thealtered proteomic expression in the
IVD.
Objectives
l. To investigate the glycosignature of the IVD in healthy and degenerated tissue
by lectin histochemistry
Il. To characterise th&l-glycome of the healthy and degenerated human IVD by
HILIGUPLC/MS
To characterise temporal and spatial regulatiorNsdlycans in IVD by MAL:DI
TOF/MS
Il. To perform proteomic analysis on healthy and degenerated IVD to identify
dysregulated proteins
(\VA To determine the regulation of cellular and ECM proteomeresgion and to

identify key inflammatory and regulatory proteins in modulating the glycome.

1.15.2 Phase |l

OverallAim

To elucidate the role of sialylation and fucosylation in inflammation and degeneration of IVD
in vitro.

Hypotheses

Sialylation and fumsylation are differentially regulated in cytokieduced IVD
degenerationn human NP cells

The aegenerativeglycophenotypeof humanNP cellsan be attenuated by sialylation and

fucosylation inhibitorsmodulatingthe cellular response to cytokirieduced inflammation.
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Objectives

l. To determine the effect of cytokinmduced inflammation on glycosignature of
NP cells.

Il. To determine the efficacy of sialylation and fucosylation inhibitors on sialylation
and fucosylation in NP cells.

Il To investigate the role of sialylation and fucosylation regulation in inflammation
in anin vitromodel of IVD degeneration using glycosylation inhibitors.

V. To determine the role of sialylation and fucosylation on cell migration, cellular

respiration, ECM>gression and protein synthesisanin vitro model of IVD

1.15.3 Phase Il

OverallAim

To assess thevalidity of a Neu5Aeinhib in IVD regeneration ira canine model of
degeneration

Hypothesis

TheN-glycome of thecanineintervertebral disc in degeneratiolemonstrates modulation
similar to the human IVDNeu5Aeinhib can beloaded into a HAbased hydrogel for
applications in intradiscal therapies

Objectives

l. To optimise biophysical properties argkgradation profile of a HAbased
hydrogel for IVD injection.

Il. Tocharacterise the altered glycosylation of canine VD in degeneration.

[l To perform spatiaN-glycan profiling of the canine intervertebral disc in health
and degeneration.

V. To determine the efficacy ofNeu5Aeinhib-hyduronic acid hydrogel in
modulating the glycgphenotype of the degeneratedanineintervertebral disc
in vitro.

V. To determine the efficacy oNeu5Aeinhib to restore physiological cell

metabolismin viro.
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Figure 15 Sagittal T2wveighted MRI imagef male patient presenting to Galway University
Hospital in 2017MRIdemonstrates multievel IVD degeneration (L4/5 and L5/S1).
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Phase |

uN-glycan profiling of the human intervertebral disc with proteomic
assessment of degeneration and localised glycosylation

Phase Il

uEstablishment oin vitromodel of IVD degeneration and investigation of
efficacy of sialylation inhibitor as a modulator of the degeneration cascade

Phase Il

w/alidation 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 H¥ased hydrogel as drug delivery
system

Figure 16 Thesis overviewThese studies were performed as part of three distinct project

phases with an overarching aim of targeting the glycome for functional repair of the IVD.
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Figure 17 Overview of mechanisms regulating glycosylation limman intervertebral disclKkk L ¢ . 1°B,¥ld2D$ B | DXL KyDEBIMYAGIdS . T
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Glycomic profiling of human IVD

2.1 Introduction
Glycosylation expression provides insight into the temporal and spatial regulation of glycans
in tissue inflammation and degenerati¢h]. The posttranslational modification known as
glycosylation desives the addition of carbohydrates to lipids and proteins by
glycosyltransferases to create a diverse range of glycoconjyght@&se two main classes of
glycans on proteins ar#l- and O-linked glyans[1]. N-linked glycosylation describes the
addition of a carbohydrate to the glycopeptide backbone between the reducing teridinal
acetylglucosamine and the nitrogen of asparagine through an amide bonajrig an
aspartylglycosylamine linkag#]. N-glycosylation sites are limited to binding to asparagine
residues at AsiXaaSer/Thr sequons along the amino acid sequence (where Xaa represents
any amino aid except proline)This carbohydrate side chain is important for the function
and structure ofN-glycosylated glycoproteins. The trimannosyl core that consists-Nf di
acetylditobiose and three mannose residues is conserved across all sgétiemn
oligomannose type structures, another two to six mannose residues are bound to this core
carbohydrate. Completype oligosaccharides are -bhtennary structures with N-
acetyllactosamine 2-(acetylaminoj2-deoxy4-O-hexopyranosylhexopyranosed nitrogen
containing disaccharide, attached to the two outer mannose resid[lds This N-
acetyllactosamine may be followed by a sialic acid resigluanotherN-acetyllactosamine,
which produces a poii{-acetylglucosamine antennfl]. Finally, hybridype N-glycans
contain more than three mannose residues axcetyllactosamine on a side chairhig
oligosaccharide is formed from the partial processing of an oligomannose type structure and
additional sugars are attachdd].

Complextype N-glycans have higher diversity than described above. Variation arises
during elongation of side chains from the mannose residues of the Neaeetylglucosamine
may attach to the mannose residue in variable numlzard through different linkages from
monoantennary to pentantennary N-glycans. These glycosylated motifs play a role in
protein folding and trafficking, receptor expression and activation as well as intracellular
signalling and immunomodulatiof3]. A study in the role of glycosylation in osteoarthritis
found that alterations in higimannose typeN-glycan in chondrocytes correlate with Matrix
metalloproteinasel3 (MMR13) and a disintegrin associated metalloproteinasehwi
thrombospondin motifss (ADAMTS) expression in degeneratigd].

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 theepice

of the different types of glycans across the myocardial and skeletal muscle t[Sgu¢sin
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Glycomigorofiling of human VD

recent years, improvements in the extraction and analysis methods for glytedpscand
specifically forN-glycans have allowed the current analysis to be oriented towards the
detection of precise subgroups and even sirgleicture glycans expressed in connective
tissues such as cartila¢®,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 (NH10]. Over the course of degeneration, the NP becomes fibrotic,
dehydrated and stiff like the AE1¢13].

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 studiegstablished
the colocalisation 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 linkagen the cell surface, which is fundamental for ¢elmatrix interactions and
mechanosensing, was defingtb].

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 degeneratiofiL6,17] The glycosylation profile of the IVD has been
studied in murindg18], bovine[19] and oving20] models for injury and degeneration. These
studies have briefly investigated the overalyagisylation motif expression using lectin
arrays. There is a gap in the field to investigate the human glycome with both glycosylation
motifs and competéN-glycan species identification and quantification.

For all these reasons, it is hypothesised thatltige(foetal and adolescent) IVD tissues
distinguish their glycoprofile at the level of specific sialic acid and mammetegd
structures from that of the aged, degenerated adult IVD. The investigation dfi-gigcan
species of the IVD and relative aldamces may give insight into the spatial and temporal
regulation of glycoproteins throughout the disease process.

It was also hypothesised that thé¢-glycome of the human IVD is dysregulated in IVD
degeneration. Proteomic expression can be correlated waitered glycomic expression in
IVD degeneratioriThe VD glycan expression pattern between healthy and degenerated IVD
was evaluated by lectin histochemistry and lectin microarray. A comparison was made

between theN-glycosylation pattern in human AF aiNP in health and degeneration by
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Ultra performance liquid chromatographyass spectrometry (UPMS) and Weak anion
exchange chromatography (WAMLC)The proteomic expression of the human AF and NP
in health and degeneration was examined, and the finslicgyrelated with glycomic profiling

in IVD degeneration.

2.2 Materials andMethods
2.2.1 Material and Reagents

I ONB t NB LIn -filté® Plates @l 1@Dm MWCO microcentrifuge filtration
RSOAOSa 6SNB LIzZNOKFASR FNRY tlFfftt dfrdnFS { OA ¢
bFrGA2y It S5Al 3y2aidiOaldIlter€ il ¢18 Sigips/were purchadéd a A f f
FNRBY aSNDO{nz !{! & ™ %Yyrecisiodzsynbad dereApyrchaséd fronf | & { A L
Medguard®, Ireland. Polypropylene 2 mL deepg%f t o6f 201 & lhyfif® t K&b S|
O2f dzv¥ya ¢SNB LIJzZNOKIFaSR FNRY CAAKSNI {OASYydA
purchased from Greiner BOne®, 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
{OASYGATAOLET ! {! ® 1 YY2YyAdzY K@RNBEARS a2t dzia
USA. Leucine enceplira 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 reagesitwere 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[QurR& Q& / KA f RNBy Q&
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 wasder 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 intervertebraldiscs 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 realignmiesurgery. 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, vapped 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 (Utecht, The Netherlands).

Tissues were further processed in a tissue culture hood. Samples were washed three
GAYSa gAGK 1yl1Qa obFflFyOSR abrtid azftdziazy 61 . {{0
residual blood/plasma, which would interfere with glycan gsad). 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 aB80°C. 100 mg was flash frozen, and the remaining tissue was used
for cell isolation. The portion of the tisswvith the highest level of integrity was reserved for
flash freezing for potential histological analysis.

Once all samples were collected fglycan analysis, the RIPA stored samples were
thawed at 4°C. A stainless steel bead was added to each Epp@mahatfthe tubes were
FRRSR (2 GKS vAlFI3ISy ¢AadadsSteasSNI[¢n asSid Fd &LISSR
was not completely homogenised after 80 min, homogenisation was continued for further
30 minutes. Once homogenisation was complete, Eppdrtdbes were spun at 16000 g for
Hn YAyYydziSa 4G nc/ & {dzZLISNYyIFGlFyd 61 & aSLI NFGSR FN
9LIISYR2NF ((dzoSo {dzLISNYFGFyld 61&d& RNASR Ay @I Oc
{ LISSR+I On / 2 ynidBishéRNihds@rdibat8a° & $his soluble fraction of tissue

homogenate was further processed fdrglycan isolation.

2.2.3 Glycan Isolatiory In Gel Block for Low Abundant Samples

Gels were made around the dried tissue homogenate to immobilise the glycoproteins made
up from 64.7% Ptogel, 32.30% Gel buffet 65M TRIS pH8.8nhd 3% of 10%odium dodecyl
sulphate EDS) solution. Gel volume was added until the homogenate completely dissolved
omnn > F 2ANUnonium Ydeloxdsuighate APS) andb I b I-BeEamethy
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 *piates on a clean glass plate using

a ckan 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 (DT,T0.5M) and iodoacetamide (IAA00 mM), respectively. Thistep
removed disulphide bonds across peptides to exdgggycan 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(E,2% 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
6l aKSad ¢KS StdziaAzy ¢l a FTAEfGSNBR dzaAy3a | nodn
dried overnight in the vacuu centrifuge. Dried glycans were reduced in formic acid for 40
minutes and resuspended indninobenzamide (2AB) solution and incubated at 65°C for 30
minutes for labelling through reductive aminatifi]. The solution was then transferred to
Whatmann 3MM chromatography paper and excess 2AB is washed away with acetonitrile
[22]. The glycans were eluted with waterdadried in the vacuum centrifuge.
2.2.4 Analysis of HumamN-glycomeon Hydrophilic Interaction Liquid Chromatography/
Ultra Performance Liquid ChromatograpltidILIGUPLE
't [/ 61 & LISNF2NN¥SR dzaAy3a | .91 Dfeoly O2f dzYy
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 (Sigikrich Acetonitrile E CHROMASOLYV for
HPLCfar UV), respectively. The column was maintained at a temperature of 40°C. Solvent A
was applied using a linear gradient from-&0D% over 30 mintesfollowed by 4770% A and
finally 30% A to complete each ry@2]. 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 thatas used for every ruf23].

2.2.5 Weak Anion Exchange (WAXJPLC Determination of Sialylation

WAX¢ UPLC was completed using a Waters AcduiRl,.C separations module complete with

an Acquity HPLC fluorescence detector through Empower Chromatography Workstation. The
analyical column used was a Waters DEAE anion exchange column (75 x 7.5 mm, 10 pm
particle size). Mobile phase A consisted of 20% v/v acetonitrile in water,-Qviilater,
jdzt t Ade B mMyodnw am3I ¢h/ O2yiGSyid ¢ p LILBOP a?
acefate buffer pH 7.0 in 20% v/v acetonitrile. A linear gradient of 0 to 5% solvent A over 12
YAydziSa 4 I Ft26 NIGS 2F M Y[ KYAY 6+ & | LILIK A
YR GKSY Hbpm: | 2@0SNJ Hp YAydziSa&amiywedbann ks |
100%[23]. The standard used for charged state chromatogram annotation is 10% v/v fetuin

N. Normal human serum (NHS)glycans labelled were used as an additional standard to

ensure instrument is correctly calibrated. Fluorescence detection was set attéxuit

emission wavelengths &= 330 nm andem = 420 nm, respectively.
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2.2.6 Exoglycosidas®igestions

Exoglycosidases were procured from Prozyme (San Leandro, CA) or New England Biolabs

(AMF, BKF, GUIllitchin, Herts, U.K.). The isolated 2laBelled glycans were digested for

18 tourst G oT1c/ AY wmn X[ pn Ya &2RAdzy | OSiGIGS o0dzF ¥
mannosidase (JBM) digestion which requires 100 mM sodium acetate, 2 #iMpRArG.0).

The following enzymes were used: almond medlcosidase (AMF, EC 3.2.1.111), 40

mU/mL; Arthrobacter ureafaciensialidase (ABS, EC 3.2.1.18),'06 Y[ T 02 @AyS (1 ARySe
fucosidase (BKF, EC 3.2.1.80)! Kk Y[ T 0 2 @ Xalabtosidléde (BTEHEL 3.2.1.23), 1

I kK Y [-NFacetylglucosaminidase cloned froh pneumoniaexpressed ifEscherichia coli

(GUH, EC 3.2.1.3@,U/mL (Prozyme), 400 U/mL (NEB)Yack bean hexosaminidase (JBH,

3.2.1.52) 10 U/ml,. Jack bean mannosidase (JBM, EC 3.2.1624))/ mL; Streptococcus

pneumoniae sialidase NAN1 EC 3.2.1.18)5 U/mL; Streptococcus pneumoniaée-

galactosidase (SPG, EC 3.2.1.23)UJOnL. Glycosidases were removed after incubation by

filtration through 10 kDa protek® A Y RA Y3 9 %u 7T dpdraiidh)\\EGlyéaasiveré A LJ2 N / 2
then analysed by UPLC as previously desciid&ld

2.2.7 Liquid ChromatograpmMass SpectrometryFluorescence oN-glycans

Glycan profiles were obtained by negative ion nanoelectrospraf&Cperformed by
Acquity® UPLC system through a BEH Gly€atumn (150 x 1.0 mm i.d., 1.7 um patrticles),
coupled to a Wate®Xeva®G2 QTOF system. The data acquisition was performed with the
instrument set as previously described with augmentation as outlindthble 2.124]. Data

I OljdAaAdGAzy FYR FylFf&aara o6 @MIEGSNR2USKNSRe dzaAy3d al 2
FLD excitation/emission spectra were set to 320 nm and 420 nm, respectively. Sample
injection was 8 pL (75% MeCN). The flow rate wasto 0.15 mL/min and column
temperature was maintained at 60 °C. A linear gradient was applied as followsir028%

A 72% B, 1.Min 28% A 72% B, 3Iniin 43% A 57% B, 321in 45% A 55% B, 3&iin 28%

A 72% B, 40.6hin 28% A 72% B.

2.2.8 Proteomic Evaluabn of Human IVD

After N-glycans had been released during glycan isolation, the gels were rehydrated, washed

and dried in a vacuum centrifuge. 200 pL of trypsin in 50 mM ammonium bicarbonate (ratio

enzyme: substrate 1:50) was added to each sample and @tedbat 37°C overnight. The

digested peptides were eluted by 1% formic acid 5@¥. A0 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. Samples were dried to approx. -20 puL

volume and frozenaR0°CuntlL@ { | yI f @3dAadd { I YL Sa 6SNB Nlzy 2y
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Table 21 Fulkscan data for Ig®l-glycans were acquired over m/z range of 45800 asan

external control and verification of calibration.

Polarity ESH
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 GaElow 600 L/Hr
Collision Energy 6.0V
Detector 2450
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Quadrupoleh ND A GNJI LIt al ad {LISOGNRBYSGSNI 60!/5 [2y¢él ez

dissolved in 0.1% formic acid and loaded onto a fused silica emitter (75 um @), pulled with a
laser puller ancpacked with revers@hase media. An increasing acetonitrile gradient was
applied over 47 minutes at a flow rate of 250 nL/min. The instrument was operated in
positiveion mode with a potential of 2,300 V applied to the frit and a capillary temperature

of 320°C. A highesolution (70,000) MS scan across &800 m/z was performed with Q
Exactive to identify the eight mo#ttense ions, followed by MS/MS analysvith higher
energy collisional dissociation. Protein identification was performed by searching the raw
data against theHomo sapiens(Human) subset of the UniProt SwRmt database
(UP0O00005640_9606.fasta) using MaxQuant computational platform-fNeaxk-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 previougB5]. Each peptide used for protein quantification

was subject to FDR filtering of <1% to be accepted for analysis. MaxQuant data was exported
to Perseu® software for complete proteomic analysj26]. The output of differentially
expressed proteins was further investigated using Ingenuity Pathway AaiBia;
Qiager® Redwood City, USA). Data was also independently analysed using PEAKS studio
(Bioinformatics Solutior@Inc.) for peptide identification and labélee quantification to

validate MaxQuant identification and quantification.

2.2.9 Sectioning of IVD Tissue for Histological Examination

Discs from foetal and degenerated tissue were obtaifiesn Utrecht University in the
Netherlands. Collection of IVD specimens was according to the medical ethical regulations
(protocol 12364) of the University Medical Centre Utrecht (Utrecht, The Netherlands).
Isolated discs were fixed in 10% formalin forrdfirs, 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 traferred to 20% (w/v) sucrose solution until submerging at 4°C.

Optimal cutting temperature (OCT) compound was used to embed tissues, which were then

S

snapFNBT Sy Ay Fy A82L8yilyS o6FiK 6AGK fAldZAR yAGN

sectioning at 1Qum on a cryostat (Leica CM1850).

2.2.10 Lectin Histochemistry

2.2.10.1 Lectin Staining
Lectin staining was carried out as previously descr[8il Briefly, the staining was carried

out at room temperature. The tissue section was initially washed inTTBisbuffered
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saline, with 0.05% Triton-X00). TBS is an isotonic, ntwxic pH stabilising solution uséal
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 Sig®aA7638 (BSA) for one hour. Bovine serum allunsi a
concentrated protein buffer used to compete with lectins for repecific epitope binding in

the sample. High concentrations of protein competitors -oatnpete lectin binding and
reduce background noise during imaging. From this point onwards, esskmas maintained

for lectin staining. Eight lectin§ambucas Nigragglutininl (SNAI), Maackia Amurensis
aggluinin (MAA), Wheat germ agglutinifWGA, Concanavalin ACon A, Ulex europaeus
agglutininl (UEAI), Wisteria floribundaagglutinin (WFA, Datura Stramoniumagglutinin
(DSA and Peanut agglutiniflPNA) (eithef~luorescein isothiocyanat@IT§-conjugated or
TetramethylrhodamingTRITEconjugated, EY labs) were prepared in -TBshd incubated

for one hour in the tissue samples (lectin spedifioutlined in Table 2). These lectins were
chosen to investigate various glycosylation motifs common to human cells, including
mannosylation, sialylation, galactosylation, fucosylation and GIcNAcylation to capture an
overall impression of the glycosigture 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% 4Jj@midino2-phenylindole (DAPI) 1:2000, a
fluorescent stairthat binds to AT regions in DNA, thus highlighting the nucleus of the cell in
imaging. The slides were washed in -IBRefore coverslip mounting with ProLong® Gold
Antifade Mountant (Life Technologi®s 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 miMdlrid00 mM
NaCl, 1 mM Cag£ll mM MgGl with pH adjustment to 7.2 with concentrated HCI. -TB&as
prepared by adding 0.5 mL Tritorl&O (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 Tribuffered saline with 0.05% Tritor200 were ceincubated with the

corresponding lectin for one hour to verify that the lectin binding was glyoediated.

2.2.10.3 Lectin Histochemical Analysis and Stereological Quantification
Stereologicatjuantification 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 teclamidalvo

biological replicates using FIJI/ ImageJ software version 1.51 (NIH, Bethesda, MD, USA).
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Confocal images were converted teb® format and a threshold was automatically applied
to positive staining and total tissue area. Volume fraction (Vv) aksiiated 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.

Area Fraction x 100%
Total Area

Percentage Volume Fraction (%Vv) =
(Equation 2.1)
2.2.11 Lectin Microarray Analysis
2.2.11.1 Glycoprotein Sample Labelling

Standard procedure used for the glycoprotein labelling: 50 pg by protein of each sample was
added to 10 pL of 10X phosphate buffer (5@, pH8.3) and diluted to 99 uL with PBS.
Afterwards, the solution was treated with 0.3 uL of Al&& NHS ester (1QguL in DMSO)

for one hour at room temperatureThe excess of dye was quenched by the addition of 0.7
pL of IM Tris buffer. The fluorescently labelled glycoprotein solutions were not purified and

directly used in the lectin array analysis.

2.2.11.2 Lectin Array hcubation
Printed slides stored at20°C were retrieved and quenched by immersion in a 50 mM

ethanolamine solution in borate buffer (50 mM, pH 8.5) for 45 minutee@in temperature

and the quenched surface was then passivated by incubation in PBShaomt& 5% Tween

20, 0.4 mg/mL BSA, M CaCl 1 mM MgC} and 1mM MnC} for 45 minutes atroom
temperature The slide was dried by centrifugation. The glycoprotein samples were added to
the corresponding wells and the incubation was carried out for 3ad ht. 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 Technolog®swere analysed with Pr&can Array Express software
(PerkinElme®) 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 printedilecpots 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

I SYFLG2E@tAYy FyR S2&8AYy 061390 aidlAyAy3a o1 & LISNF;
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 22 Lectinpanel and ecificities of thelectins included in the arrayThe haptenic monosaccharide is used as a blocking monosaccharide to validate

specific lectin bindingStructural abbreviations denoting glycosylation motifs and monosaccharides are as follows: GhHdéetylgalactosamineGIcNAC

¢ N-acetylglucosamine, Gl8lucose, Gat Galactose, Lag Lactosamine, LacNAN;acetyllactosamine, Fug Fucose, Marg Mannose, -L-fucose( alpha

linked left enantiomer fucosé,-(1,4)-GIcNAcg beta linkedN-acetylglucosamine ifil,4) position, NeuNAcg neuraminic acid, IgM, Immunoglobulin M,

Thr/Ser¢ Threonine/Serine

Abbrev. Lectin Specificity Haptenicmonosaccharide
AAA Anguilla anguilla h-L-fucose a-L-fucose
AAL Aleuria Aurantia Fuose Fuc
ABL Agaricus bisporus b -Gal(:3)GalNAc, T antigen Gal
ACA Amarantus Caudatus Gabl-3GalNAa-Thr/Ser) Gal
AHP Arachis hypogaeaAHA b -Gal(23)GalNAc, antigen Gal

AIA/JAC Artocarpus integrifolia (Jacalin) T antigen GalNAc
AOL Aspergillus orzyae Fucose Fuc
ASA Allium sativum h-1,3mannose Man
BPL Bauhinia Purpurea Gab-1,3 or 1,4pbGalNAc Gal

BSI/GSI Griffonia simplicifolid h-Gal Gal

BSII/GSII Griffonia simplicifolial Terminal GIcNAc GIcNAc
CAL Cicer arietinum Fetuin, Lac, IgM Lac
CFL Codiumfragile GalNAc GalNAc

IAI Uewny Jo Buijiyoid 21W0A|D
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Abbrev. Lectin Specificity Haptenicmonosaccharide
ConA Concanavalii\ h-al yXlch Man
DBL/DBA Dolichos biflorus h-GalNAc GalNAc
DSL Datura stramonium (GIcNACc)2, LacNAc GalNAc
ECA Erythrina Cristagali\ Gal, Galdc GalNAc
EEA Euonymus Europaeus Lac, blood groups B and H Gal
GNA Galanthus Nivalis i S NJY A-y3mianndse Man
HAL Helix aspersa GalNAc GalNAc
HMA Homarus americanus LAgl NeuNAc. LAg2: GalNAc Sialc acid GalNAc
HPL Helix pomatia h-GalNAc terminal GalNAc
LBA Phaseolus lunatus GalNAe' m 3 o-toi H208 D |- f GalNac
LEL Lycopersicon esculentum (GIcNACc)3 GIcNAc
LTL Lotus tetragonolobus ¢ S NI ARGt E& b Fuc
MAL:I Maackia amurensis h-2,3-SialLacMc Sialc acid
MAL:II Maackia amurensif LacNAc Gal
MOA Marasmium oreadeagglutinin Galh Mm> o0 DIGAHM m ¥ dRDM->fn D ( a-Gal
MPA Maclura Pomifera ¢ FyGAa3asSysz hDt Gal
NPL Narcissus Pseudonarcissus Terminal and internaihannose Man
PAL Pseudomonas aeruginosa4PA Gal Gal

aAl uewny jo Buiyoid 21W0A|D
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Abbrev. Lectin Specificity Haptenicmonosaccharide
PHA E+L Phaseolus Vulgaragglutinin Oligosaccharides Lac
PNA Peanutagglutinin T antigen, Ga(1,3) Galdc Gal
PSA Pisum sativum Fuch -1,6GIcNAc antl -mannose Fuc
PFI Psophocarpus tetragonolobus | h -GalNAc GalNAc
PTFII Psophocarpus tetragonolobus |l h -1,2-fucosylated LacNAc Gal
PWA Phytolacca americana (GIcNAC)3 GIcNACc
RCA Ricinus Communéagglutinin, b-Gal, Lac, LacNAc Gal
SBA Soybean agglutinin h GalGalNAc GalNAc
SJA Sophora japonica GalNAc GalNA
SNA Sambucus nigra h-2-6 sialic acid ohacNAc Sialic, Lac
SSA Salvia sclarea lectin Terminal GalKc linkedto serine GalNA&
STL Solanum tuberosum (GIcNAC)3, LacNAc GalNA
UEAI Ulex Europaea Aggl h-1,3Fuc. fucose Fuc
VFA Vicia faba lectin h-Man, Glc, GIcNAc Mannose
VVL Vicia villosa B4 GalNAc GalNAc
WFL Wisteria floribunda GalNAc GalNAc
WGA TriticumVulgaris (GIcNAC)n, sialcid GalNAc

IAI Uewny Jo Buijiyoid 21W0A|D
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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 waking 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 staifingzZNJA y3 al aa 2y Qa
Trichromestaining sections were initially oxicksgl 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 eader
TE> SGKFIy2f 06SF2NB aildlAyAy3d gAGK D2Y2NRA QA I+t RS
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 watethemdstained
gAGK al@&@SNRa KSYFfdzy adlFAy F2N F2dzNJ YAydziSao
differentiated in acid alcohol for twenty seconds and washed in water again before staining
GAGK al dazyQa Oeidz2LXlFaYAO &l AdtedmA®IWYy S YAydziSo
dodecamolybdophosphoric acid, and finally counterstained wiffast Green FCF,
differentiated in 1% (v/v) acetic acid, and dehydrated as previously described.

After all histological staining, sections were cleared in xylene twice fonitiOtes
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 (LeioaaBy).

2.2.13 Classificatiorof 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 osteoployteation (Table 2.4).
Thompson grading was engyed for samples received frofihe Netherlands for the
preliminarylectin histochemicabased pilot study, where MRI images were not available to

assess VD degeneration using Pfirrmann grading.

2.2.13.2 Pfirrmann Grading

Sagittal T2veighted magnetic resonance @) images of the lumbar spine were used to
grade morphologic disc degeneration based on MR signal intensity, disc structure, distinction
0SG6SSy I'C FYR bt FYR RAAO KSAIKID® t FANNXIYY Q&

extent of disc degenerationcaording to the following table where grade varigom | to V
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(Table 2.%. This grading system was used for samples collected in Ireland that were

subsequently used fdd-glycan analysis.

2.2.14 Statistical Analysis
2.2.14.1 N-glycan Analyses

UPLC data represents thelative 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
Softwaré (La JollaCA, 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 whepaepresents peak area in decimal format

7] ! YdzZ GAQGINARIFGS Fylfeara 2F JhodkestypOS o1 &
determine significance of individual peaks across samples. To perform principal component
analysis (PCA), pooled glycan samples with breakdowrliefdoal glycan abundance were

used. A scree plot was generated, described by eigenvalue & %cumulative of the data.

logit(p) = log (%)

(Equation 2.2)
2.2.14.2 Lectin Staining

Statistical differences in lectiistochemical 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+! F2ff 26 S Rhodtést wasizar8ed Oul Statigtidali significance was
set atp < Q05.

2.3 Results
2.3.1 Altered Glycosylation Motif Expression iDegeneration

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 tissae 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 typesFAand NPConcanavaliiA (Con A h- mannose,
glucosamine and GIcNAc) had little binding specificity for the ECM structures, showing strong

staining in the intra/percellular glycomeUlex Europaeus Agglutind EA-h -Fuc), similarly,
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lightly stained theECM while all other lectin€ambucus nigra(SNA- "-(2,6) sialylation),
Maackia Amurensi (MAA - "-(2,3) sialylation) and Wheat germ agglutinin (WGA
sialylation, GIcNAc) produced strong ECM staining throughout all tissue samples. Thompson
Grade WV 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 patterataining was observed with Con
Astaining

2.3.1.1 Oligomannose

Con A had little binding specificity for the ECM structures in foetal tissue, showing strong
staining in the intra/percellular glycome wike in diseased tissue Grade Ill 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 (2386 £ 5. 11 vs. 11.33% =* 6.83) tissue was higher in degeneration and
distribution of staining is visibly changed (FigureA2.Lon A lectin binds to oligomannose
glycans and increase in the expression of oligomannose structures are typically regarded as
a undifferentiated cell markel28], progenitor cell markef29] and is associated with

molecular eents such as cell transformati¢80] .

2.3.1.2 Fucosylation

UEAI demonstrated moderatestaining intensity, with a lamellar pattern isesein AF of
foetal tissue and a pedellular 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

Highintensity staning with MAA 6 {(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, shws 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 pegellular staining. Binding of MAA was higher in the NP of
degeneraed tissue compared to healthy foetal tissue. This is consistent with other studies

that correlate an increase ih-(2,3)sialylation with tissue inflammatiofi 8].
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Table 23 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 V-V
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Table 24 Thompson grading is a gross morphological classification used to classify

degeneration in the IV[31].

infiltration: loss of

Grade Nucleus Annulus Endplate Vertebral
body
Bulging gel Discrete  fibroug Hyaline, uniformly Margins
lamellae think rounded

Il White fibrous| Mucinousmaterial | Thickness irregular | Margins
tissue between lamellae pointed
peripherally

Il Consolidated Extensive Focal defects in Early
fibrous tissue | mucinous cartilage chondrophytes

or osteophytes

through nucleus

and annulus

annularnuclear at margin
demarcation
v Horizontal clefs | Focal disruptions | Fibro cartilage Osteophytes
parallel to extending from less than 2 mm]
endplate subchondral bone,
irregularity and focal
sclerosis in
subchondral bone
\% Clefts  extend - Diffuse sclerosis Osteophytes

greater than 2

mm
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disc[32].
Grade| Structure Distinction | Signal intensity Height of IVD
of NP/AF
I Homogenous, bright | Clear Hyperintense, Normal
white isointense to
cerebrospinal fluid
Il Inhomogeneous with | Clear Hyperintense, Normal
or without horizontal isointense to
bands cerebrospinal fluid
I Inhomogeneous, grey | Unclear Intermediate Normal to
slightly
decreased
v Inhomogeneous, grey | Lost Intermediate to Normal to
to black Hypointense moderately
decreased
Vv Inhomogeneoushlack | Lost Hypointense Collapsed disc
space
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2.3.1.3.3 WGA

Very high intensity staining was recorded with WGpecific forh -(2,3/6)-sialylation The
positive staining is restricted to the fibres, which reflects the lamellar arrangement of the
tissue. Degenerad 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.B).

2.3.1.3.4 SNA

Staining for SNA A Y R A Y 3(2,6skalyl&iany of ealthy and degersed VD revealed
ALISOATAO LI GGSNya 27 q3)siawaichzandAWGA@23y6H NI a i (2
sialylation) stainingFigure 2.0). Degenerated AF and NP demonstrated a greater volume
fraction of positive staining than healthy tissue ¢A5.39% + 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 pericellular pattern of staining, and low intensity staining throughout the
ECM. Degenerated tissue showghiintensity 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 degeneratedisc were observed, in agreement with previous expressions of
Ay O NB-{2®)Siatylation in inflamed or degenerated human chondrocfa8s34]

2.3.2 Lectin Microarray

2.3.2.1 Sample Optimisation

{FYLX Sa 6SNB t1+06StftSR ganddiuted fo SoBcentraibndzf M cnT bl {

50 and 100 pg/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 ug/mL was
best for achieving strong fluoresece signals whilst avoid saturation. Some lectins did not

show fluorescence at lower concentrations.

2.3.2.2 Complete Sample Analysis
{FYLX S&a 6SNB t1o6StftSR gAGK ! £t SElFI Cftd2NM cnr
100 pg/mL with incubation buffer beforepplying 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 sampééis, ag
indicating a high level of glycosylation for each (Figure 2.2). The binding to DSL, STL and LEL
reveals the presence of complex, midfitennaryN-glycans, but generally decreased PSA

binding for this sample set shows a lessened fucose content. Fartrer 2,6sialylation is
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A Healthy Degenerated B Healthy Degenerated
foetal adult

foetal adult

C Healthy Degenerated Healthy Degenerated Healthy Degenerated
foetal adult D foetal adult E foetal adult

F Mannosylation G Fucosylation
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Glycomic profiling of human IVD

Figure 21 The glycosignature of healthy foetal and degenerated adult IVD tissue are
distinctly different. (A) Mannosylation, (B) Fucosylation and-EL 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 Cbr(142/3)-
fucosylation by UEA and-(2,6)linked sialic acid,h-(2,3) sialylated galactoseN-
acetylglucosamine and sialic acid by SNA, MAA and WGA respectively. (F) Mannosylation and
(G) fucosylation trended towards a decrease in expressior.-(B{B)-linked sialylation was
increased in degenerated tissues while total sialylation trended towart increase. Two

way ANOVA with Tukey's pdsbc test, data presented as the mean + standard error of the

mean. Scale bar = 50um.
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Figure 22 Lectin binding profile forpooled IVD samplesLectins were grouped by glycosylation motif specificity: A) Mannose B) GIcNAc C) Sialic gcid D)
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Figure 23 Heat mapdemonstrating hierarchal clustering of lectin binding intensity across healthy and degenerated human IVD tidgleintensity lectin
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Glycomic profiling of human IVD

also confirmed for these samples, along with the presence of Gem&pitopes. There is

limited binding to the mannosspecific lectins, indicating low mannosylation of these
samples. Samples also showed strong binding to RCA and weak binding to ECA, again
indicating the presence of terminiat galactose residues and absence of GalNAc residues. T
FyGA3ISYy SLib e EIBOIQca Wefel almo present as suggested by binding to
lectins JAC, ABL, ACA and MPA. Sample glycosylation signatures are fairly conserved across
this sample set. Howevgthere were some differences between degenerated and healthy
binding patterns where H group samples show less binding to marspessfic lectins, AAL

and MOA than D group lectins. The converse is seen with increased binding to HPL, SBA and
PNA, indicatig a lessenedN-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 glgo-analytical platform was developed to investigate tReylycome of
the human IVD. Thal-glycome from pooled healthy IVD samples was released using the
previously described method [22]. Six biological replicates from healthy and degenerated AF
and NP wereun 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 accoura for
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 &£ 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 acrosN-gllycan
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 RIS (GPX GP48; see Table A.16, Appendices) and significant
differences in peak area were observed in GP6, 7, 10, 23 and fran323Figure 2.9). All
allocated glycan species were confirmed by isoform mass using mass spectrorabtey (T
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 widioils.
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Glycomic profiling of human IVD

TheN-glycome from the soluble fraction of the IVD proteome from 12 patients was
analysed. The amounts of total branching, sialylation, caten fucose, oligomannose,
LacNAc, GalNAc and substituent features of glycans were calculated based prsitiam
of these 48 peaks UPIMS 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 sialyffy@@ns 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, oligomangeseeased in degenerated tissues indicating
a shift from branched higinolecular weight glycans to small monoantennary and
biantennary glycan species (Figure 2.14A). Specifically, biantennary glycans in degenerated
AF and NP were significantly higher tharhealthy tissue (36.83% and 36.60% vs. 30.76%
and 30.58%, respectively), with corresponding decrease in triantennary aneaieteanary
species (Figure 2.11RB)ore fucosylation and galactosylation were not significantly altered.
Lactosylated (GdablcNAcGal) 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
moadifications, such as sulphation and acetylation, were identified throughout all glycan
profiles in varying aburahces (Figure 2.16). Putative Lewis X/A and Sialyl Lewis X/A were
quantified (Figure 2.17), which indicated a significant increase in -Beadjs X/A in
degenerated AF vs. Healthy AF € 005). Sialylation linkages were characterised by
differentiatingt8 G 6 SSy b! bwm FyR . { SE23ft&0aA23)wIF &S RA
houwzIcO f AyYy1]Il-@8)dimkagésiveré iBctehséd3nRiegenerated VD 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 ExchangeHRLA M0
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 glyildenérst 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 providesg@ssparation
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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Glycomic profiling of human IVD

Figure 25 Overview ofHILIGUPLC chromatograms for human I\NKBglycome.A+B Glycan

peak area coefficient of variance for- 6 samples for AF and NP of healthy and degenerated
IVD. Covariance (Coefficientuariation, the relative standard deviation) varies fror7 @
where the largest deviations in peak area where observed at the end of the profiles where
intensity is low and background is more significaB). Representation ofHILIGUPLC
chromatograms for sample cohorts where peaks represent relative abundance ef 2AB
labelled N-glycans. AF and NP glycan isolates from healthy and degenerated biological
replicates all produced similar, reproducible chromatographic profiles with the sameerumb

of peaks.Two peaks in the healthy annulus fibrosus are highlighted demonstrating similar

peak areas across biological replicates.
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Figure 28 Detailed structural analysis of human VD using exoglycosidase digestRepresentativédILIGUPLC chromatograms of 2AB labeldlycans

from healthy AF before (undigested, UND) and after exoglycosidase digestion. For simplicity, only the digestion of ostuglitecans shown here. The
combinations of exoglycosidasasd 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 bd reostiestbe accessible through

the removal of terminal sialic acid. Thus, ABS (sialidase) and BTG (galactosidase) are used in combination.
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Figure 29 Comparative analysis dfl-glycome across disease status and tisgype. A) AF

and NP from healthy and degenerated HIUIRLC 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 indicatiative increase in
expression. Glycan peaksimbered GP45P48 are listed Table A.11 (Supplementary). B)
Significant changes in peak arear@observed in healthy vs. degenerated NP at GP6, 7, and
10 and from 23; 32. The disparity in total GP (32 v8) 4s 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/(M0IS I 1 0 G NI yaFTF2NX¥SR RI G
post-hoc test was carried ouh = 6, < 005. C) Principal component analysi$idf ICUPLC
glycan peak values on PC1 and PC2.
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Figure 210 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 aftetGP25 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
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Figure 211 Overview of glycan features characterised by assignmeniNajlycan 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 acrosaN-glycan profiles. There is an increase in biantennary glycans with
subsequent reduction in triand tetraantennary and oligomannose characterised in Figure
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Figure 2131VD glycans were separated according to number of sialic acids on Weak Anion Exchangel(®1AX)) Undigested WAKIPL&hromatogram

(S1 = one sialic acid present, separated by negative charge of the ion; S2 = two sialic acid residueSpreshreg sialic acid residues present; S4 = four
sialic acid residues presénid . 0 ! . { RA3ISaGSR OKNR sharged giydany tihat grevndt diStedNbis ABS \6.4. ylycans gomtaining
acetylatedsulphatedsialic acid. C) Chromatograms for each pooled sample, undigested and ABS digested, labelled according to legend Relddivd. ©)

guantification of charged gbans in each pooled sample. All data represented from pooled sample assignments with relative quantificagon,
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Figure 214 The distribution of oligomannose (A) and LacNAc (B) achésgycan 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 pooleé sampl

assignments,n=6.0mel &€ ! bh+! gAGK ¢dzZl SeQa LRald K20 G4Said:

+ standard error of the mean.
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Figure 215 Summary of outerarm fucosylated structures, represented with core
fucosylatedmotifs distinguished (A) and nowdlistinguished (B)All data represented from
pooled sample assignments,= 6. Oneg | @ ! bh+! GgAGK ¢dzl SeQa
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Figure 216 The distribution of substituents, sulphation and acetylation (A) and GalNAc (B)
acrossN-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
assignmentsn=6.0nes I & ! bh+! GgAGK ¢dzl SeQa LRad K20

+ standarderror of the mean.
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Figure 217 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 (Sidlglvis X/A). Localisation of outarm fucoglation

is theoretical. All data represented from pooled sample assignmant§. Onevay ANOVA
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Figure 218 Principalcomponent analysis plots oN-glycan profiles from AF and NP of healthy and degenerated samples on PC1 andP&atteplot of
PC1 and PC2 derived from pooled sample profiles where input values were individual glycans. B, C + D) Spegdidiedlynotifs 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 ofgregeomicdata on thecomplete 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 degfed tissues. PC1
provides a strong separation of healthy and degenerated tissues, whiypgedectin Domain

and HA binding protein were found to be the greatest contributors to PC1 andPR&&ins
related to the regulation of the glycome such@sEC3A, CLECT2, HHIPL2 and X¢tg'1
previously found to be highly upregulated in healthy tissneprevious studie§35,36]
Aggrecan and Chondroadherin were found to contribute strongly to the healthy IVD
phenotype, delineated by low negativalues on PC1. Both of these proteins are highly

expressed in healthy human I\BY]

2.5 Dysregulated Protein Expression and AlterBdthway Activation

Protein expression of the human IVD in degeneration was analysed-lsINS.Healthy
tissue digests contained more proteins than degenerated tissues. A total of 1,590 proteins
were identifiedacross all samples (Figure 2.21). 427 of1t}%90 were verified across three

or more samples pagroup. The heat map in Figure 2.19 shows the relative expressaih of
proteins quantified normalid to total protein content with intensity derived from the sum

of all corresponding peptide intengs. A PERL script is employed to calculate theoretically
observable peptides throughn silicodigestion to normalise protein intensities. Inclusion
parameters for all tryptic peptides were set aB6 amino acids while missed cleavages are
excluded. Thedl list of all proteins with significantly altered expression is summarised in
Table A.17, Appendicesn IPA, theclog threshold was set to 1.3 (loglp € Q05)
transformation), to determine significantly dysregulated signalling cascades from the tatase
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 |
degeneration (Figure 2.23).

It was found that pathways involving acyphase response, unfolded protein
response (UPR), Liver X RecefRRetinoid X Receptor (LXR/RXR) activation, phagosome
maturation, glycolysis, mitochondrial dysfunction and integignalling were activated as
elucidated by the differentially expressed proteins (Figure 2.24). IPA predicted the activation
2F dzZLBAGNBI Y NBIdA | i2NE Ay GKS KdzYky bt &dzOK
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i MO YR ¢Llpod ¢KSaStoberattiGa@din SefenasaBdlBP tikdNS RA O -
compared with healthy controls (Figure 2.2tegrin signallingpathway was upregulated
in degenerated NP and AF (Figure 2.26). The acute inflammatory respuaob@s Ikmi X L |
6, and TN# (among many other f&tors), all of which were shown to be upstream regulators
of activated pathways in both AF and NP tissues. These mediators aneflaromatory,

driving catabolic enzyme secretion in AF and NP tissues (Figure 2.27).

2.5.1 Glycosaminoglycan Synthesis is Inhilditen Degeneration

ECM components such as collagens (COL1A2, COL2A1, COL3A1 AND COL18A1) and
proteoglycans (Aggrecan (ACAN), Hyaluronic acidgptajeoglycan link), were significantly
decreased in degenerated tissue, whereas collagenase, serine proteasiempeptidases
and tenascin showed corresponding upregulation (Figure 2.28). This is consistent with tissue
degradation and remodelling in disease:-XWas found to be downregulated in degenerated
NP tissue, indicating a reduction in proteoglycan sgath and maturation. The inhibition of
proteoglycans was found to be regulated upstream by UGDH. UGDHGlUD#se 6
Dehydrogenase, converts UfgRicose to UDiglucoronate and thereby patrticipates in the
biosynthesis of glycosaminoglycans such as hyaluroctaondroitin sulphate, and heparan
sulphate. Signalling molecules such as SERPINAS;3THMB CD44 were significantly
reduced in degenerated NP and AF tissue while AncdmMatrillin 3/4 and Chorditike
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 nmagon, is implicated in polysaccharide metabolism.
CKM, a cytoplasmic enzyme involved in energy homeostasis, CHST 3 carbohydrate
sulphotransferase responsible for sulphation of chondroitin, are degulated in
degenerated 1VDalong with UDRGIlucosePyrophosphorylase 2UGR2). 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 meers, such a¥HBS2 (Thrombospond®), CXCL1Z(X-C Motif
Chemokine Ligand l2nd LGALS®électin 3have been identified as notochordal specific
markers[38,39] In this study, CXCL12 and LGALS3 were upregulated in healthy NP while

THBS2 was downregulatéBigure 2.30)Sclerotomalmarkers that have been previously
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validated, were also shown to be expressed in healthy NP ti88jeCOL11A2, CHAD and
CHST3 were upregulated in healthy NP while PLA2G2A was downregulated, and SERPINA3
expression unchangednhibition of these upstreanmarkers implicates the activation of
ANXA1/2 (annexins), which play important roles in innate immune response as effectors of
glucocorticoidmediated 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 (@Xakin

Al, SERPINE2Serpin Peptidase Inhibitor, Clade E, Memi&rand ANPEPR Alanyl
Aminopeptidase, Membrane). TheV integrins bind to glycoproteins such as fibronectin,
laminin, vitronectin, matrix metalloproteinas2 and thrombospondin. They recognise the
sequence of arginylglycylaspartic acid (RGD) in a vasbewuof ligands to promote cell
adhesion{41]. Integrinh -V (ITGAV) is upregulated in degenerated. I®jaoskeletal proteins

such as Actid (ACTN4), Filamih (FLNA)LaminA/C (LMNA) and Fascin adiundling
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 219 Heat mapof total protein expression across healthy and degenerated human VD tis\e with top 20 most highly expressed proteing

highlighted (B) Most highly expressed proteins are indicated in red while low expression is indicated in blGger experimental group; HealtdfF (AFH) S

Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD).
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Figure 220 Principal component analysis plots of proteomic profiles from AF and NP of healthydmugnerated samples on PC1 and P&RScatter plot

of all 24 samples, where proteomic expression value input resulted in presented contrilautibeeparation. Dottedine represents >90% separation of

healthy and degenerated samples based on PC1 andB}ddp ten proteinsegatively correlated with PQdased on presented principal components are
highlighted: CHAD; Chondroadherin, FGFBP2; Fibroblast Growth Factor Binding Protein 2, HAPLN1; Hyaluronan And Protedylytan 1j LECT2;
Leukocyte CelDerived Chemotaxin 2, PCOLCEZ2; Procollagemd@peptidase Enhancer 2, ACAN; Aggrecan, SERPINAL; Serpin Family A Member 1, XYLT1,
Xyloglucan &ylosyltransferase 1; HHIPL2, Hedgehugracting Proteir_ike 2;COL11A2, Collagen Type Xl Alpha 2 Chainp @nTproteins positively
correlated with PC1 based on presented principal components are highlighted: DHX9B®ENMlicase 9, CLTC; Clathrin Heavy Chain, MVP; Major Vault
Protein, HNRNPAS3; Heterogeneous Nuclear Ribonucleoprotein A3, TLN1; Talirt PrBrBi#in 2, ANPEP; Alanyl Aminopeptidase, Membrane, PLEC; Plectin,
SND1,; Staphylococcal Nuclease And Tudor Domain Containing 1, UQCRC2; Whitpéhatme C Reductase Core Protein 2.
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Figure 221 Proteomic analysis of human IVDA) 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 impnadf 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 samptealthy AF (AFH), Degenerated AF (AFD),
Healthy NP (NPH), Degenerated NP (NRED;per group

151



Glycomic profiling of human IVD

A
AFH vs AFD
2 o) , ° o. L]
a
l_
3
)
g 0 1 1 T T |
= . 2 4 6 8 10
-1 ‘%t -LOG(P-value)
-2
NPD vs NPH
B
8
o
qu T |
:*D: 8 10

Figure 222 Volcano plot of differential regulation of proteins in the AF (A) and the NB} (

from mass spectrometry analysis using Persedsoteins indicated in red to the left
represent significantly downregulated expression (log2 (fold changkb¥xand proteins to

the right represent significantly upregulated proteins (log2 (fold change) > 1.5) when
comparing degenerated tissues vs. libg tissuesp < 005. FDR =1%. Healthy AF (AFH),
Degenerated AF (AFD), Healthy NP (NPH), Degenerated NP (NPD). Detailed statistical analysis

available in Appendices: Supplementaryable A.12n=6.
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Figure 223 IPA analysis generates a canonical pathway list in which tkhexis represents

the top cellular functions based on differentially expressegenes while the axis

represents the confidence interval of pathway activatioMost highly activated canonical

pathways in degeneration in the NP (A) and AF (B) are indicated here. The dashed line
indicates a threshold ofLog (pvalue) of 1.3, correspaling to p = 005, 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 columirs purple/blue indicate downregulated

pathways. Uncoloured columns represent activated pathways without a signifiesoure

indicating differential regulation across groups.
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Figure 224 Overview of differentially regulated proteins expressed by their constituted
biological networks in degenerated IVD tissudost highly activated biological networks in
degeneration in the NP (A) and AF (B) are indicated.hEhe dashed line indicates a
threshold of¢Log (pvalue) of 1.3, corresponding = 005, 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 225IPArevealedK A 3 Kf A 3K SR { K S-phhs® Res@hséigazd/yf t £ A yBEIQOdelyS RSISYSNIF 6§ SR KdzY 4 bt GA
Upregulated intranuclear and plasma proteins are shown here. Red symbols indobketdified and upregulated activation of acute phase proteins from
degenerated tissue that were presented in the signalling pathways associated with inflammation and matrix dysre@)l&tigscore normalised chart of

protein expression for acute phasgynalling 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.ib/pfegulated: AHS@\pha 2HS Glycopitein; SERPINES$erpin

Family E Member ;1CFB,Complement Factor ;BAGT,Angiotensinogen SOD2,Superoxide Dismutase; SERPINAFSerpin Family A Member; &4,

Complement CAHPXHemopexinHP,Haptoglobin TF,Transferrin
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2.6 Discussion

To date, reports oextensive cellular glycosylation analyses on the human IVD have been scarce.
Developmenal morphological processes may be correlated with changes in carbohydrate expression
on cell surface and the ECM. Nbaman studies have extensively analysed lectimdinig in these
developmental processept?]. 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 vertebratef45]. However, few studies have characterised the glycosylation patterns in human
vertebral morphogenesipt6]. Changes in lectin itdling patterns have been described through late
embryonic and early foetal stages of vertebral column developrfignAdditionally, the human axial
mesenchyme has also been analysed in specific lectin bindingstiadcharacterise the glyconfi].

The work presented in this chapter shows similar trends in lectin biridiingflammation to
the IVD model created from bovine tissue, which demonstrated increases in sialylation, mannosylation
and galactosylation when stimulated bynLi[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 (Figur¢18J1)The study showed
that surgically induced IVD injury is associated with altered gyofile and degearative changes in
the disc, including neurotransmission, inflammation and an imbalance of catabolism and anabolism.
The results of the ratail model study further validated an ovine animal model of degeneration that
showed similar findings in changesgbfcosylation in aged degenerati{f20]. 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 tisswkselld20].

Initial lectin histochemistry results demonstrating differential regulation of glycosylation
spurred theN-glycan characterisation of the human intervertebral disc in degeneration. The current
study describes first analysis Nfglycan structure and abundae in the human IVD. Remarkably,
principal component analysis of both lectin microarray &hglycan profiling results revealed starkly
similar results, where the greatest variance in glycosignature is obsertbd tmealthy NP, distinct

from the healthyAF, both of which are different to degenerated AF and NP (Figure 2.4).
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