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Figure 1-1 Normal synovium (X200 magnification). 
Normal synovium stained for CD68+ macrophage (red, A) and CD55+ SFs (red, B).  

Adapted from (Smith, 2011). 
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Figure 1-2 Haematoxylin and Eosin staining of joint tissue from patients with RA.  
(A) Hyperplastic lining layer and inflammatory infiltrated sub-lining layer, indicated by arrows (X40 

magnification). (B) Pannus tissue attaching to and invading adjacent bone and cartilage (X100 

magnification).  

Adapted from (Lee and Weinblatt, 2001). 
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Figure 1-3 Synovial fibroblasts in normal and rheumatoid synovium.  
(A) In healthy conditions, synovial fibroblasts (SFs) shape and maintain the extracellular matrix by 

producing laminin, collagens and fibronectin. SFs also lubricate synovial joints and provide 

structural support between synovium and joint cavity. (B) In RA, the number of SFs is greatly 

increased, which leads to the formation of pannus and the destruction of cartilage. Activated SFs 

produce pro-inflammatory and pro-angiogenic factors, which contribute to joint inflammation and 

angiogenesis. Activated SFs also produce RANKL, leading to cartilage and bone destruction.  

Adapted from (Nygaard and Firestein, 2020). 
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Figure 1-4 Characteristics of SFs in RA.  
RASFs adopt an aggressive phenotype that distinguishes them from the SFs in healthy joints. The 

figure illustrates some of the major features of SFs in RA. 
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Figure 1-5 Schematic of ARF GDP and GTP cycle.  
ARFs cycle between the GDP-bound (inactivated) and GTP-bound (activated) states depending on 

the activity of ARF GAPs and ARF GEFs respectively. 
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Figure 1-6 Structure of glycoconjugates.  
Sialic acids localise at the terminal position of O-linked or N-linked glycans which attach to 

transmembrane proteins, glycosphingolipids, or secreted proteins. When binding to proteins, O-

linked glycans attach to serine (Ser) or threonine (Thr) residues, whereas N-linked glycans attach 

to asparagine (Asn) residues. (Ac, O-acetyl ester; Fuc, fucose; Gal, galactose; GalNAc, N-

acetylgalactosamine; Glc, glucose; GlcNAc, N-acetylglucosamine; Man, mannose; S, sulfate ester).  

Adapted from (Varki, 2007). 
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Figure 1-7 Structure of Neu5Ac and Neu5Gc in mammalian cells.  
Two main structures of sialic acid have been found in mammalian cells, N-acetylneuraminic acid 

(Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). The difference between these two types of 

sialic acid is that Neu5Gc has an extra oxygen atom (blue).  

Adapted from (Varki, 2007). 
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Figure 1-8 Biosynthesis of Neu5Ac.  
Schematic diagram of the mammalian glycoprotein sialylation. Enzymes involved in the process 

include GNE, UDP-GlcNAc 2-epimerase/ ManNAc-6-kinase; NANS, Neu5Ac-9-P synthetase; 

NANP, Neu5Ac-9-P phosphatase; CMAS, CMP-Sialic acid synthetase; CMP-Neu5Ac transporter 

(SLC35A1), and sialyltransferases (ST). 
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Figure 1-9 Two main linkage configurations of sialic acid.  
Schematic of sialic acid attached to carbohydrate chains via α2,6-linkage (A) or α2,3-linkage (B). 
Adapted from (Stencel-Baerenwald et al., 2014). 
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Chapter 2 Materials and methods 

2.1 Mice 

8-week-old male DBA/1 mice were purchased from Envigo (UK) and maintained 

in the Biological Services Unit of University of Glasgow according to the Home 

Office UK licences PIL IF5AC4409 and PPL P8C60C865 and the Ethics Review 

Boards (AWERB) of University of Glasgow. 

2.2 Collagen-induced arthritis (CIA) mouse model 

8 to 10-week-old male DBA/1 mice received 100 µg of 2 mg/ml Chicken or 

Bovine Type II collagen (MD Biosciences) emulsified with an equal amount of 

complete Freund’s adjuvant (CFA) on day 0 via intradermally (ID) injection 

above the tail base. On day 21, mice received 200 µg of the same type of 

collagen as the first injection in PBS via intraperitoneal (IP) injection. Mice were 

monitored every two days for body weight, paw thickness and clinical scores. 

Clinical scores depend on pathological signs of joints and paws and range from 0-

4 for each paw. Arthritis severity is scored as the following articular scale: 0 = 

no evidence of erythema or swelling, 1 = mild swelling and erythema of the 

ankle or tarsal joints, 2 = mild swelling and erythema of the ankle to the tarsal 

bone, 3 = moderate swelling and erythema of ankle to the metatarsal joints; 4 = 

erythema and severe swelling involving the ankle, foot, digits, or ankyloses 

(Brand et al., 2007). An overall score exceeding 10; or weight loss exceeding 

20%; or paw thickness exceeding 4.5 mm; or more than three paws being 

inflamed was considered the endpoint of the model and the mouse was 

immediately euthanized. 

2.3 Mouse SF isolation and culture  

Isolation and culture of SFs were described as before (Armaka et al., 2009). 

Briefly, hind and front paws were harvested from mice, skin and soft tissue were 

removed, followed by washing 2 times in 70% ethanol and DMEM medium 

containing antibiotics (1% penicillin and streptavidin) before dissection. Paws 

were then transferred into fresh and sterile DMEM containing 10% FCS, 1% 

antibiotics, 1% nystatin, 1% glutamine and 1mg/ml type II collagenase (Sigma). 
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For FACS analysis samples, 1 mg/ml DNase I (Sigma) was added. Samples were 

incubated in a shaking incubator at 37°C for 80 min. After digestion, EDTA was 

added at a final concentration of 0.5 mM and samples were incubated at 37°C 

for 5 min. Following completion of the incubation time, samples were vortexed 

vigorously to release cells. Cells were then centrifuged, and the supernatant was 

discarded. For cell expansion, cells were resuspended in complete DMEM 

medium (10% FCS, 1% penicillin and streptavidin, 1% L-glutamine and 1% NEAA) 

and seeded in culture flasks. The culture medium was refreshed after 24 hours. 

Cells were fed twice a week and passaged when they reached 90% confluence 

using trypsin EDTA (ThermoFisher Scientific #25300054). Cells were used in 

passage 3 or 4. Cultured cell purity was accessed by flow cytometry before 

experiments, and CD11b+ cells were removed using magnetic bead technology 

(see section 2.4 below). For in vitro stimulation and inhibition of SFs, 

recombinant IL-1β, IL-17 and TNFα (ImmunoTools) were used at 10 ng/ml. 

Cpd188 (Signa-Aldrich) was used to inhibit STAT3 activation for 30 min at 73 µM. 

LY294002 (Signa-Aldrich #440204) and AKT inhibitor (Signa-Aldrich #124005) were 

used to inhibit PI3Ks and AKT activation following incubation for 24 hours at 20 

µM. 

2.4 CD11b+ cell depletion 

Contaminating CD11b+ cells in primary SF cultures were removed using Miltenyi 

Biotech bead technology. Cells were labelled with biotinylated anti-CD11b 

antibodies (Biolegend #101204) at 2 µg/ml on ice for 15 mins diluted in PBS with 

labelling buffer (0.5% BSA and 2 mM EDTA) and washed twice to remove unbound 

antibodies by adding 3ml of labelling buffer. Cells (107 cells) were resuspended 

in 90 µl labelling buffer and 10 µl Anti-Biotin MicroBeads (MACS Miltenyi Biotec 

#130-090-485), mixed well and incubated for 15 minutes at 4°C. Cells were 

washed by adding 3 ml of labelling buffer and centrifuged at 300 g for 10 min. 

The supernatant was pipetted off completely. Cells were ready for separation by 

suspending in 500 µl of labelling buffer. Magnetic separation columns were 

inserted into MACS® Separators which offer a strong magnet and rinsed with 

labelling buffer. The cell suspension was then added to columns, CD11b+ cells 

were magnetically adsorbed on the columns and the SFs were eluted. Purified 

SFs were collected by washing columns three times with labelling buffer. Cell 
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purity was validated by Flow cytometry analysis by expression of Podoplanin 

(PDPN) and absence of CD11b (Figure 3-7). 

2.5 Mouse SF sorting 

Cells from mouse synovium were obtained as in 2.3. Cells were then resuspended 

in red cell lysis buffer for 3 min at room temperature. The lysis was stopped by 

adding 20 ml cold PBS and samples were centrifuged at 1400 rpm for 5 min. Cells 

were then stained with Zombie Violet (Biolegend, #423113) or fixable viability 

dye eFluor 780 (eBioscience) at 1 µl/ml in PBS for 20 min on ice to exclude dead 

cells. Cells were then washed three times with FACS buffer (PBS with 0.5% FCS 

and 2mM EDTA), and Fc receptors were blocked using a CD16/CD32 specific 

antibody for 20 min on ice. Primary antibodies used were anti-CD31 (Invitrogen, 

#12-0311-81), anti-CD45 (Biolegend, #103106), anti-CD90.2 (Biolegend, #105316) 

and anti-PDPN (Biolegend, #156204). The antibodies used are listed in Table 2-1. 

Cells were incubated with primary antibodies diluted 1:200 in FACS buffer for 20 

min on ice, then washed 3 times. Cell sorting was performed using FACS Aria III 

or FACS Aria IIU (All from BD, Figure 3-5A).  

2.6 Histology  

2.6.1 Joint paraffin blocks 

Paws harvested from mice were fixed in 4% paraformaldehyde solution for 24 

hours at room temperature. Bone decalcification, paraffin sectioning and H&E 

staining were completed at Histology Research Service, School of Veterinary 

Medicine, University of Glasgow. 

2.6.2 Haematoxylin and Eosin (H&E) staining 

For H&E staining, Paraffin sections/slides were heated in an oven at 60°C for at 

least 35 min to melt the wax. Sections were immersed in xylene to dewax and 

then in graded ethanol solutions (100%, 90% and 70%) to hydrate and then 

washed in running water to remove all reagents. Sections were then stained with 

Harris Haematoxylin for 2-3 min and washed under running water to remove 

excess dye. The staining background was reduced by dipping sections in 1% acid 

alcohol for a few seconds, quickly rinsing in running water, immersing in Scott’s 
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Tap Water Substitute for 30 seconds and then quickly rinsing in running water. 

Counterstaining was then carried out by dipping sections in 70% ethanol 9-10 

times and immersing in 1% Eosin for 2-3 min. Sections were then dehydrated by 

immersion in 90% ethanol for 1 min, 100% ethanol for 6 min and 100% xylene for 

6 min. Sections were then mounted with DPX mountant and sealed with 

coverslips.  

2.7 Short interference RNA (siRNA) transfection 

ARNO siRNA (Qiagen, #SI00198632), St6gal1 siRNA (Qiagen, #SI01434699) or 

Allstars siRNA (negative control, Qiagen, #1027281) were transfected using 

HiPerFect Transfection reagent (Qiagen, #301705) according to the 

manufacturer’s instructions. Briefly, siRNA was diluted in serum-free DMEM 

containing 1% L-Glutamine at a final concentration of 100 nM. HiPerFect 

Transfection reagent was added for 10-15 minutes at room temperature to form 

transfection complexes. The siRNA was added to cells in a dropwise manner to a 

final concentration of 10 nM. After 24 hours of incubation under growth 

conditions, the medium was refreshed, and incubation continued for 2 days to 

complete the first transfection. After the initial transfection, experiments were 

carried out or a second transfection was performed in the same way as 

indicated.  

2.8 De-sialylation of SFs in vitro  

Cells seeded in 6-well plates were washed three times with cold PBS and 

incubated for 1 hour under growth conditions with 100 mM/ml Neuraminidase 

from Clostridium perfringens (CP, Roche, #11585886001) diluted in sialidase 

buffer (PBS: RPMI 1640 = 1:1, pH=6.8) or sialidase buffer only (negative control, 

NT). Cells were then collected using AccutaseTM cell dissociation reagent 

(ThermoFisher Scientific, #A1110501) for lectin staining or kept in culture for 3 

hours in complete medium for RNA isolation. 

2.9 Cell migration assay 

SFs were seeded in 4-well u-dishes (ibidi, #80466) coated with fibronectin (R&D, 

# 1030-FN) or 12-well plates until confluency. Gaps were generated by removing 
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inserts (Figure 2-1) or scratching with P200 tips. The width of the cell-free area 

was measured when the gap was generated (T0) and 24 hours later under growth 

conditions (T24) using ImageJ software. The distance of cell migration is the 

difference between the widths of cell-free regions at two-time points.  

2.10 Flow cytometry 

For the cell purity check, anti-CD11b-FITC (Invitrogen, #11-0112-85) and anti-

podoplanin-Alexa Flour 647 were used. Briefly, following trypsin treatment to 

detach cells, Fc receptors were blocked as described above, and cells were 

stained with antibodies (1:200) for 20 min on ice.  

For proliferation studies, cells were labelled with 10 µΜ proliferation dye eFlour 

670 (eBiosciences, #65-0840-90) for 10 min on ice. Labelling was stopped by 

adding 4-5 volumes of complete culture medium for 5 min on ice. Some cells 

were then subjected to flow cytometry analysis (Day 0) and the rest of the cells 

were maintained in growth conditions at the indicated time prior to flow 

cytometry analysis. 

For lectin staining, Peanut Agglutinin (PNA, #B-1075), Sambucus Nigra Lectin 

(SNA, #B-1305), Aleuria Aurantia Lectin (AAL, #B-1395), Maackia Amurensis 

Lectin II (MAA, # B-1265-1), all from vector laboratories were used at 2 µg/ml. 

Non-specific binding to cells was blocked using carbon-free blocking buffer 

(vector laboratories, #SP-5040) for 20 min on ice before incubation with 

biotinylated lectins, diluted in PBS containing 5% carbon-free blocking buffer. 

Lectins were then detected with FITC-conjugated streptavidin (Biolegend, 

#405201) or Alexa Fluro 647-conjugated streptavidin (Biolegend, #2068269) or 

PE-conjugated Streptavidin Antibody (Biolegend, #410504) in PBS for 20 min on 

ice.  

All samples were then diluted in DAPI (Sigma, #32670, dilution 1:1000) prior to 

analysis to differentiate between live and dead cells. Data were acquired using 

an LSR II flow cytometer (BD) and analysed using FlowJo version 10.8.0.  
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2.11 ELISAs 

IL-6, CCL2 and MMP3 secretion were detected using ELISA kits (R&D, Duo set) 

following the instructions by the manufacturer. SFs were seeded in 96 well 

plates (Corning) at 10,000 cells per well in 150 µl complete medium. For St6gal1 

silencing experiments, supernatants were collected when the initial transfection 

was completed. Cell number was quantified using crystal violet (0.04 mg/ml, 

Sigma, #C0775). Briefly, cells were stained with 100 µl of crystal violet for 30 

min at room temperature, then washed at least three times to remove any 

residual dye, followed by adding 100 µl of 1% SDS solution (Sigma, #05030) and 

incubation for 1 hour in a shaker. Absorbance was read at 595 nm using a Tecan 

Sunrise plate reader. 

For ARNO mRNA silencing experiments, the initial transfection was performed in 

12-well plates (Corning). Cells were then harvested, subjected to a second 

transfection in cell suspension prior to being seeded in 96-well plates. The 

supernatant was collected 24 hours after stimulation with 10 ng/ml IL-1β.  

2.12 Enzyme-linked lectin assays (ELLA) 

SFs seeded in 96-well plates were washed three times with cold PBS. Cells were 

then fixed with Fixation buffer (Biolegend, #420801) for 20 min at room 

temperature in the dark. Fixed cells were washed (PBS containing 0.05% 

Tween20 (Sigma, #P1379)) and then incubated with carbon-free blocking buffer 

for 20 min to block nonspecific interactions. Cells were incubated with 

biotinylated lectins for 30 min in PBS containing 5% carbon-free blocking buffer. 

Lectin binding was detected with HRP-conjugated streptavidin (20 min) followed 

by washing three times with wash buffer. The visualisation reaction was induced 

with HRP substrate and plates were read at 405 nm using a Tecan Sunrise plate 

reader. 

2.13 MTS cell viability assay 

The viability of SFs treated with signal transduction inhibitors and C. perfringens 

sialidase was evaluated using tetrazolium dye MTS assay kit (Abcam, #ab197010). 

SFs were seeded in 96-well plates in 100 µl culture medium per well until 90% 
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confluence reached. Following treatment, SFs were incubated with MTS solution 

(10 µl MTS reagent in 100 µl culture medium) for 4 hours under culture 

conditions. The absorbance was read at 490 nm using a Tecan Sunrise plate 

reader.  

2.14 Western blots 

Cells were harvested and lysed in RIPA buffer (Thermo Fisher Scientific, #89900) 

containing EASYpack protease inhibitor (Roche, #05892970001) and PhosSTOP 

tablet (Roche, #4906845001) and incubated for 30 min on a shaker at 4 ̊C. The 

lysed cells were then centrifuged at 15,000 x g for 15 minutes at 4 ̊C. Protein 

concentration was determined using the Pierce® BCA Protein Assay Kit (Thermo 

Scientific, #23225). Cell lysates were mixed with 10X reducing agent (Invitrogen, 

#NP0004) and 4X loading buffer (Invitrogen, # NP0007) and then kept at 70°C for 

10 min to denature the proteins. Proteins were separated by the NuPAGE Novex 

system (Invitrogen) using 4-12% Bis-Tris gels. Gels were run in NuPAGE™ MOPS 

SDS Running Buffer (Invitrogen, #NP0001) at 150 V until the loading buffer 

reached the bottom of the gel. Proteins were transferred onto nitrocellulose 

membranes and the quality of transfer was assessed by incubating membranes 

with Ponceau red buffer. Membranes were then washed with TBS containing 0.1% 

Tween-20 (TBS-T) and blocked in 5% non-fat milk in TBS-T for 1 hour at room 

temperature. The membrane was then incubated with relevant primary 

antibodies, as shown in Table 2-2, diluted in 5% BSA in TBS-T overnight at 4°C 

(1:5000 unless stated otherwise). The following antibodies were used: anti-

Cytohesin2 (Santa Cruz Biotechnology, #sc-374640, 1:1000), anti-ARF6 

(Cytoskeleton, #ARF-06, 1:500), anti-p44/42 MAPK (CST, #4695), anti-p44/42 

MAPK phospho (CST, #9101), anti-GAPDH (CST, #2118), anti-P38 (CST, #9212), 

anti-P38 phospho (CST, #9211), anti-AKT (CST, #9272, 1:2000), anti-AKT phospho 

(CST, #9271, 1:2000), anti-STAT3 (CST, #9139) and anti-STAT3 phospho (CST, 

#9145). Membranes were washed three times with TBS-T before being incubated 

with anti-rabbit (CST, #7074P2) or anti-mouse (CST, #7076s) HRP-conjugated 

secondary antibodies for 1h at room temperature and washed three times in 

TBS-T. Membranes were incubated in Pierce™ ECL Western blotting substrate 

(Thermo Scientific, #32106) and exposed to X-ray film. Protein bands were 

quantified using GelAnalyzer 2010a software with the relative integrated density 

values normalised to GAPDH or ERK1/2 expression values.  
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2.15 GTP pull down assay 

ARF6-GTP was quantified using the Arf6 Pull-Down Activation Assay Biochem Kit 

(Cytoskeleton, #BK033-S) according to the manufacturer’s instructions. Briefly, 

cells were lysed on ice in 200 µl cell lysis buffer containing a protease inhibitor 

cocktail and centrifuged at 10,000 x g for 1 min at 4°C. An aliquot of 20 µg 

lysate was saved for Western blot quantitation of total ARF6 expression. Then, 5 

µg GGA3- PBD beads were added to 125 µg cell lysate to pull down ARFs-GTP and 

incubated at 4°C on a rotator for 1 hour. The beads were washed three times 

with wash buffer to remove unbound protein. The beads with protein were then 

resuspended and boiled in Laemmli buffer (SigmaAldrich, #S3401) for analysis by 

Western blotting as described in 2.14.  

 
2.16 Immunofluorescence staining 

For cell staining, SFs (2000-5000) seeded on chamber slides were fixed in 

Fixation buffer for 10min at room temperature. Cells were washed three times 

with PBS and permeabilised with PBS 0.05% Triton X-100 for 10 min and blocked 

(PBS 1% BSA or 10% animal serum from the species in which the secondary 

antibody was raised) for 1 hour. Slides were washed three times in PBS-T before 

being incubated with primary antibody (Table 2-3) overnight at 4°C. Slides were 

then washed three times in PBS-T and incubated with fluorochrome-conjugated 

secondary antibodies for 2 hours at room temperature.  

For mouse joint sections (7 µm thick) staining, samples were deparaffinized in 

Xylene and dehydrated using a gradient of ethanol solutions (100%,90% and 70%). 

For antigen retrieval, samples were immersed in 10 mM sodium citrate buffer pH 

6.0 at 98°C for 30 min. Blocking and staining were performed the same as for 

cells. Slides were mounted with SlowFade™ Diamond Antifade Mountant with 

DAPI (ThermoFisher Scientific, #S36968) to stain nuclei and covered with glass 

coverslips and staining was visualized using an EVOSTM FL Auto 2 microscope. 

For vimentin staining and data analysis, glass chamber slides (Thermo Scientific, 

#177402) were coated with 200 µL of 1 µg/ml fibronectin (R&D systems, #1030-

FN) for 20 min at room temperature. Chamber slides were then washed with 

PBS. SFs were seeded in the slide and maintained under culture conditions for 4 
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hours. Any unattached cells are washed away followed by immunofluorescence 

staining and image taking as described above. Focal adhesion analysis was 

conducted using vinculin images according to the previous description (Horzum 

et al., 2014). A threshold area of 0.5 µm2 and circularity of 0–0.99 were used to 

analyse the images. A binarized image of the vinculin was measured, and several 

parameters were used, including the number of vinculin in each cell and the 

average length and area of each vinculin in each cell. 

2.17 RNA isolation and RT-qPCR 

RNA from SFs was isolated using either RNeasy Micro (Qiagen) or EZ-10 RNA Mini-

Preps (Bio Basic) kits according to the manufacturer's instructions. Reverse 

transcription was performed using the High-Capacity cDNA Reverse Transcription 

Kit (Thermo Fisher Scientific) and RT-qPCR was performed using TaqMan™ Gene 

Expression Assay (Thermofisher) or KiCqStart® SYBR® Green Primers (Sigma-

Aldrich). The expression of actin in mice was used as endogenous control to 

normalise samples. Although the target protein, ARNO, might involve in actin 

cytoskeleton reorganisation, the cycle threshold values of actin did not deviate 

throughout the assays. Sybr green primers used were actin/NM_007393, 

Ccl9/NM_011338, Cxcl9/NM_008599, Cldn1/NM_016674, Cmas/NM_009908, 

Gne/NM_015828, Nans/ NM_053179, Slc35a1/NM_011895, St3gal1/NM_009177, 

St3gal3/NM_001161774, St3gal4/NM_009178, St3gal6/ NM_018784, 

St8sia6/NM_145838, St6gal1/NM_145933; St6galnac2/NM_009180, 

St6galnac4/NM_011373, St6galnac6/NM_001025311. Taqman mRNA primers were 

studied as follows: Actb/ Mm02619580_g1; Cyth2/ Mm00441008_m1; IL-6/ 

Mm00446190_m1; CCL2/ Mm00441242_m1; MMP3/ Mm00440295_m1; MMP13/ 

Mm00439491_m1; TNFRSF11b/ Mm00435454_m1; TNFSF11/Mm0041906_m1; 

St6gal1/Mm00486119_m1; St3gal3/ Mm00493353_m1; St3gal4 Mm00501503_m1,  

Myd88/ Mm00440338_m1; NFKBIB/ Mm01179097_m1; IL-1b/ Mm00434228_1 and 

human IL6/Hs00174131_m1, ST6GAL1/Hs00949382_m1, ST6GAL2/Hs00383641, 

HPRT/4333768T.  

2.18 RNA sequencing and data analysis 

Total RNA from both freshly isolated and cultured SFs was isolated. RNA integrity 

checks were performed using the Agilent 2100 Bioanalyzer System, with RNA 
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integrity number (RIN) value > 9 for all samples. Library preparation was done 

using RNA poly A selection at Glasgow Polyomics (Glasgow, UK). RNAseq reads 

were mapped to the mouse reference genome (GRCM38) using Hisat2 version 

2.1.0. Featurecounts version 1.4.6 was used to quantify reads counts. Mouse 

ENSEMBL gene ID to gene symbol conversion was performed in BioTools 

(https://www.biotools.fr). The differentially expressed (DE) genes were 

identified using DESeq2, and Principal component analysis (PCA) was performed 

using the R Bioconductor project DEbrowser (Kucukural et al., 2019). Genes 

passing a threshold of Padj<0.01 and |log2Foldchange| > 1 were considered as 

DE genes. Gene Ontology (GO) Biological Process enrichment and KEGG pathway 

enrichment were conducted with Metascape (Zhou et al., 2019) and PathfindR 

(Ulgen et al., 2019). 

2.19 Mass spectrometric analysis of glycans  

Ex vivo cultured SFs were washed at least three times with cold PBS before 

being scraped off from the tissue culture plate. Cell pellets were resuspended in 

cold ultrapure water prior to being homogenised and sonicated. Lipids were 

removed using methanol and chloroform, and precipitated proteins were then 

reduced and carboxymethylated using dithiothreitol and iodoacetic acid, 

followed by digestion with trypsin to generate glycopeptides. Glycopeptides 

were purified using a C18 cartridge (Oasis HLB Plus Waters) prior to N-

glycosidase F (Roche) treatment to release intact N-glycans. Released N-glycans 

were permethylated and then purified using a C18 cartridge (Oasis HLB Plus 

Waters). The samples were sent to the Department of Life Sciences at Imperial 

College London to analyse the Mass-to-charge Ratio (m/z) of the permethylated 

glycans via Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS).  

The bioinformatic GlycoWorkBench (GWB, version 1.1) (Ceroni et al., 2008) tool 

was used to annotate mass spectra with known glycan structures. For 

comparative studies, the relative expression of each sialylated glycan structure 

was evaluated by the ratio of sialylated versus non-sialylated twin structures for 

naïve and CIA SFs, and naïve and TNF treated (10 ng/ml, 48 hours) SFs. 
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2.20 Statistical analysis 

All statistical analysis was performed with Prism 8 software (GraphPad). One-

way analysis of variance (ANOVA) with Tukey’s multiple comparison correction 

was used to test for comparing differences among multi-groups. For a data set 

with two groups, parametric data was analysed using Student’s t-test and non-

parametric data was analysed using the Mann-Whitney U test. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, ns = not significant. 
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Figure 2-1 Schematic of cell migration assay.  
Ibidi® 4 well μ-dishes were used to perform cell migration assays. SFs were seeded in the 

reservoirs and cultured until monolayer confluence reached. The silicone insert was then removed 

from μ-dish once four cell patches were generated. Cell migration was measured by calculating the 

gap of cell-free area at different time points.  
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Table 2-1 List of antibodies used for FACs sorting. 
Antigen Fluorophore Clone Supplier Catalogue Number Concentration 

used (µg/ml) 

CD31 PE 390 Invitrogen 12-0311-81 2 

CD45 PE 30-F11 Biolegend 103106 2 

CD90.2 FITC 30-H12 Biolegend 105316 2 

PDPN Alexa Fluor 

647 

PMab-1 Biolegend 156204 2 

CD16/CD32 N/A 93 Invitrogen 2083493 2 

Viability dye Zombie Violet N/A Biolegend 423113 1 

Viability dye eFluor 780 N/A Invitrogen 65-0865-14 1 
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Table 2-2 List of antibodies used for western blot. 
Antigen Supplier Catalogue Number Dilution 

ARNO Santa Cruz sc-374640 1:1000 

ARF6 Cytoskeleton ARF-06 1:500 

GAPDH Cell signaling 2118 1:5000 

STAT3 Cell signaling 9139 1:5000 

p-STAT3 Cell signaling 9145 1:5000 

AKT Cell signaling 9272 1:2000 

p-AKT Cell signaling 9271 1:2000 

ERK Cell signaling 4695 1:5000 

p-ERK Cell signaling 9101 1:5000 

P38 Cell signaling 9211 1:5000 

p-P38 Cell signaling 9212 1:5000 
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Table 2-3 Antibodies used for immunofluorescence studies. 

 

 

 

 

Specificity Supplier REF/Cat No. Dilution(v/v) 

Vimentin Sigma V4630 1:200 

Vinculin Sigma V9264 1:400 

F-actin Invitrogen A31571 1:200 
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Chapter 3  Characterisation of arthritic SFs 

3.1 Introduction 

As explained in the general introduction, the synovium is a highly specialised 

tissue wrapping the joint and forming the joint cavity, composed of lining and 

sub-lining areas. In health, the lining layer contains two to three cell layers, 

which are predominantly composed by synovial fibroblasts (SFs) and 

macrophages (Smith, 2011).  This part of synovium controls the molecular and 

cellular traffic between the synovium itself and the joint cavity. In RA, as a 

result of inflammation, the synovium undergoes abnormal hyperplasia, 

increasing in size to more than ten cell layers thick (Filer, 2013), as a result of 

SF activation and uncontrolled proliferation. Hyperplasia and abnormal migration 

of SFs can result in increased synovial permeability, and the destruction of 

synovial barrier may increase the infiltration of inflammatory cells and cytokines 

into the intra-articular space (the primary site of inflammation in RA), which in 

turn further promotes cell recruitment, increasing proliferation and disruption of 

barrier permeability. SFs are stromal cells that provide structural and nutritional 

support to the joint and also constitute a barrier that restricts the movement of 

inflammatory factors and infiltrating leukocytes into the articular cavity, 

maintaining joint development and homeostasis (Turner and Filer, 2015, Lefevre 

et al., 2009, Huber et al., 2006).  

In addition to their well-described structural functions, SFs have been implicated 

in promoting joint inflammation and bone degeneration (Bartok and Firestein, 

2010). Activated SFs produce proinflammatory cytokines, like IL-1β, IL-17 and 

TNFα, to recruit immune cells infiltrating the joint. The recruited immune cells, 

such as T cells or neutrophils, also secrete proinflammatory cytokines that 

directly increase the proliferation of SFs, consolidating the synovial hyperplasia 

(Naylor et al., 2013), ultimately reinforcing the activation of SFs and 

compromising the SF-dependent barrier permeability. In addition to 

hyperproliferation, SFs also erode joints via secretion of matrix 

metalloproteinases (MMPs) and pannus formation (Bartok and Firestein, 2010). 

Overall, given the importance of SF-mediated pathology, these cells are a 

potential target for the development of novel anti-arthritic drugs.  


